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Abstract

induced obese mice.

Background: Blueberry is rich in bioactive substances and possesses powerful antioxidant potential, which can
protect against oxidant-induced and inflammatory cell damage and cytotoxicity. The aim of this study was to
determine how blueberry affects glucose metabolism and pancreatic 3-cell proliferation in high fat diet (HFD)-

Methods: Wild type male mice at age of 4 weeks received two different kinds of diets: high-fat diet (HFD)
containing 60% fat or modified HFD supplemented with 4% (wtwt) freeze-dried whole blueberry powder (HFD + B)
for 14 weeks. A separate experiment was performed in mice fed with low-fat diet (LFD) containing 10% fat or
modified LFD + B supplemented with 4% (wt:wt) freeze-dried whole blueberry powder. The metabolic parameters
including blood glucose and insulin levels, glucose and insulin tolerances were measured.

Results: Blueberry-supplemented diet significantly increased insulin sensitivity and glucose tolerance in HFD + B
mice compared to HFD mice. However, no difference was observed in blood glucose and insulin sensitivity
between LFD + B and LFD mice. In addition, blueberry increased {3-cell survival and prevented HFD-induced B-cell
expansion. The most important finding was the observation of presence of small scattered islets in blueberry
treated obese mice, which may reflect a potential role of blueberry in regenerating pancreatic 3-cells.

Conclusions: Blueberry-supplemented diet can prevent obesity-induced insulin resistance by improving insulin
sensitivity and protecting pancreatic 3-cells. Blueberry supplementation has the potential to protect and improve
health conditions for both type 1 and type 2 diabetes patients.
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Background

Type 2 diabetes develops as a consequence of a combin-
ation of insulin resistance and loss of pancreatic B-cell
mass [1, 2]. Pancreatic B-cells are essential endocrine
cellular units controlling blood glucose via the biosyn-
thesis and secretion of insulin. In states of obesity and
insulin resistance, insulin levels typically increase to
maintain normal glucose tolerance. To compensate in-
creased insulin demand, P-cell can adapt by increasing
[-cell mass, leading to increased insulin production dur-
ing obesity and insulin resistance. p-cell mass is defined
as the total weight of B-cells within a pancreas and adap-
tive expansion of B-cell mass is accomplished primarily
by increasing p-cell proliferation. However, during times
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of prolonged metabolic demand, inadequate B-cell func-
tion leads to increased apoptosis and a progressive loss
of B-cell mass [3, 4]. Therefore, loss of functional B-cell
mass is a hallmark of type 2 diabetes [5]. High concen-
trations of glucose, free fatty acids, reactive oxygen spe-
cies (ROS) or proinflammatory cytokines converge
toward a common cell death-signaling pathway and
cause P-cell death during the development of type 2 dia-
betes [6—9]. Given B-cell failure during the progression
to diabetes, more approaches are needed to preserve
[-cell mass or enhance [-cell survival.

Blueberry has become a popular fruit that gained the
interest of the public and scientific communities due to
its role in maintaining and improving health. Blueberry
is rich in bioactive compounds such as flavonoids and
exhibit inhibitory effects on the induction of apoptosis
[10-13]. In addition, blueberry possesses powerful
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antioxidant potential, which can consequently protect
against oxidant-induced and inflammatory cell damage
and cytotoxicity [14—17]. Many studies have reported
that consumption of blueberries (in natural, dried, ex-
tracts or juice) were associated with a lower risk of type
2 diabetes and insulin resistance in rodents and humans
[18, 19]. Particularly, blueberry has been found to inhibit
lipogenesis, improve insulin sensitivity in muscle and
adipose, and thus reduce the risk of developing type 2
diabetes [20—23]. Recent studies revealed that blueberry
attenuated endothelial inflammation in diabetes, indicat-
ing its benefits in improving vascular complications as-
sociated with diabetes [24, 25]. However, whether
blueberry affects B-cell function and growth were not
evaluated in these studies. Only one report indicated
that blueberry extracts significantly increased [-cell via-
bility and inhibit triglyceride accumulation when incu-
bating with INS832/13 B-cells [26].

In this article, blueberry-supplemented diet was ap-
plied to the mice fed with the combination of high-fat
diet (HED) to examine the effect of whole blueberry on
B-cell mass and insulin production. Mice fed with HFD
display obesity and hyperglycemia, which mimics the
natural history of insulin resistance as well as metabolic
features of human type 2 diabetes [27, 28]. We con-
firmed that supplement of blueberry in diet (HFD + B)
significantly increased insulin sensitivity and glucose tol-
erance in mice. Furthermore, HFD + B diet enhanced
[-cell survival and prevented HFD-induced p-cell expan-
sion, which is a new discovery that will provide new in-
sights into the effects of blueberry on [-cell function
and expand our understanding the importance of blue-
berry in treating and preventing diabetes.

Methods

Animals and diets

The C57BL/6] mice (000664, The Jackson Laboratory)
were housed in a pathogen-free animal facility of Mich-
igan Technological University with 12-h light / dark
cycle and unlimited ad libitum water. Due to the fact
that female mice are less susceptible to obesity and dia-
betes than female mice, male mice at 4 weeks of age
were weighted and randomly assigned to one of the two
groups (n =5 mice/group) that received four different
diets prepared at Research Diets Inc. (New Brunswick,
NJ): 1) a high-fat diet (HFD, D12492, 60% kcal fat); 2) a
modified HFD supplemented with 4% (wtwt)
freeze-dried whole blueberry powder (HFD +B); 3) a
low-fat diet (LFD, D12450B, 10% kcal fat); 4) a modified
LED supplemented with 4% (wt:wt) freeze-dried whole
blueberry powder (LFD + B) (see detailed compositions
in Additional file 2: Table S1). The study utilized the
whole blueberry powder, which was provided and
shipped to Research Diets by the U.S. Highbush
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Blueberry Council following the specification by the
funding agency. The energy from sucrose and total car-
bohydrates was adjusted to be equivalent between HFD
and HFD + B, or between LFD and LFD + B. Diets were
irradiated and stored at —20°C until use. All experi-
ments were carried out in accordance with the approval
by the Animal Care Committee at Michigan Techno-
logical University.

Blood glucose and plasma insulin and glucagon levels
The body weight and blood glucose level were measured
weekly starting at 5 week-old age. Mice were fasted for
16 h and fasting blood glucose was measured from 2 pl
of tail vein blood with an Accuchek glucometer and glu-
cose test strips (Abbott Diabetes Care). For plasma hor-
mone assay, blood was harvested from orbital venous
sinus using heparinized Natelson blood-collecting tubes.
Plasma was prepared from blood collected by centrifuga-
tion at 4000 rpm for 5 min and kept in - 80 °C until use.
Plasma insulin and glucagon levels were measured using
ultrasensitive plasma insulin ELISA kit (10-1249-01,
Mercodia) and glucagon ELISA kit (10-1271-01, Merco-
dia), respectively following the manufacturer’s
instruction.

Glucose tolerance test (GTT) and insulin tolerance test
(ITT)

The glucose tolerance test was performed after a 16h
fast to 14-week-old mice. Mice were injected intraperito-
neally with a glucose solution at a dose of 1.5 g/kg body
weight. Blood samples were taken from the tail vein be-
fore and soon after glucose administration at 15, 30, 60,
90, and 120 min. Blood glucose levels were determined
using glucometer and test strips. To assess the plasma
insulin level during the GTT, the blood samples were
obtained from the orbital vein at 0, 15, 30 min and Insu-
lin levels were measured in plasma as described above.
The area under the curve of GTT was calculated to
analyze the glucose tolerance.

In the Insulin tolerance test (ITT), mice were fasted
for 6 h and injected intraperitoneally with regular mouse
insulin (10516, Sigma) at 0.5units/ kg body weight.
Blood glucose was measured before (time=0) and 15,
30, 45, 90 and 120 min after injection. The area under
the curve of ITT was calculated to analyze the insulin
sensitivity.

B-Cell mass and islet size

Dissected mouse pancreas was fixed in 4% formaldehyde
(pH 7.4) for 24 h at 4°C, embedded in paraffin, and cut
into 5-pm sections. The sections were then deparaffi-
nised and stained for insulin (mouse anti-insulin, 12018,
Sigma, 1:5000, overnight at 4°C; secondary antibody:
Alexa Fluor 488-conjugated anti-mouse from Invitrogen,
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A11001, 1:500, 1h room temperature); nuclei were
stained with DAPI in anti-fading mounting medium
(H1200, Vector Labs). The whole pancreatic sections
were captured by Leica whole slide scanner fluorescence
microscopy. Islets were counted, and areas for every islet
(Insulin™ area) and total pancreas were measured by the
Image-Pro Premier software. f-cell mass (mg per pan-
creas) was calculated by obtaining the ratio of insulin®
area to total pancreas area of all scanned sections per
animal and multiplied by the pancreas wet weight. To
evaluate islet size distribution, islet size for each islet
was obtained and the group of islet with different size
was categorized. Five slides per animal (=250 um apart)
were examined.

B-Cell proliferation and in-situ TUNEL assay

Islet analysis after intraperitoneal injections of BrdU on
seven consecutive days (100pug/g Body Weight,
11669915001, Roche) was performed on 5 pm sections
of paraffin-embedded pancreas approximately 50 pum
apart. The slides were performed for normal immuno-
histochemistry staining using anti-BrdU (ab152095,
1:500, Abcam) and anti-insulin antibody. B-cells prolifer-
ation was expressed as the percentage of BrdU"/insulin®
cells per total number of insulin® cells. At least 50 islets
per slide and 3 different sections per animal were ana-
lyzed and normalized by total number of insulin positive
cells.

Apoptosis was evaluated using transferase-mediated
dUTP nick end labeling (TUNEL) with an in situ Cell
Death Detection kit (11774425001, Roche) following
supplier’s instructions. The sections were performed in-
sulin staining followed after apoptosis staining as de-
scribed above. The number of TUNEL-positive cells in
islets was counted and the apoptotic index was
expressed as the percentage of TUNEL"/insulin® cells
per total number of insulin™ cells.

Quantitative real-time PCR for mRNA transcripts

Total RNA was extracted from islets using miRNeasy kit
(217004, Qiagen) according to the manufacturer’s in-
structions and treated with DNase I (79254, Qiagen).
The purity and quality of the extracted RNA were ana-
lyzed using NanoDrop and Bioanalyzer (Agilent 2100). A
total of 250 ng high quality RNA (RIN >8) was reversely
transcribed to cDNA with High Capacity cDNA Reverse
Transcription Kit (4368814, Thermo Fisher). Quantita-
tive RT-PCR (RT-qPCR) was performed with Power
SYBR Green PCR Master Mix (4368706, Thermo Fisher)
on a StepOnePlus™ Real-Time PCR System (Applied bio-
system) using the following program: 10 mins at 95°C,
40 cycles of 95°C for 15s and 60 °C for 1 min. All sam-
ples were run in duplicate, and the RNA expression of
each gene was determined using relative comparison
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method (AACt), with Hypoxanthine guanine phos-
phoribosyl transferase (Hprt) mRNA as an internal
standard.

Statistical analysis

Data are expressed as means + SD of three independent
experiments. Statistical significance was determined by
unpaired Student’s t-test (two-tailed) or oneway ANOVA
with Tukey’s post hoc test with differences considered
significant at P <0.05 (marked as *) and p <0.01
(marked as **).

Results

Blueberry-supplemented diet lowered plasma insulin

level in HFD-fed mice

Wild type mice fed with HFD exhibited a significant in-
crease in body weight, blood glucose and insulin levels.
To examine the effects of blueberry-supplemented diet
on HFD-fed mice, the wild-type male mice, which are
more susceptible to obesity and diabetes than female
mice, received two different kinds of diets at 4 weeks of
age: HFD or a modified HFD supplemented with 4%
(wt:wt) freeze-dried whole blueberry powder (HFD + B).
Compared to the mice fed with HFD, mice fed with
HFD + B had no significant change in the body weight
(Fig. 1a) and blood glucose level (Fig. 1b) throughtout 4
tol5 weeks.

We further measured the blood glucose and plasma
insulin levels before and after 16 h fasting of the two
groups at week 8 and 12. No significant difference was
observed between HFD + B and HFD mice regarding
body weight (Fig. 2a, c) and blood glucose level (Fig. 2b,
d). As expected, HFD feeding for 4 weeks significantly
increased plasma insulin level and it was approximately
5-fold higher at week 12 compared to its level at week 8
(Fig. 2e). However, the addition of blueberry prevent the
increase of plasma insulin (Fig. 2e). The plasma insulin
level was much lower in HFD + B group than in the
HFD group at 12 weeks of age, indicating that less insu-
lin was required to maintain normal glucose level in
HFD + B mice compared to HFD mice. In contrast, fast-
ing plasma glucagon levels did not show significant dif-
ferences between HFD + B and HFD groups (Fig. 2f).

Blueberry supplementation improved insulin sensitivity
and glucose tolerance in high-fat diet treated mice

To examine the effect of the whole blueberry on meta-
bolic features, we performed glucose tolerance test
(GTT) in mice at 12 weeks of age. After glucose injec-
tion, as expected, blood glucose level reached above 400
mg/dL after 15 mins and remained high for 60 mins in
HFD mice (Fig. 3a), confirming that 8 weeks of HFD
feeding resulted in glucose intolerance. Compared to
mice fed with HFD, mice fed with HFD + B cleared
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Fig. 1 Effect of blueberry supplemented diet on body weight and blood glucose in HFD + B mice compared to HFD mice. a Weekly changes in
body weight in mice fed with HFD or HFD + B between 4 and 14 weeks. b Blood glucose levels between HFD and HFD + B mice. *P < 0.05;
**P <0.01; n =6-8 mice per group

blood glucose much faster after glucose injection (Fig.
3a) and had significant lower AUC (area under the
curve) level (Fig. 3b), suggesting that blueberry supple-
mentation significantly enhanced glucose tolerance. Fur-
thermore, compared to HFD mice, mice fed with HFD +
B had significant lower plasma insulin level after over-
night fast, as well as lower levels following glucose ad-
ministration (Fig. 3c).

Insulin tolerance test (ITT) was further performed in
the same groups of mice after 10 weeks of dietary treat-
ment to assess the effects of blueberry on HFD-induced

insuin resistance. As reported previously, mice fed with
HED displayed insulin resistance and had a blunted re-
sponse to the exogenous insulin (Fig. 3d). However, mice
fed with HFD + B responded to insulin with decreases in
blood glucose after insulin injection. The area under the
curve (AUC) during ITT was significant lower in mice
fed with HFD + B compared to mice fed with HFD (Fig.
3e), suggesting that addition of blueberry increased insu-
lin sensitivity.

We also examined the effect of blueberry-supplemented
LED (LED + B) on blood glucose and insulin sensitivity.
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Fig. 2 Effect of blueberry supplementation on plasma insulin and glucagon levels. a and ¢ Body weight in HFD or HFD + B mice at 8 and 12
weeks of age. b and d Blood glucose levels between two groups. e Changes in fasting plasma insulin levels between two groups at 8 and 12
weeks of age. f Changes in fasting plasma glucagon levels between two groups after 16 h fast. Values are mean + SD. ** p < 0.01
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times after glucose injection (1.5 g/kg body weight). b The area under the curve (AUC) during GTT. ¢ The plasma insulin was measured at 0, 15
and 30 min after glucose injection (1.5 g/kg body weight). d Insulin tolerance test (ITT) was performed in 14-wk-old mice fed with HFD or HFD +
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intraperitoneal injection of insulin (0.5 U/kg body weight). e The area under the curve (AUC) during ITT. *P < 0.05; **P < 0.01; n =4-8 mice
per group

Compared to mice fed with LED, no significant changes
were observed on blood glucose and insulin sensitivity in
mice fed with LFD + B for 10 weeks (Additional file 1: Fig-
ure S1). Taken together, these results suggested that blue-
berry can improve insulin sensitivity and glucose tolerance
under HED stress condition, and therefore delay insulin
resistance caused by HED feeding.

Blueberry protected pancreatic B-cell function
To determine how blueberry attenuated HFD-induced in-
sulin resistance, we performed morphometric analysis of
the pancreas by immunofluorescence staining for insulin
(Fig. 4a). Continuous HFD feeding induced a compensatory
increase in P-cell mass due to increased insulin demand in
mice fed with HFD. Compared to mice fed with HFD, mice
fed with blueberry supplementation for 8 weeks exhibited a
significant reduction in B-cell mass (Fig. 4b), suggesting that
addition of blueberry prevented HFD-induced B-cell expan-
sion. However, the B-cell mass reduction in HFD + B mice
did not appear to be the result of reduced p-cell prolifera-
tion according to BrdU incorporation assay (Fig. 4c).
Accordingly, we analyzed islet area distribution in
samples pooled from 3 animals per group (Fig. 4c). The

number of small islets (defined as a diameter of an
insulin-positive area 5000-10,000 um?) was greater in
HFD + B than in HFD mice. In contrast, the number of
large islets (with diameter 40,000—50,000 pmz) was
smaller in HFD + B mice compared to HFD mice. The
data suggest that blueberry supplementation prevent
HED-induced P-cell mass expansion. In addition, blue-
berry supplementation may increase [3-cell neogenesis or
regeneration in HFD + B mice, as shown by the in-
creased number of small islets.

To examine whether the reduction in B-cell mass in
HFD + B mice was the result of increased apoptosis, the
frequency of apoptotic cells was evaluated (Fig. 4e).
However, few TUNEL signals were detected in HFD + B
mice compared to HFD mice. p-cell apoptosis became
apparent in mice at 20 weeks of age and we observed a
modest increase of TUNEL staining in HFD mice when
compared to HFD + B mice (Fig. 4e), indicating an im-
portant potential of increasing p-cell survival with blue-
berry supplementation.

Since plasma insulin levels were much lower in HFD
+ B mice compared to HFD mice, we reasoned whether
the addition of blueberry affects insulin transcription.
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The expression of insulin and major B-cell specific
transcription factors including Pdx-1 and MafA were
examined in isolated islets and no significant
changes were observed between the two groups
(Data not shown). The data suggest that blueberry
had no effect on insulin transcription, and the low
fasting plasma insulin level in HFD + B mice mainly
resulted from increased insulin sensitivity and re-
duced f-cell mass.

Discussion

Our data demonstrated that blueberry-supplemented
diet significantly increased insulin sensitivity in
HFD-induced obesity mouse model, although the
addition of blueberry did not prevent HFD-induced
weight gain. Of note, similar findings have been ob-
served in obese mice or diabetic mice that consumed a
blueberry diet [29-31]. Similar results were also ob-
served when obese or healthy adults consumed the
whole blueberry or blueberry juices or capsules contain-
ing purified anthocyanins [21, 32, 33]. Although the
underlying mechanisms remain unclear, much evidence
suggests that blueberry inhibited the expression of nu-
clear factor kB, interleukin-6 (IL-6) and tumor necrosis
factor alpha (TNFa) in the liver and abdominal adipose
tissue, which may protect against adipocyte death and

increase insulin sensitivity in obese-induced mice [30,
34, 35]. Contrarily, the anti-inflammatory effect was less
pronounced in some animal studies and human [21, 36,
37]. New reports indicated that blueberry extracts can
significantly inhibit inflammatory and apoptosis via
activation of JAK1/STAT3 signaling [38], PPARy ac-
tivity [39] or survival PI3K/Akt and MAPK/ERK path-
ways [40].

Beside the improved insulin sensitivity, our results
clearly indicated that blueberry supplementation signifi-
cantly increased B-cell survival, improved glucose toler-
ance, and prevent B-cell mass expansion. These finding
are important because the expansion of p-cell mass and
the increase in insulin secretion are early signals of obes-
ity and insulin resistance, which eventually lead to B-cell
exhaustion, death and dysfunction [41, 42]. Thus, blue-
berry preserving B-cell structure and function will re-
duce the overwhelming burden of B-cells and prevent
the development of obesity and diabetes. The possible
mechanisms by which blueberry exerts its pancreatic
protection involve enhancing PB-cell survival by inhib-
ition of cytokine expression and antioxidant stress. Pre-
vious in vitro study also showed that blueberry extracts
significantly increased B-cell viability, reduced ROS level
and improved the antioxidant defense system when cul-
turing with INS832/13 B-cells [26].
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The most important finding of the present study was
the observation of more smaller scattered islets in blue-
berry treated obese mice, which may reflect neogenesis
of new [-cells from pre-existing islet cells. B-Cell mass is
regulated by three factors, proliferation, neogenesis (dif-
ferentiation from precursor cells), and B-cell apoptosis
[41]. It is believed that B-cells can regenerate through
the replication of pre-existing -cells or neogenesis from
a- or duct cells inside the islets [43-46]. In human
adults, the capacity for self-replication of remaining
[B-cells is too limited to result in a significant regener-
ation [47]. Therefore, enhancing neogenesis has a bigger
potential to provide an increase of new B-cells that could
then replicate further to provide enough [-cells to re-
verse diabetes [2, 48]. A number of herbs have been re-
ported to induce the neogenesis of islets from the
pre-existing islet cells [49-53]. The consumption of gar-
lic induced a protective/ regenerative effect on [B-cells
[54]. Bitter melon also protected pancreatic damage and
induced the renewal of B-cells in neonatal diabetic rats
[55, 56]. Thus, the potentiality of blueberry in regenerat-
ing pancreatic B-cells will provide a new promising and
welcome option for the patients who have lost functional
islet cells.

Conclusions

In summary, blueberry-supplemented diet significantly
increased insulin sensitivity in HFD-induced obesity
mouse model. In addition, diet supplemented with blue-
berry improved B-cell function by increasing [-cell sur-
vival and preventing B-cell mass expansion, which was a
new discovery in this study. These findings provided
new insights into the effects of blueberry on p-cell func-
tion and expand our understanding of the importance of
blueberry in treating and preventing diabetes. Further
studies are needed to define the molecular mechanisms
underlying blueberry-mediated protective effects in islets
and potential B-cell regeneration.

Additional files

Additional file 1: Figure S1. Changes in blood glucose and insulin
sensitivity in mice fed with LFD or LFD + B. a Weekly changes in blood
glucose levels over 4-16 weeks. b Insulin tolerance test (ITT) was
performed in 16-week-old mice and blood glucose levels were assessed
at the indicated times following an intraperitoneal injection of insulin
(0.5 U/kg body weight). Values were represented as the percent of t=0
glucose levels. n =4-8 mice per group. (PDF 35 kb)

Additional file 2: Table S1. Composition of diets. (DOCX 109 kb)

Abbreviations

Akt: Protein kinase B; AUC: Area under the curve; BrdU: 5-bromo-2"-
deoxyuridine; DAPI: 4', 6-diamidino-2-phenylindole; ERK: Extracellular-signal-
regulated kinase; GTT: Glucose tolerance test; HFD + B: HFD supplemented
with whole blueberry powder; HFD: High-fat diet; IL-6: Interleukin-6;

[TT: Insulin tolerance test; JAK1: Janus Kinase 1; LFD + B: LFD supplemented
with whole blueberry powder; LFD: Low-fat diet; MAPK: Mitogen-activated
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protein kinase; PI3K: Phosphoinositide 3-kinases; PPARy: Peroxisome
proliferator-activated receptor gamma; ROS: Reactive oxidative species;
STAT3: Signal transducer and activator of transcription 3; TNFa: Tumor
necrosis factor alpha; TUNEL: Terminal deoxynucleotidy! transferase-mediated
dUTP nick-end labeling

Acknowledgements
We would like to thank the U.S. Highbush Blueberry Council for providing
whole blueberry powder.

Funding

The study was supported by the U.S. Highbush Blueberry Council (#1501084
to XT), and Superior Ideas Crowdfunding Project “Blueberries to Fight
Diabetes and Cancers” (E03073 to GT).

Availability of data and materials
The data and materials used are available when requested.

Authors’ contributions

WL designed research, conducted research and analyzed data. YM and JS
conducted research and analyzed data. ZW analyzed data and approved the
revised version. GT analyzed data, wrote and edited the manuscript. XT
designed the study, wrote the manuscript, and had primary responsibility for
the final content. All authors have read and approved the final manuscript.

Ethics approval and consent to participate
The animal study was conducted in accordance with the guidelines of the
Animal Care Committee at Michigan Technological University.

Consent for publication
We have consent from the U.S. Highbush Blueberry Council for publication.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 27 December 2018 Accepted: 6 May 2019
Published online: 22 May 2019

References

1. Porte D Jr, Kahn SE. Beta-cell dysfunction and failure in type 2 diabetes:
potential mechanisms. Diabetes. 2001;50(Suppl 1):5160-3.

2. Chen C, Cohrs CM, Stertmann J, Bozsak R, Speier S. Human beta cell mass
and function in diabetes: recent advances in knowledge and technologies
to understand disease pathogenesis. Mol Metab. 2017,6:943-57.

3. Kulkarni RN, Mizrachi EB, Ocana AG, Stewart AF. Human beta-cell
proliferation and intracellular signaling: driving in the dark without a road
map. Diabetes. 2012;61:2205-13.

4. Bernal-Mizrachi E, Kulkarni RN, Scott DK, Mauvais-Jarvis F, Stewart AF, Garcia-
Ocana A. Human beta-cell proliferation and intracellular signaling part 2: still
driving in the dark without a road map. Diabetes. 2014,63:819-31.

5. Kassem SA, Ariel I, Thornton PS, Scheimberg |, Glaser B. Beta-cell
proliferation and apoptosis in the developing normal human pancreas and
in hyperinsulinism of infancy. Diabetes. 2000;49:1325-33.

6. Kim KA, Lee MS. Recent progress in research on beta-cell apoptosis by
cytokines. Front Biosci. 2009;14:657-64.

7. Alexandraki K, Piperi C, Kalofoutis C, Singh J, Alaveras A, Kalofoutis A.
Inflammatory process in type 2 diabetes: the role of cytokines. Ann N'Y
Acad Sci. 2006;1084:89-117.

8. Kaiser N, Leibowitz G, Nesher R. Glucotoxicity and beta-cell failure in type 2
diabetes mellitus. J Pediatr Endocrinol Metab. 2003;16:5-22.

9. Mandrup-Poulsen T. Beta-cell apoptosis: stimuli and signaling. Diabetes.
2001;50(Suppl 1):558-63.

10.  Johnson MH, de Mejia EG, Fan J, Lila MA, Yousef GG. Anthocyanins and
proanthocyanidins from blueberry-blackberry fermented beverages inhibit
markers of inflammation in macrophages and carbohydrate-utilizing
enzymes in vitro. Mol Nutr Food Res. 2013;57:1182-97.


https://doi.org/10.1186/s12986-019-0363-6
https://doi.org/10.1186/s12986-019-0363-6

Liu et al. Nutrition & Metabolism

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2019) 16:34

McGuire SO, Sortwell CE, Shukitt-Hale B, Joseph JA, Hejna MJ, Collier TJ.
Dietary supplementation with blueberry extract improves survival of
transplanted dopamine neurons. Nutr Neurosci. 2006,9:251-8.

Esposito D, Chen A, Grace MH, Komarnytsky S, Lila MA. Inhibitory effects of
wild blueberry anthocyanins and other flavonoids on biomarkers of acute
and chronic inflammation in vitro. J Agric Food Chem. 2014;62:7022-8.
Wang YH, Lin J, Tian J, Si X, Jiao X, Zhang W, Gong E, Li B. Blueberry
malvidin-3-galactoside suppresses hepatocellular carcinoma by regulating
apoptosis, proliferation, and metastases pathways in vivo and in vitro. J
Agric Food Chem. 2018,67(2):625-36.

Giacalone M, Di Sacco F, Traupe |, Topini R, Forfori F, Giunta F. Antioxidant
and neuroprotective properties of blueberry polyphenols: a critical review.
Nutr Neurosci. 2011;14:119-25.

Piljac-Zegarac J, Belscak A, Piljac A. Antioxidant capacity and polyphenolic
content of blueberry (Vaccinium corymbosum L.) leaf infusions. J Med Food.
2009;12:608-14.

Kay CD, Holub BJ. The effect of wild blueberry (Vaccinium angustifolium)
consumption on postprandial serum antioxidant status in human subjects.
Br J Nutr. 2002,88:389-98.

Hoskin RT, Xiong J, Esposito DA, Lila MA. Blueberry polyphenol-protein food
ingredients: the impact of spray drying on the in vitro antioxidant activity,
anti-inflammatory markers, glucose metabolism and fibroblast migration.
Food Chem. 2019;280:187-94.

Stull AJ. Blueberries” impact on insulin resistance and glucose intolerance.
Antioxidants (Basel). 2016;5:44.

Rocha D, Caldas APS, da Silva BP, Hermsdorff HHM, Alfenas RCG. Effects of
blueberry and cranberry consumption on type 2 diabetes glycemic control:
a systematic review. Crit Rev Food Sci Nutr. 2018:1-13.

Basu A, Lyons TJ. Strawberries, blueberries, and cranberries in the metabolic
syndrome: clinical perspectives. J Agric Food Chem. 2012,60:5687-92.

Stull AJ, Cash KC, Johnson WD, Champagne CM, Cefalu WT. Bioactives in
blueberries improve insulin sensitivity in obese, insulin-resistant men and
women. J Nutr. 2010;140:1764-8.

Song Y, Park HJ, Kang SN, Jang SH, Lee SJ, Ko YG, Kim GS, Cho JH. Blueberry
peel extracts inhibit adipogenesis in 3T3-L1 cells and reduce high-fat diet-
induced obesity. PLoS One. 2013;8:69925.

Aranaz P, Romo-Hualde A, Zabala M, Navarro-Herrera D, Ruiz de Galarreta M,
Gil AG, Martinez JA, Milagro Fl, Gonzalez-Navarro CJ. Freeze-dried strawberry
and blueberry attenuates diet-induced obesity and insulin resistance in rats
by inhibiting adipogenesis and lipogenesis. Food Funct. 2017,8:3999-4013.
Bharat D, Cavalcanti RRM, Petersen C, Begaye N, Cutler BR, Costa MMA,
Ramos R, Ferreira MR, Li Y, Bharath LP, et al. Blueberry metabolites attenuate
lipotoxicity-induced endothelial dysfunction. Mol Nutr Food Res. 2018;62:
1700601.

Cutler BR, Gholami S, Chua JS, Kuberan B, Anandh Babu PV. Blueberry
metabolites restore cell surface glycosaminoglycans and attenuate
endothelial inflammation in diabetic human aortic endothelial cells. Int J
Cardiol. 2018;261:155-8.

Liu J, Gao F, Ji B, Wang R, Yang J, Liu H, Zhou F. Anthocyanins-rich extract
of wild Chinese blueberry protects glucolipotoxicity-induced INS832/13
beta-cell against dysfunction and death. J Food Sci Technol. 2015,52:3022-9.
Srinivasan K, Viswanad B, Asrat L, Kaul CL, Ramarao P. Combination of high-
fat diet-fed and low-dose streptozotocin-treated rat: a model for type 2
diabetes and pharmacological screening. Pharmacol Res. 2005;52:313-20.
Skovso S. Modeling type 2 diabetes in rats using high fat diet and
streptozotocin. J Diabetes Investig. 2014;5:349-58.

Jayaprakasam B, Vareed SK, Olson LK, Nair MG. Insulin secretion by bioactive
anthocyanins and anthocyanidins present in fruits. J Agric Food Chem.
2005;53:28-31.

DeFuria J, Bennett G, Strissel KJ, Perfield JW 2nd, Milbury PE, Greenberg AS,
Obin MS. Dietary blueberry attenuates whole-body insulin resistance in high
fat-fed mice by reducing adipocyte death and its inflammatory sequelae. J
Nutr. 2009;139:1510-6.

Wu T, Tang Q, Gao Z, Yu Z, Song H, Zheng X, Chen W. Blueberry and
mulberry juice prevent obesity development in C57BL/6 mice. PLoS One.
2013;8:€77585.

Bell L, Lamport DJ, Butler LT, Williams CM. A study of glycaemic effects
following acute anthocyanin-rich blueberry supplementation in healthy
young adults. Food Funct. 2017,8:3104-10.

Stote K, Corkum A, Sweeney M, Shakerley N, Kean T, Gottschall-Pass K.
Postprandial effects of blueberry (Vaccinium angustifolium) consumption on

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

Page 8 of 9

glucose metabolism, gastrointestinal hormone response, and perceived
appetite in healthy adults: a randomized, placebo-controlled crossover trial.
Nutrients. 2019;11:202.

Vendrame S, Daugherty A, Kristo AS, Riso P, Klimis-Zacas D. Wild blueberry
(Vaccinium angustifolium) consumption improves inflammatory status in
the obese Zucker rat model of the metabolic syndrome. J Nutr Biochem.
2013;24:1508-12.

Nachar A, Eid HM, Vingvist-Tymchuk M, Vuong T, Kalt W, Matar C, Haddad PS.
Phenolic compounds isolated from fermented blueberry juice decrease
hepatocellular glucose output and enhance muscle glucose uptake in cultured
murine and human cells. BMC Complement Altern Med. 2017;17:138.

Stull AJ, Cash KC, Champagne CM, Gupta AK, Boston R, Beyl RA, Johnson
WD, Cefalu WT. Blueberries improve endothelial function, but not blood
pressure, in adults with metabolic syndrome: a randomized, double-blind,
placebo-controlled clinical trial. Nutrients. 2015;7:4107-23.

Seymour EM, Tanone II, Urcuyo-Llanes DE, Lewis SK, Kirakosyan A,
Kondoleon MG, Kaufman PB, Bolling SF. Blueberry intake alters skeletal
muscle and adipose tissue peroxisome proliferator-activated receptor
activity and reduces insulin resistance in obese rats. J Med Food. 2011;14:
1511-8.

Zhu J, Zhou M, Zhao X, Mu M, Cheng M. Blueberry, combined with
probiotics, alleviates non-alcoholic fatty liver disease via IL.-22-mediated
JAK1/STAT3/BAX signaling. Food Funct. 2018,9:6298-306.

Huang W, Yao L, He X, Wang L, Li M, Yang Y, Wan C. Hypoglycemic activity
and constituents analysis of blueberry (Vaccinium corymbosum) fruit
extracts. Diabetes Metab Syndr Obes. 2018;11:357-66.

Huang WY, Wu H, Li DJ, Song JF, Xiao YD, Liu CQ, Zhou JZ, Sui ZQ.
Protective effects of blueberry anthocyanins against H202-induced
oxidative injuries in human retinal pigment epithelial cells. J Agric Food
Chem. 2018;66:1638-48.

Golson ML, Misfeldt AA, Kopsombut UG, Petersen CP, Gannon M. High fat
diet regulation of beta-cell proliferation and beta-cell mass. Open
Endocrinol J. 2010;4.

Cerf ME. High fat programming of beta cell compensation, exhaustion,
death and dysfunction. Pediatr Diabetes. 2015;16:71-8.

Li M, Miyagawa J, Yamamoto K, Moriwaki M, Imagawa A, lwahashi H,
Yamagata K, Tochino Y, Hanafusa T, Matsuzawa Y. Beta cell neogenesis from
ducts and phenotypic conversion of residual islet cells in the adult pancreas
of glucose intolerant mice induced by selective alloxan perfusion. Endocr J.
2002;49:561-72.

Thorel F, Nepote V, Avril I, Kohno K, Desgraz R, Chera S, Herrera PL.
Conversion of adult pancreatic alpha-cells to beta-cells after extreme beta-
cell loss. Nature. 2010;464:1149-54.

Lee YS, Lee C, Choung JS, Jung HS, Jun HS. Glucagon-like Peptide-1
increases Beta cell regeneration by promoting alpha- to Beta-cell
Transdifferentiation. Diabetes. 2018:67(12):2601-14.

Al-Hasani K, Pfeifer A, Courtney M, Ben-Othman N, Gjernes E, Vieira A,
Druelle N, Avolio F, Ravassard P, Leuckx G, et al. Adult duct-lining cells can
reprogram into beta-like cells able to counter repeated cycles of toxin-
induced diabetes. Dev Cell. 2013;26:86-100.

Bonner-Weir S, Li WC, Ouziel-Yahalom L, Guo L, Weir GC, Sharma A. Beta-
cell growth and regeneration: replication is only part of the story. Diabetes.
2010;59:2340-8.

Migliorini A, Bader E, Lickert H. Islet cell plasticity and regeneration. Mol
Metab. 2014;3:268-74.

Singh N, Gupta M. Regeneration of beta cells in islets of Langerhans of
pancreas of alloxan diabetic rats by acetone extract of Momordica charantia
(Linn.) (bitter gourd) fruits. Indian J Exp Biol. 2007;45:1055-62.

Juarez-Rojop IE, Diaz-Zagoya JC, Ble-Castillo JL, Miranda-Osorio PH, Castell-
Rodriguez AE, Tovilla-Zarate CA, Rodriguez-Hernandez A, Aguilar-Mariscal H,
Ramon-Frias T, Bermudez-Ocana DY. Hypoglycemic effect of Carica papaya
leaves in streptozotocin-induced diabetic rats. BMC Complement Altern
Med. 2012;12:236.

Sen S, Querques MA, Chakrabarti S. North American ginseng (Panax
quinquefolius) prevents hyperglycemia and associated pancreatic
abnormalities in diabetes. J Med Food. 2013;16:587-92.

Wang JJ, Jin H, Zheng SL, Xia P, Cai Y, Ni XJ. Phytoecdysteroids from Ajuga
Iva act as potential antidiabetic agent against alloxan-induced diabetic male
albino rats. Biomed Pharmacother. 2017:96:480-8.

Yin XL, Xu BQ, Zhang YQ. Gynura divaricata rich in 3, 5—-/4, 5-
dicaffeoylquinic acid and chlorogenic acid reduces islet cell apoptosis and



Liu et al. Nutrition & Metabolism (2019) 16:34 Page 9 of 9

improves pancreatic function in type 2 diabetic mice. Nutr Metab (Lond).
2018;15:73.

54. Osman M, Adnan A, Salmah Bakar N, Alashkham F. Allicin has significant
effect on autoimmune anti-islet cell antibodies in type 1 diabetic rats. Pol J
Pathol. 2012;63:248-54.

55.  Abdollahi M, Zuki AB, Goh YM, Rezaeizadeh A, Noordin MM. Effects of
Momordica charantia on pancreatic histopathological changes associated
with streptozotocin-induced diabetes in neonatal rats. Histol Histopathol.
2011;26:13-21.

56. Hafizur RM, Kabir N, Chishti S. Modulation of pancreatic beta-cells in
neonatally streptozotocin-induced type 2 diabetic rats by the ethanolic
extract of Momordica charantia fruit pulp. Nat Prod Res. 2011;25:353-67.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and diets
	Blood glucose and plasma insulin and glucagon levels
	Glucose tolerance test (GTT) and insulin tolerance test (ITT)
	β-Cell mass and islet size
	β-Cell proliferation and in-situ TUNEL assay
	Quantitative real-time PCR for mRNA transcripts
	Statistical analysis

	Results
	Blueberry-supplemented diet lowered plasma insulin level in HFD-fed mice
	Blueberry supplementation improved insulin sensitivity and glucose tolerance in high-fat diet treated mice
	Blueberry protected pancreatic β-cell function

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

