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Abstract

Background: Gut microbiota dysbiosis has been linked to obesity-associated chronic inflammation. Microbiota ma-

nipulation may therefore affect obesity-related comorbidities. Blueberries are rich in anthocyanins, which have anti-

inflammatory properties and may alter the gut microbiota.

Objective:We hypothesized that blueberry supplementation would alter the gut microbiota, reduce systemic inflamma-

tion, and improve insulin resistance in high-fat (HF)-diet–fed rats.

Methods: Twenty-four male Wistar rats (260–270 g; n = 8/group) were fed low-fat (LF; 10% fat), HF (45% fat), or HF

with 10% by weight blueberry powder (HF_BB) diets for 8 wk. LF rats were fed ad libitum, whereas HF and HF_BB rats

were pair-fed with diets matched for fiber and sugar contents. Glucose tolerance, microbiota composition (16S ribosomal

RNA sequencing), intestinal integrity [villus height, gene expression of mucin 2 (Muc2) and β-defensin 2 (Defb2)], and

inflammation (gene expression of proinflammatory cytokines) were assessed.

Results: Blueberry altered microbiota composition with an increase in Gammaproteobacteria abundance (P < 0.001)

compared with LF and HF rats. HF feeding led to an ∼15% decrease in ileal villus height compared with LF rats (P <

0.05), which was restored by blueberry supplementation. Ileal gene expression of Muc2 was ∼150% higher in HF_BB

rats compared with HF rats (P < 0.05), with expression in the LF group not being different from that in either the HF or

HF_BB groups. Tumor necrosis factor α (Tnfa) and interleukin 1β (Il1b) gene expression in visceral fat was increased by

HF feeding when compared with the LF group (by 300% and 500%, respectively; P < 0.05) and normalized by blueberry

supplementation. Finally, blueberry improved markers of insulin sensitivity. Hepatic insulin receptor substrate 1 (IRS1)

phosphorylation at serine 307:IRS1 ratio was ∼35% higher in HF rats compared with LF rats (P < 0.05) and HF_BB rats.

Conclusion: In HF-diet–fed male rats, blueberry supplementation led to compositional changes in the gut microbiota

associated with improvements in systemic inflammation and insulin signaling. J Nutr 2018;148:209–219.
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Introduction
Obesity has been characterized as a low-grade systemic inflam-
matory state (1). An increase in visceral adiposity is associ-
atedwithmacrophage infiltration, secretion of proinflammatory
cytokines, and decreased insulin sensitivity (1–3). Cytokines,
such as TNF-α and IL-1β, have been found to impair insulin
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signaling by promoting insulin receptor substrate 1 (IRS1) phos-
phorylation at serine 307 (p-IRS1, Ser307), inhibiting insulin
action (3, 4).

There is evidence that obesity-associated inflammation orig-
inates, at least partially, from the gastrointestinal tract (5). Pre-
vious studies have shown that gut epithelial barrier integrity
is impaired in the distal gut in response to high-fat (HF)-diet
feeding (6, 7), with altered expression of gut-protecting mucins
and defensins (8). The distal gut is home to >1014 bacteria, and
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impairment in gut permeability in combination with diet-driven
microbiota dysbiosis can lead to translocation of bacterial
proinflammatory factors such as LPS into the circulation (9, 10).
LPS activates the transcription factor NF-κB to promote syn-
thesis of proinflammatory cytokines (11). Chronic infusion of
LPS in rodents led to weight gain, adipose tissue inflammation,
and insulin resistance (9, 12). In addition, the manipulation of
the microbiota composition by using prebiotics or antibiotics
restored gut epithelial function and improved metabolic func-
tions, especially insulin sensitivity (13, 14).

There is growing interest in the role of berries in disease
prevention. Blueberries are high in anthocyanins, in addition
to other polyphenolic compounds (15), and have antioxidant
and anti-inflammatory properties (16–18) that may affect dis-
ease development. Dietary supplementation with whole blue-
berry and blueberry polyphenolics reduced biomarkers of ox-
idative stress (16, 17) as well as inflammatory gene expression
(18). Prior et al. (19–21) showed that purified blueberry an-
thocyanins reduced body weight (BW) and improved glucose
tolerance in HF-diet–fed male C57BL/6J mice, whereas whole
blueberry powder did not. In contrast, others found that whole
blueberry supplementation improved obesity-related insulin
sensitivity, even without changes in BW, in HF-diet–fed mice
(18) and Zucker Fatty rats (22). Blueberry supplementation also
improved insulin sensitivity in obese, insulin-resistant men and
women (23).

Blueberries are a source of fermentable fibers (24). In ad-
dition, high concentrations of anthocyanins have been found
in the distal intestine where they can interact with, and be me-
tabolized by, the gut microbiota (25). Therefore, blueberry may
improve obesity-related inflammation via alteration of the gut
microbiota composition. Berry extracts have exhibited antimi-
crobial and antiadhesion properties against pathogenic bacteria
(26, 27). In rodents, dietary supplementation with whole blue-
berry altered microbiota composition (27, 28) and consumption
of a wild blueberry powder beverage inmen resulted in increases
in Bifidobacterium spp. (29).

Blueberry-driven changes in gut microbiota could lead to
changes in intestinal SCFAs. The most abundant intestinal
SCFAs are acetate, propionate, and butyrate (30). Acetate and
propionate have been shown to activate G-protein-coupled re-
ceptors (GPRs), such as GPR43, and promote production of gas-
trointestinal peptides, including glucagon-like peptide 1 (GLP1),
a known incretin (31).

Previous studies that investigated whole blueberry supple-
mentation did not examine changes in the gutmicrobiota in con-
junction with effects on inflammation and insulin resistance.We
hypothesized that the consumption of blueberry in HF-diet–fed
rats would alter gut microbiota composition and reduce intesti-
nal permeability, inflammation, and insulin resistance. To test
this hypothesis, we fed rats an HF diet supplemented with 10%
blueberry powder and investigated changes in gut microbiota
composition, inflammation and glucose homeostasis while con-
trolling for food and dietary fiber intake.

Methods
Animals and diets. Twenty-four male Wistar rats (200–220 g) were
procured from Envigo and single-housed in a temperature-controlled
room with a 12-h light-dark cycle. Rats were separated into 3 groups (n
= 8/group) and fed low-fat (LF; 10% kcal as fat), HF (45% kcal as fat),
or HF with 10 g freeze-dried blueberry powder/100 g (HF_BB) diets
for 8 wk (Supplemental Tables 1–5). The blueberry powder was pro-
vided by the US Highbush Blueberry Council and was a Tifblue/Rubel

50/50 blend with 38.39 mg phenolics/g and 21.34 mg anthocyanins/g.
HF and HF_BB diets were matched for sugars and soluble and insol-
uble fibers and were isocaloric (Research Diets). All of the diets were
formulated to meet micronutrient requirements. Selection of the 10%
blueberry concentration was based on previously published studies (16,
32). BW and food intake were monitored daily. The LF group was fed
ad libitum while food intake was managed to ensure similar intakes be-
tweenHF andHF_BB rats by pair-feeding the HF groupwith the HF_BB
group. After 8 wk of being fed their respective diets, the rats were feed-
deprived for 6 h and killed by using carbon dioxide inhalation. Sacrifice
order was evenly distributed between treatment groups over 2 d, and
all tissues were removed within 2.5 h after the beginning of the light
cycle. Before being killed, a 24-h urine sample was collected and frozen
at –80°C to be analyzed for F2-isoprostanes. Blood was collected by
cardiac puncture, rested on ice for 15 min, and centrifuged at 1000 × g
for 10 min at 4°C for serum collection. The liver, ileum, cecum, colon,
and visceral fat pads (mesenteric, retroperitoneal, and epididymal) were
collected and weighed; and an adiposity index was determined. Serum
and all of the tissues were snap-frozen and stored at –80°C. All animal
care procedures were approved by the Institutional Animal Care and
Use Committee of the University of Georgia.

Oral-glucose-tolerance test. After 7 wk, rats were feed-deprived
for 5 h before oral gavage with a glucose solution (2 g/kg BW by us-
ing 20% glucose; Sigma-Aldrich). Glycemia was measured by using a
glucometer (Freestyle) before (0 min) and after (15, 30, 60, 90, and
120 min) glucose administration. Blood samples (∼100 μL) were col-
lected at each time point and centrifuged as described above to obtain
serum for insulinemia analysis.

Microbiota DNA sequencing. DNA was extracted from ce-
cal contents by using the ZR Fecal DNA MiniPrep per the man-
ufacturer’s protocol (Zymo Research). Briefly, fecal contents were
lysed by bead beating, and DNA was isolated by using fast-spin
columns. DNA was filtered to remove humic acids and polyphe-
nols, and the eluted DNA was sent to the University of California,
Davis, Genomic Sequencing Center for sequencing. High-throughput
sequencing was performed with Illumina MiSeq paired-end 250 base-
pair runs. Amplification was performed on the V4 region of the
16S ribosomal RNA genes via PCR with the use of the follow-
ing primers: F515 (5′-GTGCCAGCMGCCGCGGTAA-3′) and R806
(5′-GGACTACHVGGGTWTCTAAT-3′). Sequences were subsequently
aligned to reference genomes. Bacterial abundance was normalized by
log transformation, and multivariate statistical analysis and clustering
(principal components analysis) were performed by using the META-
GENassist platform (33). Differences in taxa abundance were assessed
by using a 1-factor ANOVA (Fisher’s post hoc test; METAGENassist).
Linear discriminant analysis effect size analysis was performed on log-
transformed abundance by using the Galaxy online module to identify
discriminant taxa among groups (34).

SCFA analysis. SCFAs were quantified in serum by the Mayo Clinic
Metabolomics Core via GC-MS by using previously published methods
(35).

Blood analyses. LPS-binding protein (LBP; Biometec) and insulin
(Alpco) in serum were measured by ELISA per the manufacturers’ in-
structions.

Lipid peroxidation markers. Analysis of urinary F2-isoprostanes
was performed in the Vanderbilt University Eicosanoid Core Labora-
tory with GC/negative ion chemical ionization MS, and data were ex-
pressed per urinary creatinine. Liver malondialdehyde was measured
by using ELISA per the manufacturers’ instructions (Oxford Biomedi-
cal Research).

Intestinal morphology. Gastrointestinal tissues were cryosec-
tioned (5 μm; Leica CM1900; Leica Biosystems). Sections were stained
with Alcian blue and nuclear fast red (Sigma-Aldrich). Villus height
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(in micrometers) and the number of goblet cells (per crypt) were mea-
sured manually in well-oriented sections (5 measurements/ileal section)
by using a light microscope (BX40; Olympus) equipped with a digital
camera (DP25; Olympus) and analysis software (DP2-BSW; Olympus).

Liver histology. Livers were cryosectioned (4 μm; Leica CM1900).
Sections were stained at the University of Georgia College of Veteri-
nary Medicine’s Pathology Laboratory by using Oil Red O with hema-
toxylin as a counter nuclear stain. Sections were viewed under a light
microscope (Nikon Eclipse E400; Nikon) at 200 × magnification. The
Oil Red O–positive pixels were determined by using Scion Image (Scion
Corporation).

PCR (qPCR). Gene expression of inflammatory markers was deter-
mined in liver, fat, and ileum tissues by using qPCR. Gene expression of
gut epithelial function was determined in ileum tissues. mRNA was ex-
tracted from liver, ileum, and mesenteric fat tissues by using the RNeasy
Mini Kit or the Lipid Tissue Mini Kit (Qiagen) per the manufacturer’s
instructions and assessed for quantity and purity by using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies). cDNAs were
synthesized by using the RevertAidFirst Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). qPCR was performed on a StepOnePlus real-
time PCR system (Thermo Fisher Scientific) by using SYBR Green PCR
master mix (Thermo Fisher Scientific) with primers purchased from In-
tegrated DNA Technologies (Supplemental Table 6). Data were ana-
lyzed according to the 2–��Ct method (36).

Western blot. The phosphorylation of IRS1 in liver and NF-κB p65
in mesenteric fat was determined by Western blot. Liver proteins were
extracted by using lysis buffer (Invitrogen) and protease and phos-
phatase inhibitors (Roche Diagnostics). Nuclear fraction proteins from
mesenteric fat were extracted by using NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo Fischer Scientific). A total of 20 μg
(liver) or 30 μg (fat) proteins were loaded in precast Bolt 10% Bis-Tris
Mini Gel (Life Technologies) for separation before being transferred to
a polyvinylidene difluoride membrane and probed with primary anti-
bodies (1:1000; Cell Signaling Technology): GAPDH, IRS1, phospho-
IRS1(Ser307), phospho-NF-κB p65, and total NF-κB p65. IgG and anti-
biotin rabbit HRP secondary antibodies (Cell Signaling Technology)
were then probed onto the membrane. LiCor WesternSure chemilumi-
nescent substrate was used as a detection agent. Blots were quantified
by using a C-DiGit Blot Scanner and Image Studio Software (LiCor).

Statistical analysis. Data are presented as means ± SEMs. Statisti-
cal analysis was performed by using Prism software (Prism 6.0; Graph-
Pad Software). Two-factor repeated-measures ANOVA was used to an-
alyze BW, energy intake, and oral-glucose-tolerance test. One-factor
ANOVA was performed to analyze data from adiposity, qPCR, West-
ern blot, and biochemical analyses. Differences between groups were
analyzed by using Fisher’s least-significant-difference test. Correlations
between SCFA concentrations and microbiota abundance were deter-
mined by using the nonparametric Spearman correlation. Differences
were considered significant if P < 0.05.

Results
BW and glucose tolerance. There was no difference in final
BW between LF, HF, and HF_BB rats (Figure 1A). As previously
reported (12), HF feeding induced a significant increase in en-
ergy intake for the first week compared with LF feeding; and in
week 2, HF_BB rats continued to have significantly higher in-
takes than LF rats. This may have been driven by diet palatabil-
ity. However, there was no difference in intake between groups
throughout the rest of the study and no difference in total
energy intake between the HF and LF rats (Supplemental Fig-
ure 1). Despite no differences in BW, the overall adiposity index

FIGURE 1 Body weight (A), adiposity index (B), blood glucose (C),
and serum insulin (D) during an oral-glucose-tolerance test (2mg/kg) in
rats fed an LF, HF, or HF_BB diet for 8 wk. Values are means ± SEMs,
n = 8/group. Labeled means at a time without a common letter differ,
P < 0.05. HF, high fat; HF_BB, high fat with 10% blueberry; LF, low
fat.
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FIGURE 2 Microbial composition of rats fed an LF, HF, or HF_BB diet for 8 wk. The bacterial relative abundances at the phylum (A), class (B),
order (C), family (D), and genus (E) levels and principal components analysis on all taxonomic levels (F) are shown. n = 8. *,**,***Differences
between the HF_BB group and the LF and HF groups: *P < 0.05, **P < 0.01, ***P < 0.001. ##Differences between the LF and HF groups,
P < 0.01. Bacteria in any shade of green belong to the Firmicutes phylum, shades of red indicate Bacteriodetes, yellow indicates Proteobacteria,
purple indicates Verrucomicrobia, and blue indicates Fusobacteria. The phylogenic tree (phylum, class, order, and family in order) is indicated by
the letters preceding the taxa. Phylum: F, Firmicutes; B, Bacteriodetes; Fu, Fusobacteria; D, Deferribacteres; V, Verrucomicrobia; P, Proteobac-
teria. Class: C, Clostridia; B, Bacilli; N, Negativictes; E, Erysipelotrichia; B, Bacteriodetes; F, Flavobacteria; γ , Gammaproteobacteria. Order: C,
Clostridiales; L, Lactobacillales; S, Selenomonadales; E, Erysipelotrichiales; B, Bacteriales; F, Flavobacteriales; F, Fusobacteriales; D, Deferrib-
acteriales; V, Verrucomicrobiales; P, Pasteurellales. Family: C, Clostridiaceae; R, Ruminococcaceae; S, Streptococcaceae; V, Veillonellaceae; P,
Prevetollaceae; F, Flavobacteriaceae; V, Verrucomicrobiaceae; P, Pasteurellaceae. HF, high fat; HF_BB, high fat with 10% blueberry; LF, low fat;
PC, principal component.

was significantly higher in HF and HF_BB rats than in the LF
group (P < 0.05; Figure 1B). Although there were no significant
differences between groups for mesenteric and epididymal fat
depots, retroperitoneal fat pad weight was significantly higher
in HF-BB rats than in LF rats (P < 0.05).

There was no difference in fasting (0 min) glycemia and insu-
linemia between groups (Figure 1C, D). After an oral-glucose-
tolerance test, glycemia increased sharply in the 3 groups and
peaked at 15 min postchallenge. Peak glycemia at 15 min for
HF_BB rats was lower than in LF andHF rats, although compar-
ison with the HF group failed to reach significance (P = 0.07).

There were no significant differences in AUCs between groups.
Insulin concentrations peaked 15 min post–oral-glucose chal-
lenge in the LF and HF_BB groups, but peaked at 30 min in HF
rats and at that time was significantly higher than in the LF and
HF_BB groups (P < 0.05). There was a 30% reduction in peak
insulin in the HF_BB rats compared with the HF rats.

Microbiota composition and metabolites. HF consumption
alone did not have a major effect on microbiota composition.
There were no differences in the abundance and ratio of the
main phyla Firmicutes and Bacteriodetes between the HF and
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LF rats (Figure 2A). Blueberry supplementation had a much
greater effect on microbiota composition. At the phylum level,
blueberry supplementation led to significant decreases in both
Firmicutes (P < 0.001) and Bacteriodetes (P < 0.001) abun-
dance and significant increases in Proteobacteria (P < 0.001)
and Fusobacteria (P< 0.05) abundance compared with HF and
LF rats. Proteobacteria represented 37.99% of the identified
bacteria in the HF_BB group compared with 2.17% in the LF
rats and 1.56% in the HF rats.

Abundance analysis at all taxonomic levels showed that mi-
crobiota composition in LF and HF rats was very similar, apart
from a significant decrease in Ruminococcus (genus, P < 0.01)
in HF rats when compared with the LF group (P < 0.01)
(Figure 2E). The blueberry effect on Proteobacteria was driven
by an increase in Gammaproteobacteria (class, P < 0.001),
especially the Pasteurellales order (P < 0.01), including the gen-
eraActinobacillus (P< 0.001) andAggregatibacter (P< 0.001).
The blueberry supplementation–induced increase in Fusobacte-
ria abundance was driven by an elevation in Fusobacteriaceae
(family; P < 0.05). Despite an overall decrease in Firmicutes,
blueberry supplementation led to increased abundance of Bacilli
(class), especially Lactobacillales (order; P < 0.001). Similarly,
despite an overall decrease in Bacteriodetes,HF_BB rats showed
a significant increase in Porphyromonadaceae (family; P< 0.01)
abundance when compared with both LF and HF rats. Princi-
pal components analysis on all taxonomic levels showed that
LF and HF rats had overall a very similar microbiota profile,
whereas blueberry supplementation resulted in a radically dif-
ferent profile (Figure 2F).

Blueberry supplementation was associated with significant
changes in serum SCFAs. Acetate was significantly elevated
in the HF_BB group compared with the LF and HF groups
(P < 0.05; Figure 3A). HF_BB rats had significantly higher con-
centrations of propionate than the LF group (P< 0.01) but were
not different from the HF group. Finally, butyrate concentra-
tions were significantly lower in HF_BB rats compared with the
LF group (P < 0.05) but were not different from the HF group.
There were no significant differences in serum acetate, propi-
onate, or butyrate between the LF and HF rats. Correlation
analysis showed significant positive relations between serum
acetate and Proteobacteria (r = 0.42, P < 0.05), Gammapro-
teobacteria (r = 0.5, P < 0.05), Pasteurellales (r = 0.46, P <

0.05), Actinobacillus (r = 0.59, P < 0.01), and Aggregatibacter
(r = 0.46, P < 0.05) abundance. Serum acetate was negatively
correlated with Bacteroidetes (r = −0.61, P < 0.01) and pos-
itively correlated with Bacilli (r = 0.46, P < 0.05) and Lacto-
bacillales (r = 0.55, P < 0.01) abundance. Butyrate concentra-
tions tended to be negatively correlated to Fusobacterium (r =
−0.38, P = 0.08) abundance.

Blueberry supplementation led to a significant 3-fold increase
in SCFA-target receptor,Gpr43 gene expression compared with
the LF control (P < 0.01; Figure 3B). Gpr43 expression in
HF_BB rats was also higher than in the HF group, but this dif-
ference did not reach significance (P = 0.1). HF rats had a sig-
nificant decrease in Glp1 gene expression compared with LF
and HF_BB rats (LF compared with HF and HF compared with
HF_BB; P < 0.05).

Gastrointestinal barrier integrity and inflammation. HF
feeding significantly reduced villus length compared with the LF
control group (P< 0.0001; Figure 4A). Blueberry supplementa-
tion restored gastrointestinal integrity; ileal villus length in the
HF_BB rats was similar to that in the LF rats and significantly
higher than in the HF rats (P < 0.0001).

FIGURE 3 SerumSCFAs (A) and gene expression ofGpr43 andGlp1
in the ileum (B) of rats fed an LF, HF, or HF_BB diet for 8 wk. Values are
means ± SEMs, n = 8. Labeled means without a common letter dif-
fer, P < 0.05. Glp1, glucagon-like peptide 1; Gpr43, G-protein-coupled
receptor 43; HF, high fat; HF_BB, high fat with 10% blueberry; LF, low
fat.

Goblet cell number per crypt was significantly higher in the
HF_BB rats compared with the HF rats (P < 0.05; Figure 4B).
Goblet cell number in the LF control group did not differ from
either the HF or HF_BB rats. Similarly, gene expression of the
mucus protein,Muc2, in the ileum was significantly higher (2.5-
fold) in the HF_BB rats than in the HF rats (P < 0.05). Muc2
expression in the LF group did not differ from that in either the
HF or HF_BB rats (Figure 4C). HF_BB rats exhibited a signifi-
cant increase in the antibacterial peptideDefb2 gene expression
in the ileum compared with the LF rats (P < 0.05). The level of
expression in the HF rats was not different from that in the LF
or HF_BB rats.

In the ileum, HF feeding was associated with a signifi-
cant increase in tumor necrosis factor α (Tnfa) gene expres-
sion (HF compared with LF; P < 0.001), which was normal-
ized by blueberry supplementation (Figure 4D). There were no
differences in other inflammatory genes assessed, including Il1b
and Il6.

LBP and mesenteric fat inflammation. LBP was used as a
proxy to assess circulating LPS concentrations. HF_BB rats
showed a significant reduction in circulating LBP when com-
pared with the HF rats (P < 0.05; Figure 5A). LBP serum con-
centrations in LF rats were not different from those in either HF
or HF_BB rats. In line with these results,we observed a lower ra-
tio of nuclear phospho- to total NF-κB p65 in the mesenteric fat
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FIGURE 4 Villus length (A), goblet cells/crypt (B), Defb2 andMuc2
gene expression (C), and gene expression of inflammatory markers
(D) in the ileum of rats fed an LF, HF, or HF_BB diet for 8 wk. Values
are means ± SEMs, n = 8. Labeled means without a common letter
differ, P < 0.05. Cd11d, cluster of differentiation 11d; Cd68, cluster of
differentiation 68; Defb2, β-defensin 2; HF, high fat; HF_BB, high fat
with 10% blueberry; Il1b, interleukin 1β; Il6, interleukin 6; LF, low fat;
Muc2, mucin 2; Tnfa, tumor necrosis factor α.

FIGURE 5 Circulating LPS (A), NF-κB p65 phosphorylation (B), gene
expression of inflammatorymarkers (C), and gene expression of Ppara
and Ppard (D) in adipose tissue of rats fed an LF, HF, or HF_BB diet
for 8 wk. Values are means ± SEMs; n = 8, except for (B), n = 4–
6. Labeled means without a common letter differ, P < 0.05. Cd11d,
cluster of differentiation 11d; Cd68, cluster of differentiation 68; HF,
high fat; HF_BB, high fat with 10% blueberry; Il1b, interleukin 1β;
Il6, interleukin 6; LBP, LPS-binding protein; LF, low fat; Ppara, peroxi-
some proliferator-activated receptor α; Ppard, peroxisome proliferator-
activated receptor δ; Tnfa, tumor necrosis factor α.
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tissue of the HF_BB group than in the other groups (Figure 5B).
The difference was not significant (P = 0.07) between groups,
but rats in the HF_BB group all clustered within the ratio of
<0.1 (0.01–0.08), whereas the LF and HF groups showed in-
consistent patterns of distribution (0.04–0.26).

HF feeding significantly upregulated gene expressions
of Il1b (HF compared with LF; P < 0.001) and Tnfa (HF
compared with LF; P < 0.05) in mesenteric fat tissue, which
were significantly downregulated to LF control levels by
blueberry supplementation (Figure 5C). In addition, clus-
ter of differentiation 11d (Cd11d) expression (a marker of
macrophage infiltration) was significantly lower in blueberry-
fed rats compared with the LF and HF groups (P < 0.05).
Others have reported that blueberry feeding can alter ex-
pression of PPAR subtypes and affect lipid metabolism
(22). Blueberry supplementation increased Ppara gene
expression in mesenteric fat compared with HF rats (HF_BB
compared with HF; P < 0.01; Figure 5D), although Ppara
gene expression in HF and HF_BB rats was not significantly
different than that in LF rats. Ppard expression significantly
decreased in HF rats compared with LF rats (P < 0.05), and
this was normalized by blueberry treatment (LF compared with
HF_BB; P = 0.08; HF compared with HF_BB; P < 0.0001).
We did not find any differences in Pparg gene expression (data
not shown).

Hepatic measurements. Compared with LF rats, HF feeding
led to a significant increase in liver fat droplets (LF compared
with HF; P< 0.01; LF compared with HF_BB; P< 0.05; Figure
6A, B), with no significant difference between HF and HF_BB
groups. However, the hepatic p-IRS1 (Ser307) to IRS1 ratio was
significantly increased in HF rats compared with LF rats and de-
creased to control concentrations by blueberry treatment (P <

0.05; Figure 6C, D). Hepatic malondialdehyde concentration, a
marker of oxidative stress, was significantly reduced in HF_BB
rats in comparison with the HF group (P < 0.05; Figure 6E),
although neither the HF nor HF_BB groups had higher malon-
dialdehyde than that in the LF group. F2-isoprostanes, a marker
of systemic oxidative stress, were elevated in the urine of HF_BB
rats relative to LF and HF rats (P < 0.05; Figure 6F).

Discussion

In this study we investigated the potential effects of blueberry
on HF-diet–associated metabolic changes. Our hypothesis was
that blueberry supplementation would trigger compositional
changes in the gut microbiota associated with improved gut
epithelial function, decreased systemic inflammation, and im-
proved insulin signaling.

Blueberry supplementation resulted in a unique microbiota
profile characterized by a high dominance of Gammaproteobac-
teria. These changes were associated with increases in villus
height, goblet cell proliferation, and gene expression of Muc2
and Defb2 in the ileum, suggesting improvement in gut barrier
integrity. Moreover, blueberry treatment suppressed local and
systemic inflammation indexes and ameliorated hepatic oxida-
tive stress. Finally, blueberry supplementation improved insulin
sensitivity, which may be due to a decrease in hepatic p-IRS1
(Ser307) concentration, a marker of impaired insulin signaling
(37), and the upregulation of ileal Glp1 gene expression.

There were no differences in BW and energy intake between
HF and LF rats, whereas others found that 8 wk of HF feed-
ing were sufficient to induce hyperphagia in rodents (5, 9).

Blueberry supplementation may have reduced energy intake,
and the pair-feeding paradigm prevented HF-diet–induced hy-
perphagia. Furthermore, all of the diets were matched for fiber
content, and a recent study in mice (38) suggested that HF-diet–
induced hyperphagia was driven by a lack of fiber in the diet.
Thus, it is also possible that our diet composition was responsi-
ble for the lack of BW difference between the LF andHF groups.
We still observed an increase in adiposity in bothHF andHF_BB
rats compared with the LF group. Adiposity in rats has previ-
ously been found to be proportional to dietary fat, regardless of
BW (39). Although visceral fat was not reduced, gene expres-
sions of Ppara and Ppard were significantly increased in HF_BB
rats compared with HF rats, suggesting higher FA oxidation in
the HF_BB group (40).

HF feeding alone had very little effect on microbiota compo-
sition; HF and LF rats’ gut microbiota profile was very similar.
Noticeable exceptions included an HF-diet–associated decrease
in Ruminococcus, which is a genus of the Ruminococcaceae
family. Reduced abundance of Ruminococcaceae has previously
been reported with HF feeding (41).We did not observe changes
previously characterized in obese animals, such as an increase
in Firmicutes and a decrease in Bacteroidetes abundance (42).
This result may have been due to the similar fiber contents of
the LF and HF diets, because fibers modulate gut microbiota
composition (43).

Independently of dietary fiber content, the HF_BB diet in-
duced a shift in the gut microbiota composition characterized
by a significant decrease in Firmicutes and increases in Fu-
sobacteria and Proteobacteria abundance. Despite an overall
decrease in Firmicutes, blueberry supplementation led to in-
creased abundance of Bacilli (class), especially Lactobacillales.
Interestingly, blueberry extract has been shown to favor the
growth of Lactobacillus spp. (44), suggesting that this effect
may be anthocyanin-driven. The increase in Proteobacteria was
driven by a dominance of the Gammaproteobacteria class, espe-
cially the Pasteurellales order, including the genus Actinobacil-
lus and Aggregatibacter. Proteobacteria has been characterized
as the least stable among the major phyla (45). Studies have
shown that the relative abundance of Proteobacteria in the hu-
man gut transiently increases ≤45% without clinical signs (46),
highlighting Proteobacteria’s sensitivity to environmental fac-
tors. Despite being traditionally thought to be proinflammatory
(47), increases in Proteobacteria, especially Gammaproteobac-
teria, have been reported in association withmetabolic improve-
ments, notably after Roux-en-Y gastric bypass in humans and
animals (48, 49). In these studies, similarly to our results, the
abundance of Aggregatibacter was significantly increased.

Blueberry-driven changes in the microbiota may have im-
proved gut health, resulting in reduced translocation of bac-
terial products such as LPS across the epithelial barrier (50).
Epithelial barrier integrity is compromised with inflammation
(5) and HF feeding (11). An HF diet notably led to increased
circulating LPS, which induces the transcription of proinflam-
matory cytokines via NF-κB activation (11). In this study,
we found significantly lower concentrations of serum LBP (a
marker of circulating LPS) (51) in the HF_BB group com-
pared with the HF group and reduced NF-κB activation in
adipose tissue. Accordingly, Tnfa and IL1b gene expressions
were downregulated in mesenteric fat of the HF_BB rats com-
pared with that in the HF rats (12). These results confirmed
that blueberry had an anti-inflammatory effect. DeFuria et al.
(18) similarly reported that blueberry reduced HF diet–induced
increases in Tnfα gene expression in visceral fat of HF-diet–fed
mice.
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FIGURE 6 Histology (A, B), IRS1 phosphorylation (C, D), and MDA (E) in the liver and urinary F2-isoprostanes (F) of rats fed an LF, HF, or HF_BB
diet for 8 wk. Values are means ± SEMs, n = 8; except for (A, B), n = 6–8. Labeled means without a common letter differ, P < 0.05. HF, high
fat; HF_BB, high fat with 10% blueberry; IRS1, insulin receptor substrate 1; LF, low fat; MDA, malondialdehyde; p-IRS1(Ser307), insulin receptor
substrate1 phosphorylation at serine 307.

Polyphenols previously have been shown to strengthen the
intestinal epithelial barrier by upregulating the gene expression
of MUC2 (52), the primary glycoprotein of the gastrointesti-
nal mucus layer (53), and stimulating production of antimicro-
bial peptides, such as DEFβ2 (54). We found that blueberry
supplementation had a positive effect on goblet cell count in
HF rats and increased Muc2 and Defb2 gene expression in
the ileum. DEFβ2 is upregulated by inflammation or bacterial
stimuli (55). Thus, the observed increase in Proteobacteria in
the HF_BB group may have acted as a triggering factor. The

elevated Defb2 gene expression in HF rats may have resulted
from gastrointestinal inflammation.

Blueberry may have improved epithelial barrier function
through an increase in bacterial fermentation products, namely
SCFAs (56). SCFAs have been shown to stimulate the prolifera-
tion and differentiation of enterocytes, ultimately contributing
to increases in villus height and goblet cell proliferation (57, 58).
Serum concentrations of acetate, propionate, and butyrate are a
good proxy for bacterial fermentation (59).We found that blue-
berry supplementation led to increases in circulating acetate and

216 Lee et al.



propionate, while reducing butyrate. The amount and diversity
of gut microbiota play a role in SCFA production (59). For ex-
ample, the cecal concentration of butyrate has been previously
correlated with the abundance of several Firmicutes taxa (60),
which were low in the HF_BB group. In this study, there was a
positive correlation between serum acetate and Proteobacteria
taxa, including Gammaproteobacteria (class), Pasteurellales (or-
der),Actinobacillus (genus), andAggregatibacter (genus),which
were primary contributors to the unique microbial composition
of HF_BB rats.

Glucose homeostasis was only modestly impaired in HF
rats, which could be related to the HF diet’s fiber content (37).
However, as previously reported (18, 22), blueberry supplemen-
tation improved insulin sensitivity in HF-fed rodents. HF_BB
rats exhibited lower insulinemia than HF rats, showing that
HF_BB rats required less insulin to clear glucose. Enhanced in-
sulin sensitivity may have been due to a reduction in hepatic
p-IRS1 (Ser307) concentration, a marker of cytokine-driven in-
sulin resistance (37). HF feeding increased IRS1 Ser307 phos-
phorylation in the liver, which was normalized by blueberry
treatment. Furthermore, HF diets can promote the production
of reactive oxygen species (61) and oxidative stress can alter IRS
phosphorylation (62, 63). Similarly to previous research with
anthocyanins (64), hepatic malondialdehyde, a marker of ox-
idative stress, was reduced by blueberry supplementation and
decreased oxidative stress may have contributed to the normal-
ized IRS1 Ser307 phosphorylation in the HF_BB group.

Another possible mechanism for blueberry-induced changes
in insulin sensitivity is through changes in ileal GLP1 expres-
sion. GLP1 improves both insulin secretion and sensitivity (65)
and has previously been found to be downregulated by HF feed-
ing (66). SCFAs, especially acetate and propionate, have been
shown to stimulate GLP1 release via a GPR43-dependent path-
way (31). In this study, ileal Gpr43 gene expression was higher
in HF_BB rats than in HF rats and, although Glp1 gene expres-
sion was significantly decreased by HF feeding, it was restored
by blueberry supplementation.

We also quantified urinary F2-isoprostanes as a biomarker
of systemic oxidative stress (67). F2-isoprostanes have previ-
ously been shown to decrease with the consumption of high-
anthocyanin foods (67), but were unaltered with blueberry sup-
plementation in a previous study from our laboratory (19).
In contrast to the liver malondialdehyde results, urinary F2-
isoprostanes were slightly increased in the HF_BB group com-
pared with both HF and LF groups, suggesting an increase in
systemic oxidative stress. This may be related to specific changes
in the gut microbiota, although further research would be nec-
essary to confirm this.

There are limitations to this study that deserve considera-
tion. First, we used a rodent model to test our hypothesis and
the results cannot be directly extrapolated to humans due to dif-
ferences in gut microbiota and physiology. Also, we showed the
protective effect of blueberry on gut barrier integrity by mea-
suring the concentration of serum LBP as a proxy to the LPS
concentration in the circulation. A direct assessment of intesti-
nal tight junction permeability would better confirm the role
of blueberry in preserving the intestinal epithelial barrier. Last,
although we showed that metabolic improvements with blue-
berry supplementation were found in association with composi-
tional changes in the gut microbiota, the use of germ-freemodels
would be needed to conclusively show that the gut microbiota is
responsible for changes in inflammation and insulin sensitivity.

In conclusion, we show for the first time, to our knowl-
edge, that blueberry-induced reductions in inflammation and

insulin resistance in HF-diet–fed rats were found in conjunction
with compositional changes in the gut microbiota and improved
gut integrity. These changes may have prevented LPS transloca-
tion, resulting in reduced systemic inflammation and improved
hepatic insulin sensitivity in HF-diet–fed rats. Thus, our study
provides further support that blueberry may reduce obesity-
related inflammation and insulin resistance.
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