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Abstract

Adipose tissue (AT) inflammation promotes insulin resistance (IR) and other obesity complications. AT inflammation and IR
are associated with oxidative stress, adipocyte death, and the scavenging of dead adipocytes by proinflammatory CD11c+
AT macrophages (ATM®). We tested the hypothesis that supplementation of an obesitogenic (high-fat) diet with whole
blueberry (BB) powder protects against AT inflammation and IR. Male C57BI/6] mice were maintained for 8 wk on 1 of 3
diets: low-fat (10% of energy) diet (LFD), high-fat (60% of energy) diet (HFD) or the HFD containing 4% (wt:wt) whole BB
powder (1:1 Vaccinium ashei and V. corymbosum) (HFD+B). BB supplementation (2.7% of total energy) did not affect
HFD-associated alterations in energy intake, metabolic rate, body weight, or adiposity. We observed an emerging pattern
of gene expression in AT of HFD mice indicating a shift toward global upregulation of inflammatory genes (tumor necrosis
factor-a, interleukin-6, monocyte chemoattractant protein 1, inducible nitric oxide synthase), increased M1-polarized
ATM¢@ (CD11c+), and increased oxidative stress (reduced glutathione peroxidase 3). This shift was attenuated or
nonexistent in HFD+B-fed mice. Furthermore, mice fed the HFD+B were protected from IR and hyperglycemia coincident
with reductions in adipocyte death. Salutary effects of BB on adipocyte physiology and ATM® gene expression may reflect
the ability of BB anthocyanins to alter mitogen-activated protein kinase and nuclear factor-«B stress signaling pathways,
which regulate cell fate and inflammatory genes. These results suggest that cytoprotective and antiinflammatory actions
of dietary BB can provide metabolic benefits to combat obesity-associated pathology. J. Nutr. 139: 1510-1516, 2009.

Introduction

The accumulation of bone marrow-derived inflammatory mac-
rophages (M®)” in adipose tissue (AT) is causally implicated in
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the pathogenesis of insulin resistance (IR) and other obesity
complications (1,2). In obese mice, these recruited ATM® can be
distinguished from resident ATM® by the absence of the cell
surface marker macrophage galactose N-acetyl-galactosamine
specific lectin 1 (MGL1), upregulation of the dendritic cell
marker CD11c, and polarization toward a classical proinflam-
matory (M1) phenotype (3-5). This phenotype is characterized
by upregulated expression of tumor necrosis factor-a (TNFa),
inducible nitric oxide synthase (iNOS), and other proinflam-
matory mediators that promote IR (2). Notably, ablation of
CD11c+ cells or genetic abrogation of M@ inflammatory sig-
naling protects obese mice from IR (6,7). Macrophage infiltra-
tion and resulting AT inflammation are mechanistically linked to
adipocyte death, which increases in obese mice and humans
(4,5,8,9). Dead adipocytes are foci of CD11c+ ATM® recruit-
ment, aggregation in crown-like structures (CLS), scavenging
activity, and proinflammatory gene expression (4,5,8). Obesity-
associated adipocyte death is thought to reflect 1 or more
cytotoxic stresses that are elevated in the AT of obese mice and
humans, in particular oxidative and endoplasmic reticulum (ER)
stress (10,11).
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Dietary strategies for alleviating the metabolic complications
of obesity are being pursued as alternatives to pharmaceutical
interventions [e.g. (12)]. The association of obesity with AT
stress, adipocyte death, M® recruitment, and inflammatory gene
expression suggested that edible berries might provide an
effective alternative or supplementary intervention to attenuate
obesity- associated inflammation and IR. Berries such as
blueberry (BB) (Vaccinium sp) are enriched in anthocyanins,
polyphenolics recognized for their ability to provide and activate
cellular antioxidant protection, inhibit inflammatory gene
expression, and consequently protect against oxidant-induced
and inflammatory cell damage and cytotoxicity (13-15). BB-
supplemented diets and preparations are also reported to inhibit
M@ infiltration (16) and to attenuate bacterial translocation to
extraintestinal sites (17), a phenomenon implicated in the
inflammatory and metabolic pathology associated with diets
high in fat (18). Considered together, these observations
suggested that BB could attenuate or delay the adipocyte death,
ATM® recruitment, and proinflammatory gene expression that
promote obesity-associated IR.

Experimental procedures

Mice and diets. Male C57BL/6 mice were obtained from
Jackson Laboratories at 5 wk of age and housed individually at the
Jean Mayer USDA-Human Nutrition Research Center on Aging
as previously described (5). Ethical treatment of animals was
assured by the Tufts University Institutional Animal Care and Use
Committee. After several days of acclimation, mice were assigned
to cohorts (7 = 8 mice/cohort) that received 1 of 3 pelleted diets for
8 wk (Research Diets). These were a low-fat diet (LFD) containing
10% of energy from fat (no. D12450B), a high-fat diet (HFD)
containing 60% of energy from fat (no. D12492), and a modified
HFD supplemented with 4% (wt:wt) freeze-dried whole BB
powder (HFD+B) (Table 1). The powder was in aluminum cans
under nitrogen and was provided by the U.S. Highbush Blueberry
Council. It consisted of a 1:1 blend of Vaccinium ashei (Tifblue)
and Vaccinium corymbosum (Rubel). Energy from sucrose and
total carbohydrates were adjusted in the HFD to be equivalent to
energy from sucrose and total carbohydrates in the HFD+B. BB
powder (14.5 MJ/kg) contributed 2.7% of the total energy in the
HFD+B diet. Diets were irradiated, packed under inert gas in
individual 2.5-kg foil bags, and stored at —20°C until use. Fresh
diet was provided at least twice per week to minimize oxidization
of the fats and deterioration of the anthocyanins.

Anthocyanin analysis of BB powder. BB powder was
dissolved in 5% acetonitrile in water containing 1% formic
acid to produce a 100-mg/L extract. The anthocyanin content of
the extract (Table 2) was determined by liquid chromatography
tandem MS (LC-MS/MS) (Supplemental Methods) using a
modification of the method of Kalt et al. (19).

Metabolic variables. Energy intake and indirect calorimetry
were obtained for subsets of mice (7 = 5-8/group) between study
d 45 and 52 using metabolic chambers (TSE Calorimetry
Systems). The TSE system simultaneously and continuously
monitored food intake, oxygen consumption, and CO, produc-
tion. Data were collected for 72 h, during which time mice had
free access to food and water. The first 24 h were considered an
acclimation period and excluded from analyses.

IR. Intraperitoneal insulin tolerance tests (ITT) were performed
on food-deprived (6 h), nonanesthetized mice. Glucose measures
were obtained from whole tail vein blood using an automated

TABLE 1 Composition of LFD, HFD, and HFD+B
LFD HFD HFD+B

Ingredient g/kg kJ/kg g/kg kJ/kg g/kg kJ/kg
Casein 189.6 31747 2584 4328.2 2557 4282.9
1-Cystine 28 476 39 64.9 38 64.2
Corn starch 545.0 9127.2 0.0 0.0 0.0 0.0
Maltodextrin 10 118.5 1984.2 1615 2705.2 159.8 2676.8
Sucrose 0.0 00 889 14889 639 1070.7
Cellulose 47.4 00 646 00 575 0.0
Lard 19.0 7143 316.6 119298 3133 11804.7
Soybean oil 237 8929 323 1217.3 320 1204.6
Mineral mix' 95 635 129 86.2 128 85.6
Dicalcium phosphate 12.3 00 168 00 166 0.0
Calcium carbonate 52 0.0 7.1 0.0 7.0 0.0
Potassium citrate-1H,0  15.6 00 213 00 211 0.0
Vitamin mixture? 95 1557 129 214 128 209.7
Choline bitartrate 19 0.0 286 0.0 26 0.0
BB powder 0.0 0.0 0.0 00 409 581.6
FD&C blue dye no. 1 0.0 0.0 0.047 0.0 0.047 0.0
FD&C red dye no. 40 0.0 0.0 0.000 0.0 0.024 0.0

FD&C yellow dye no. 5 0.024 0.0 0.000 0.0 0.000 0.0
Total 1000  16160.0 1000 22032.0 1000  21980.9

T Containing the following (g/kg mineral mix): sodium chloride, 259; magnesium oxide,
41.9; magnesium sulfate.7H,0, 257.6; chromium KSO4-12H,0, 1.925; cupric carbon-
ate, 1.05; sodium fluoride, 0.2; potassium iodate, 0.035; ferric citrate, 21.0;
manganous carbonate, 12.25; ammonium molybdate-4H,0, 0.3; sodium selenite,
0.035; zinc carbonate, 5.6; sucrose, 399.105. Sucrose in the mineral mix provided 63.5
kJ energy/kg diet.

2 Containing the following (g/kg vitamin mix): all-trans retinol acetate, 0.8; cholecal-
ciferol, 1.0; dl-a-tocopheryl acetate, 10.0; menadione sodium bisulfate, 0.08; biotin
(1.0%), 2.0; cyanocobalamin (0.1%), 1.0; folic acid, 0.2; nicotinic acid, 3.0; calcium
pantothenate, 1.6; pyridoxine-HCI, 0.7; riboflavin, 0.6; thiamin-HCI, 0.6; sucrose,
978.42. Sucrose in the vitamin mix provided 163.9 kJ energy/kg diet.

glucometer at baseline and at 30, 45, 60, and 90 min following
intraperitoneal injection of human insulin (0.75 mU/kg). Glu-
cose concentrations following insulin injection were calculated
as a proportion of the value at baseline. Glucose area under the
curve (AUC) was calculated using these values and analyzed by
ANOVA. Plasma insulin concentrations of food-deprived mice
were measured using ELISA (5).

Histology and immunohistochemistry. Mice were killed by
cervical dislocation following CO, narcosis. Epididymal AT

TABLE 2 Relative anthocyanin composition in BB powder
incorporated into the HFD as determined by

LC-MS/MS'
g/kg dry weight

Delphinidin-3-galactoside 1.383
Delphinidin-3-glucoside 0.467
Cyanidin-3-galactoside 0.493
Cyanidin-3-glucoside 0.333
Cyanidin-3-arabinoside 0.673
Peonidin-3-galactoside 0.538
Peonidin-3-glucoside 13.915
Peonidin-3-arabinoside 4378
Malvidin-3-galactoside 0.156
Malvidin-3-arabinoside 9.104
Total 31.44

" Detailed methods for the LC-MS/MS analysis of BB anthocyanins are available as
Supplemental Methods.
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(eAT) and inguinal subcutaneous AT (scAT) were dissected,
fixed, embedded in paraffin, and sectioned (8). Digital images
were acquired with an Olympus DXS51 light microscope. For
each mouse, morphometric data were obtained from digitized
tracings of =500 adipocytes from 3 or more sections cut at least
50 wm apart. Adipocyte size was calculated as described (35).

Adipocyte death. To quantify the frequency of dead adipocytes
in individual mice, high resolution images of at least 2 histological
sections of eAT at least 50 um apart were scored for CLS (5). A
minimum of 600 adipocytes were counted for each mouse. Each
tissue section was scored for CLS by 3 observers who were
unaware of the study objectives or dietary treatments. Percent
CLS [(number dead adipocytes/number total adipocytes) X 100]
for each mouse was calculated as the mean of the 3 values.

Quantitative-PCR. AT were dissected, snap-frozen in liquid
nitrogen, and stored at —80°C. Total RNA was extracted,
quantified, and analyzed by SYBR Green real-time PCR on an
Applied Biosystems 7300 Real-time PCR system (5). Fold
expression relative to an endogenous control gene (cyclophilin
B) was calculated as 2744 using mice fed the LFD as the
“comparer.” Primers used were: macrophage phi 4/80 (F4/80)
(5’-CTTTGGCTATGGGCTTCCAGTC-3', 5'-GCAAGGAGG-
ACAGAGTTTATCGTG-3'), CD11c¢ (5'-CTGGATAGCCTTTC-
TTCTGCTG-3', 5'-GCACACTGTGTCCGAACTC-3'), Galectin-3
(5'-CAACAGGAGAGTCATTGTGTGTAAC-3', 5’-TTCAACCA-
GGACTTGTATTTTGAAT-3’), MGL1 (5'-TCTCTGAAAGTGG-
ATGTGGAGG-3', 5'-CACTACCCAGGTCAAACACAATCC-3'),
IL-6 (5-CCAGTTGCCTTCTTGGGACT-3', 5'-GGTCTGTTGG-
GAGTGGTATCC-3’), iNOS (5'-CAGAGGACCCAGAGACAA-
GC-3', 5'-TGCTGAAACATTTCCTGTGC-3'), IL-10 (5'-CCAG-
GGAGATCCTTTGATGA-3', 5'-CATTCCCAGAGGAATTGCA-
T3'), TNFa (5'-AATGGAAGGTTGGACGAAAA-3', 5'-GAGGC-
AACCTGACCACTCTC-3'), monocyte chemoattractant protein-1
(MCP1) (5'-ACTGAAGCCAGCTCTCTCTTCCTC-3,” 5'-TTCC-
TTCTTGGGGTCAGCACAGAC-3'), glucose-regulated protein,
78kDa (5'-GGCCAAATTTGAAGAGCTGA-3', 5'-GCTCCTTG-
CCATTGAAGAAC-3'), C/EBP-homologous protein/growth ar-
rest/ DNA-damage-inducible 153 (5'-TCTTGACCCTGCGTCCC-
TAG-3', 5'-TGGGCACTGACCACTCTGTTT-3'), Glutathione
Peroxidase 3 (GPX3) (5'-ATGGTACCACTCATACCGCC-3', §'-
CATCCTGCCTTCTGTCCCT-3'), Adiponectin (5'-GAATCATTA-
TGACGGCAGCA-3', 5'-TCATGTACACCGTGATGTGGTA-3'),
Leptin (5'-TTCACACACGCAGTCGGTAT-3', 5'- TGGTCCAT-
CTTGGACAAACTC-3'), Arginase (5'-AGGAACTGGCTGAAGT-
GGTTA-3, 5'-GATGAGAAAGGAAAGTGGCTG-3'), Yml (5'-
AGAAGGGAGTTTCAAACCTGG-3', 5'-GTCTTGCTCATGTG-
TGTAAGT-3"), Cyclophilin B (5'-ATGTGGTTTTCGGCAAAG-
TT-3', 5" TGACATCCTTCAGTGGCTTG-3).

Statistics. Data are expressed as means = SEM. Data were
analyzed using SYSTAT v10. ANOVA or GLM procedures were
used in conjunction with protected post hoc tests (Tukey’s
honestly significant difference). Associations between 2 varia-
bles are reported as the Pearson correlation coefficient. Fre-
quency data of adipocyte death were transformed as arcsin\x
prior to statistical analysis. Differences were considered signif-
icant at P < 0.0S.

Results

Effects of BB on HFD-induced weight gain, adiposity, and
metabolic variables. As expected, mice fed the HFD for 8 wk
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gained more weight (=3 g) than mice fed the LFD (P < 0.005;
Fig. 1). However, the addition of BB to the HF diet did not
protect against HFD-induced weight gain, as the body weights
of mice fed the HFD (31.2 = 0.8 g) and the HFD+B (31.1 =
0.8 g) did not differ (Fig. 1). Similar to differences in body weight,
the eAT mass of mice fed the HFD or HFD+B was greater than
that of mice fed the LFD (P = 0.03), but they did not differ from
one another (Table 3). In addition, the adipocyte size in eAT of
HFD- and HFD+B-fed mice was greater than in LFD-fed mice
(P < 0.001) but did not differ from one another (Table 3).
Similarly, scAT depots in HFD- and HFD+B-fed mice tended to
be heavier than scAT of mice fed the LFD (P = 0.06 and 0.07,
respectively) but did not differ from each other (Table 3).
Collectively, these results indicate that the addition of BB to the
HFD did not have protective effects on body weight, adiposity, or
adipocyte hypertrophy. Consistent with these data, gene expres-
sion of adiponectin was lower in the HFD and HFD+B groups
than in the LFD-fed mice (P = 0.02; data not shown) and that of
leptin, which was higher than in the LFD group (P = 0.04; data
not shown).

As expected, energy intakes in mice fed the HFD or HFD+B
were greater than in LFD-fed mice (P = 0.02; Table 3).
Moreover, compared with LFD mice, HFD- and HFD+B-fed
mice had lower respiratory exchange ratios (P < 0.001), oxygen
consumption (P = 0.03), and heat production (P = 0.01) (Table
3). Importantly, the HFD and HFD+B cohorts did not differ in
any of these measures (Table 3). These data indicate that greater
energy intake, altered substrate utilization favoring fat over
carbohydrate, and lower metabolic rate contribute to the greater
body weight and adiposity in mice fed the HFD and HFD+B
compared with those fed the LFD. Together, these results suggest
that BB supplementation did not significantly alter HFD-
associated changes in energy intake or metabolic rate, consistent
with the increases in body weight and adiposity (Fig. 1; Table 3).

BB protects against HFD-induced IR. ITT were performed
after 8 wk of dietary treatment to assess the effects of BB on
HFD-induced peripheral IR (assessed as ITT[ayc)). IR was
greater in mice fed the HFD (glucose AUC = 787.8 = 35.2 mmol/
L - 90 min) compared with those fed the LFD (glucose AUC =
513.8 = 14.1 mmol/L - 90 min; P = 0.005; Fig. 2), consistent
with prior studies from our laboratory (5). Notably, mice fed the
HFD+B were less insulin resistant than mice fed the HFD

36 —@— LFD
34 —O— HFD
—A— HFD+B

Mouse Weight (g)

Week of Diet

FIGURE 1 Body weight of mice fed the LFD, HFD, or HFD+B for
8 wk. Values are means = SEM, n = 8. Means at wk 8 without
a common letter differ, P < 0.05.



TABLE 3 Adiposity, energy intake, substrate utilization,
and indices of metabolic rate in mice fed
the LFD, HFD, or HFD+B for 8 wk'

LFD HFD HFD+B

Adiposity

eAT weight, g 0.80 = 0.06° 149 + 0.22° 135 + 0.12°

scAT weight, g 054 + 0.03° 086 + 0.13° 084 + 0.09°

Adipocyte size, wn? 2210 = 90° 5,150 = 320° 5,090 = 670°
Metabolic variables

Energy intake, kJ-d~' 5055 + 4307 5599 + 264°  56.06 * 565°

Respiratory exchange 083 = 0.02° 072 = 0.017 0.73 = 0.017

ratio, arbitrary units
VO, mg-kg -h7 1459 + 42° 1288 + 29° 1334 + 53°
Heat, kJ-h™ "-kg~’ 29.74 = 0.95° 2557 + 0.60° 26,53 + 1.07°

" Values are means *= SEM, n = 5-8. Means in a row without a common letter differ,
P < 0.05.

(glucose AUC = 549.6 = 19.9 mmol/L - 90 min; P = 0.03; Fig. 2).
In fact, the ITT sy did not differ between the LFD and HFD+B
cohorts (Fig. 2). Consistent with the observed improvement in
insulin sensitivity, the blood glucose concentrations tended (P =
0.07) to be lower in food-deprived HFD+B mice (7.34 = 0.58
mmol/L) compared with the HFD mice (8.57 * 0.51 mmol/L) but
not to the LFD mice (5.80 * 0.35 mmol/L). Together, these results
demonstrate that mice fed the HFD+B for 8 wk were less insulin
resistant and had a mild improvement in glucose homeostasis
compared with mice fed the HFD. However, plasma insulin
concentrations in food-deprived mice fed the HFD (148.0 = 37.0
pmol/L) or the HFD+B (148.1 = 45.0 pmol/L) were ~100%
greater (P = 0.04 and 0.04, respectively) than those in LFD-fed
mice (70.6 = 13.7 pmol/L). Thus, the HFD+B did not ameliorate
the modest hyperinsulinemia in mice fed the HFD.

BB protects against HFD-induced adipocyte death. The
frequency of dead adipocytes was 5-fold greater in mice fed the
HEFD (0.64% = 0.08) than in mice fed the LFD (0.10% = 0.05)
(P < 0.001; Fig. 3A,B). Supplementation of the HFD with BB
was associated with a ~50% lower frequency of dead adipocytes
(0.33% = 0.03) compared with the HFD (P = 0.02; Fig. 3B,C),
coincident with lower IR (Fig. 2). The frequency of dead
adipocytes tended to be correlated with IR (ITTauc)) when data
from mice fed all 3 diets were included (r = 0.46; P = 0.06).
Together, these results confirm the positive association of
obesity-induced IR and adipocyte death (5) and demonstrate
that the beneficial effects of BB on whole body IR are coincident
with BB-mediated attenuation of adipocyte death.

BB attenuates the HFD-associated change in gene hall-
marks of recruited (M1) compared with resident (M2)
ATM®. CD11c and MGL1 gene expression provide useful
measures of the numbers of recruited (M1-polarized) ATM®
(CD11c+/MGL1—) and resident (M2-polarized) ATM®
(CD11c—/MGL1+) (3,20). Employing real-time PCR, we deter-
mined gene expression levels of markers of total eAT monocytes/
M® (galectin-3), differentiated M@ (F4/80), recruited ATM®
(CD11c), and resident ATM® (MGL1), respectively. The HFD
was associated with greater galectin-3 (P = 0.04) and CD11c
gene expression (P = 0.02; Table 4). These results are consistent
with HFD-induced recruitment of monocytes (galectin-3+) into
eAT and their subsequent maturation into M1-polarized (CD11c+)
ATM® (F4/80+). Because CD11c+ ATM® preferentially local-
ize to dead adipocytes (4), these results are also in agreement

120
100
QO
2 T 80
ER
O S 60—
T w
g 2
o S 40
20 —
0 T T T 1
0 30 45 60 90
Time Post-Insulin Injection (min)
FIGURE 2 ITT in mice fed the LFD, HFD, or HFD+B for 8 wk. Data

represent the clearance of blood glucose in response to an insulin
bolus in food-deprived mice. Glucose values at 30, 45, 60, and 90 min
after intraperitoneal insulin injection were expressed for each mouse
as a proportion of the value at baseline (100%). Values are means =
SEM, n = 8. ITT (auc for lines without a common letter differ, P <
0.05.

with the greater frequency of dead adipocytes in the eAT of
HFD-fed mice (Fig. 3) (5,8).

In contrast, expression of MGL1 and Ym1, hallmarks of
resident (M2-polarized) ATM@® (3,21), were not significantly
altered by the HFD (Table 4). Thus, the ratio of CD11c gene
expression:MGL1 gene expression was greater in mice fed the HFD
than in those fed the LFD (P = 0.02; Table 4). Remarkably, this
index of the relative numbers of M1 and M2 ATM® was lower in
mice fed HFD+B than in mice fed the HFD (P = 0.05) and did not
differ from mice fed the LFD (Table 4). Similar results were
obtained when gene expression of Ym1 was considered (data not
shown). Together, these results suggest that BB selectively affects the
recruitment and/or maturation of Ml-polarized (CD11c+/
MGL1—-) ATM® in mice made obese by HFD.

BB protects against HFD-induced ATM® inflammatory
gene expression in eAT. TNFa and iNOS, which are
produced predominantly by M1-polarized ATM®, and IL-6
and MCP-1, which are produced by ATM® and other AT cells,
have each been implicated as disrupters of insulin signaling and/
or promoters of obesity-associated IR in vivo (2). Consistent with
the role of CD11c+ ATM@ in obesity-associated AT inflamma-
tion, CD11c gene expression was correlated with gene expres-
sion of TNFa (r = 0.73; P < 0.001), iNOS (r = 0.54; P = 0.009),
interleukin (IL)-6 (r = 0.53; P = 0.02), and MCP-1 (r = 0.49; P =
0.04; Table 4) when data from mice from all 3 diets were
included. Compared with LFD-fed mice, feeding the HFD
resulted in greater expression of TNFa (P = 0.005) and MCP-
1 (P = 0.05; Table 4). Notably, supplementing the HFD with BB
was associated with reduced expression of TNFa (P = 0.01;
Table 4). Considered together, these results indicate that BB can
reduce mRNA levels of ATM®-derived proinflammatory genes
that promote obesity-associated IR.

IL-10 is an immunosuppressive cytokine that limits the
inflammatory response to pathogens and injury, thereby preven-
ting or minimizing tissue damage. IL-10 is upregulated by
resident M2-polarized ATM® during the course of HF diet-
induced AT inflammation, ostensibly as a counter-regulatory
mechanism (3,5,21). In the present study, IL-10 gene expression
in eAT was greater in mice fed the HFD than in those fed the LFD
(P = 0.003; Table 4). Surprisingly, BB supplementation of the
HFD was associated with a 50% lower IL-10 gene expression
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FIGURE 3 Frequency of dead adipocytes in mice fed the LFD (A),
HFD (B), or HFD+B (CO) for 8 wk. Representative hematoxylin- and
eosin-stained histological sections of eAT from mice are shown. Dead
adipocytes are indicated by CLS of ATM@ surrounding remnant lipid
droplets (arrows). Scale bar = 200 wm.

compared with HFD alone (P = 0.02; Table 4), coincident with
attenuated ATM® expression of proinflammatory genes (Table
4). These results suggest that the biological action(s) of BB result
in downregulation of HFD-induced inflammatory gene expres-

sion in both M1-polarized and M2-polarized ATM®.

Effects of BB on HFD-induced oxidative stress in eAT.
Obesity promotes oxidative and ER stress in AT and these
stresses are mechanistically linked to AT inflammation and the
metabolic complications of obesity (10,11,22). To assess the
effect of BB supplementation on oxidative stress in AT, we
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TABLE 4 Gene expression (real-time PCR) in whole eAT for
gene markers of ATM@® and ATM@ polarization,
inflammatory mediators, and oxidative stress in mice
fed the LFD, HFD, or HFD+B for 8 wk'

LFD HFD HFD+B

ATM@ markers fold of LFD

Galectin 3 1.00 = 0.10° 1.78 + 0.28° 152 + 0.24

F4/80 1.00 = 0.17 1.34 = 0.19 113 £ 013

CD11c 1.00 + 0.26° 366 = 1.10° 255 + 0.66°

MGL1 1.00 + 0.12 091 = 0.08 1.15 + 0.09

Ym1 1.00 = 0.16 1.21 = 0.28 142 +0.23

CD11¢ / MGL1 1.00 + 0.17 6.17 = 150° 142 + 047°
Inflammatory mediators

TNFer 1.00 = 0.142 260 = 0.41° 1.19 = 0.24

MCP-1 1.00 + 0.26 432 = 1.06° 2.95 + 0.88°

IL-6 1.00 + 0.12 1.35 = 0.19 111 0.4

iNOS 1.00 = 0.17 1.55 = 0.24 1.03 = 0.17

IL-10 1.00 + 0.21° 229 * 0.40° 146 + 0.29°
Oxidative stress

GPx3 1.00 = 04230 062 = 0.16° 1.24 = 031°

" Values are means = SEM, n = 8. Means in a row with superscripts without a
common letter differ, P < 0.05.

quantified gene expression of GPx3, a sensitive index of
oxidative stress in AT (22). GPx3 gene expression was greater
in mice fed the HFD+B compared with those fed the HFD (P =
0.05) and tended (P = 0.11) to be greater than in mice fed the
LFD (Table 4). These data suggest that protection from HFD-
induced adipocyte death (Fig. 3) and AT inflammation (Table 4)
is coincident with attenuated oxidative stress in AT of mice fed
the HFD+B diet. Surprisingly, neither HFD nor HFD+B had any
effect on adipose ER stress, assessed as gene expression of
glucose-regulated protein 78 and C/EBP-homologous protein
[(23); data not shown]. These results suggest that oxidative
stress precedes ER stress during the development of obesity and
AT inflammation in this model.

Discussion

The genus Vaccinium (e.g. BB, bilberry, cranberry) has been used
traditionally as a source of folk remedies for established diabetic
symptoms, primarily as leaf or stem infusions or decoctions (24).
Here, we demonstrate that supplementing a HFD with
Vaccinium berry powder inhibits the early inflammatory events
in AT that promote obesity-associated IR. Consistent with these
observations, mice fed the HFD+B diet for 8 wk were substan-
tially protected from IR based on significant improvements in
the ITT [suc) compared with those fed HFD. The ITT measures
whole-body glucose disposal in response to an insulin bolus and
reflects both increased skeletal muscle glucose uptake and
decreased liver glucose production. BB also improved HFD-
induced hyperglycemia in food-deprived mice, although this
improvement was modest and was not coincident with attenu-
ated hyperinsulinemia. Because plasma glucose concentrations
largely reflect hepatic glucose output (which is normally
suppressed by insulin), these observations suggest that supple-
menting the HFD with BB did not reverse HFD-induced hepatic
IR. Hyperinsulinemic-euglycemic clamp studies will be required
to verify this conclusion. Overall, however, these results dem-
onstrate that dietary BB can protect against whole-body IR and
can improve glycemia in a model of obesity-induced IR.



A prior study of BB effects on diet-induced obesity and
obesity complications reported no protection from IR in mice
fed a BB-supplemented HFD for 12 wk (25). However, these
results were confounded by significantly greater food intake and
adiposity in mice fed the BB-supplemented HFD. Similarly in
our studies, mice fed the HFD+B for 12 wk were ~3 g heavier
and 30% more obese than HFD mice (P = 0.03; data not shown),
reflecting higher energy intake and somewhat reduced energy
expenditure after wk 8 (data not shown). Intriguingly, however,
despite the greater adiposity of HFD+B mice, ITT|suc; values
did not differ between HFD and HFD+B mice (P = 0.92; data not
shown), suggesting that BB supplementation may have contin-
ued to provide metabolic benefit after 8 wk.

Peripheral IR is thought to be caused by increased circulating
levels of FFA and lipids (2,26). One mechanism contributing to
elevated circulating FFA in obesity is adipocyte lipolysis (11,26).
Inflammatory mediators upregulated in AT in obesity (e.g.
TNFea, iNOS, IL-6) exacerbate lipolysis by antagonizing the
antilipolytic effects of insulin on adipocytes and/or by directly
stimulating lipolysis (11,26). Accordingly, the insulin-sensitizing
effects of BB in the present study were associated with
attenuated AT inflammation, manifest as lower frequency of
dead adipocytes and lower gene expression indices of ATM@®
infiltration and inflammatory activation. Studies from our
laboratory and others indicate that adipocyte death and
ATM® infiltration are mechanistically intertwined in the path-
ogenesis of AT inflammation. Specifically, the infiltration,
accumulation, and proinflammatory activation of M1-polarized
ATM® in obesity are functionally linked to the selective
recruitment of CD11c+ ATM@® to scavenge dead adipocytes
and their remnant lipid (4,5,8). Thus, a decrease in the
proportion of ATM®@® expressing CD1lc+ and coincident
reductions in inflammatory cytokines in eAT of mice fed the
HFD+B diet is consistent with the lower frequency of dead
adipocytes in these mice.

It is noteworthy that whereas HFD+B was associated with
frequencies of adipocyte death and levels of CD11c gene
expression intermediate between those of mice fed the LFD
and HFD, AT gene expression of TNFa did not differ between
mice fed the HFD+B compared with those fed the LFD. This
observation suggests that, in addition to reducing adipocyte
death and ATM@® infiltration, BB blocks HFD-induced AT
inflammation by inhibiting inflammatory gene expression in
ATM@® (and presumably other AT cells). Prior studies of BB
protective actions in contexts other than obesity (15,16,27)
suggest that one potential mechanism of this inflammatory gene
downregulation is through inhibition of stress-induced mitogen-
activated protein kinase and nuclear factor kB signaling path-
ways, which modulate inflammatory gene expression in M@
(28). Future studies employing alternative sampling methods
(e.g. flow cytometry) will be required to determine the extent
to which the salutary effect of BB on HFD-induced ATM®
inflammation reflects reduced ATM® infiltration or, alterna-
tively, reduced ATM® inflammatory gene expression. In addition,
our data do not exclude the possibility that the antiinflammatory
effects of the HFD+B also reflect the previously reported actions
of BB to inhibit bacterial translocation to extraintestinal sites
(17). Extraintestinal bacterial translocation and the resulting
low-grade endotoxemia are associated with chronic HFD
regimes and are implicated in the development of AT inflam-
mation and IR (18). Irrespective of the mechanism(s) of action,
we suggest that the ability of BB to inhibit inflammatory gene
expression in AT plays a critical role in preventing obesity-
associated IR in the present study. However, a limitation of our

study is the absence of ELISA data confirming that BB-associated
patterns of gene expression are manifest as functionally signif-
icant alterations in expressed inflammatory proteins.

Increased adipocyte death in obesity is suggested (8) to reflect
the elevated levels of cytotoxic stressors reported for obese AT
(10,11,22). In the present study, higher frequencies of dead
adipocytes in mice fed the HFD were coincident with lower gene
expression of GPx3, an oxidative stress-sensitive gene in AT
(22). Notably, feeding the HFD+B diet was not associated with
lower GPx3 gene expression coincident with lower frequency
of dead adipocytes. Together, these observations provide an
empirical association between AT oxidative stress and obesity-
associated adipocyte death. As with the inflammation-suppressive
effects of BB on ATM®, the cytoprotective effects of BB on
adipocytes are, in theory, consistent with the demonstrated
ability of BB to modulate mitogen-activated protein kinase and
nuclear factor kB signaling pathways (16,27,29), because these 2
pathways coordinately regulate cell fate (30). BB-enhanced
adipocyte survival may also indirectly reflect the effects of BB on
ATM@, specifically the attenuation of ATM® TNFa, because
this inflammatory mediator promotes oxidative stress and
apoptosis (31,32). Consistent with the notion that the actions
of BB to prevent adipocyte apoptosis reflect the salutary effects
of BB on ATM® are recent observations (7,33) suggesting that
inflammatory CD11c+ ATM® participate in adipocyte execu-
tion as well as clearance [see also (8)].

Our data demonstrating comparable weight and adiposity in
mice fed either the HFD or HFD+B distinguish the protective
effects of whole BB extract on AT inflammation and IR in the
present study from the actions of flavonoids and other
polyphenolics that achieve similar protection by blocking
adiposity per se (25,34). In particular, despite its presence in
the diet we observed none of the reported actions (34,35) of the
anthocyanin cyanidin-3 glucoside (C3G) to block HFD-induced
obesity or to promote insulin sensitivity by altering retinol
binding protein-4 and glucose transporter 4 gene expression
(data not shown). Prior et al. (25) similarly did not detect
antiobesity effects of a BB extract containing =2-fold higher
concentrations of C3G than that (0.2% of diet) reported to
robustly inhibit HF diet-induced obesity (34). However, Prior
et al. (25) reported that a purified preparation of BB anthocy-
anins partially inhibited HF diet-induced increases in adiposity,
suggesting that the “whole” BB matrix may restrict the
bioavailability or bioactivity of C3G and potentially other BB
polyphenolics.

We find it additionally encouraging that in humans, 2.7% of
total energy from BB (as in the present study) could be achieved
with 20 g/d of BB powder or 140 g/d of whole BB (based on a
daily energy intake of 14.5 M]). Thus, the metabolic benefits of
BB are, in theory, attainable with feasible levels of dietary
intervention. These benefits are likely to reflect at least in part the
biological activities of BB anthocyanins. Although anthocyanin
bioavailability is generally considered to be low (36), recent in
vivo studies suggest that even low levels of anthocyanins can be
highly bioavailable and well retained in tissues (19). Although our
data strongly suggest that AT is an important site of BB actions to
ameliorate obesity complications, it is plausible that the protective
effects of BB in the present study reflect retention and direct action
of BB components in non-AT, including skeletal muscle, liver,
pancreas, and circulating immune cells. Studies elucidating the
tissue distribution of BB anthocyanins and anthocyanin metab-
olites in mice fed a HFD+B will help clarify the cell targets and
molecular mechanism(s) by which dietary BB protects against
obesity-induced AT inflammation and IR.
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