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Abstract

Obesity is a leading global health problem contributing to various chronic diseases, including

type II diabetes mellitus (T2DM). The aim of this study was to investigate whether blueber-

ries, yoghurt, and their respective bioactive components, Cyanidin-3-O-β-glucoside (C3G)

and peptides alone or in combinations, alter the expression of genes related to glucose

metabolism in skeletal muscles from diet-induced obese mice. In extensor digitorum longus

(EDL), yoghurt up-regulated the expression of activation of 5’adenosine monophosphate-

activated protein kinase (AMPK), insulin receptor substrate-1 (IRS-1), phosphatidylinositol-

3 kinase (PI3K) and glucose transporter 4 (GLUT4), and down-regulated the expression of

angiotensin II receptor type 1 (AGTR-1). The combination of blueberries and yoghurt down-

regulated the mRNA expression of AGTR-1 and Forkhead box protein O1 (FoxO1) in the

EDL. Whereas the combination of C3G and peptides down-regulated AGTR-1 and up-regu-

lated GLUT4 mRNA expression in the EDL. In the soleus, blueberries and yoghurt alone,

and their combination down-regulated AGTR-1 and up-regulated GLUT4 mRNA expres-

sion. In summary blueberries and yoghurt, regulated multiple genes associated with glucose

metabolism in skeletal muscles, and therefore may play a role in the management and pre-

vention of T2DM.

Introduction

Skeletal muscle is the major site for uptake and storage of plasma glucose after a meal, and the

process is mediated by the glucose transporter proteins glucose transporter 4 (GLUT4) and

glucose transporter 1 (GLUT1) [1]. Insulin induces the translocation of GLUT4 from
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intracellular storage vesicles to the plasma membrane either by binding to its receptor, leading

to increased receptor tyrosine kinase activity, phosphorylation of insulin receptor substrate-1

(IRS-1), or by downstream activation of the lipid kinase, phosphatidylinositol-3 kinase (PI3K)

and the serine/threonine kinase Akt [2]. Apart from the insulin signalling pathway, an effective

means to stimulate GLUT4 translocation to the plasma membrane is through the activation of

5’adenosine monophosphate-activated protein kinase (AMPK) [3]. Activation of AMPK has

been viewed as a targeted approach to increase glucose uptake by skeletal muscle and control

blood glucose homeostasis [4].

The extensor digitorum longus (EDL) is predominately a fast-twitch muscle, whereas the

soleus is predominately a slow-twitch muscle [5]. Different fiber-types in these two muscles

have shown different effects on insulin signal transduction pathway [6]. Slow-twitch oxidative

skeletal muscle (the soleus) has greater insulin binding capacity as well as increased insulin

receptor kinase activity and autophosphorylation compared with fast-twitch glycolytic skeletal

muscle [7]. Furthermore, muscles with a greater percentage of oxidative myofibers have a

higher content of GLUT4, which is associated with the improvement of glucose uptake [8].

Defects in the expression of critical elements of insulin signalling are known to cause insu-

lin resistance in mammalian skeletal muscle, and these impairments in insulin action are asso-

ciated with the development of prediabetes and type II diabetes mellitus (T2DM). Moreover,

insulin resistance is associated with the renin-angiotensin system (RAS), in which the initial

action of renin cleaves angiotensinogen to angiotensin I (ANG I), then ANG I converts to

ANG II by the angiotensin converting enzyme (ACE) [9]. In skeletal muscle, ANG II, by acting

on its receptor (AGTR-1), can induce insulin resistance by increasing cellular oxidative stress,

leading to impaired insulin signalling and insulin-stimulated glucose transport activity [10].

Therefore, interventions that target RAS over activity, including ACE inhibitors and ANG II

receptor blockers, are effective in ameliorating hypertension and improving whole-body and

skeletal muscle insulin action.

Previous studies have shown an association between the consumption of fermented milk or

yoghurt containing an abundance of lactic acid bacteria (LAB), and reduced obesity and

T2DM [11]. The diet supplemented with yoghurt fermented by probiotic Lactobacillus aci-
dophilus and Lactobacillus casei significantly delayed the onset of glucose intolerance, hyper-

glycemia, hyperinsulinemia, dyslipidemia, and oxidative stress in high fructose-induced

diabetic rats, indicating a lower risk of diabetes and its complications [12]. Yoghurt is an excel-

lent source of bioactive peptides, including antihypertensive peptides or ACE inhibitors [13,

14]. A recent study has shown that peptides with ACE inhibitory activity (derived from bovine

α-lactalbumin) significantly reduced body weight, blood glucose and insulin levels, and down-

regulated inflammation-related gene expression in adipose tissues of high-fat-diet (HFD)-fed

C57BL/6J mice [15]. However, the mechanism triggered by yoghurt and its peptides involved

in the regulation of glucose metabolism and improvement of insulin resistance is not fully

elucidated.

Both in vitro and in vivo studies have suggested that consumption of blueberry products

and their bioactive components (e.g.,C3G), have potential health benefits in regulating glucose

metabolism and subsequently ameliorating the development of prediabetes and T2DM [16,

17]. Supplementation of 2% freeze-dried blueberry powder for 13 weeks in Obese Zucker rats

have demonstrated significant reductions in glucose, fasting insulin and insulin resistance, as

indicated by the Homeostasis Model Index of Insulin Resistance (HOMA-IR) [18]. Con-

versely, Prior et al. (2008) reported that long term supplementation with freeze-dried whole

blueberry powder did not alter the glucose tolerance in C57BL/6J obese mice [19]. Likewise,

our previous animal study also showed that blueberries did not improve glucose tolerance
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[20]. Thus the efficacy of blueberries on glucose metabolism is controversial and underlying

mechanisms are not clear.

Cyanidin-3-O-β-glucoside (C3G) is a predominant bioactive anthocyanin compound

found in many edible plants, for example blueberries, and has been reported to be protective

against T2DM by attenuating multiple disorders in vivo and in vitro [21–24]. It has been found

that C3G increased glucose uptake in human skeletal muscle cells due to its strong antioxidant

activity [25]. C3G derived from black soybeans ameliorated T2DM in db/db mice potentially

through inducing smaller insulin-sensitive adipocytes, which improve insulin signalling and

increased glucose uptake [26]. It has also been demonstrated that C3G significantly induced

AMPK activation and enhanced glucose uptake in L6 myotube cells [27]. However, the poten-

tial molecular mechanisms of C3G on glucose metabolism remain unclear.

We have previously reported that yoghurt and peptides with ACE inhibitory activity

improve glucose clearance, as measured by a glucose tolerance test in the obese mouse model

(C57BL/6) [20]. Therefore, due to the role of skeletal muscle in glucose regulation, in this

study we aim to determine the impact of blueberries, yoghurt, C3G and yoghurt peptides, in

isolation or combination, on mRNA expression of markers involved in glucose metabolism in

two kinds of skeletal muscles, the EDL and the soleus in a diet induced obese mouse model.

Understanding these changes in gene expression may lead to the development of effective ther-

apeutic strategies for obesity and associated comorbidities such as T2DM.

Material and methods

Chemicals and reagents

iScript™ cDNA Synthesis Kit and SYBR Green Supermix were purchased from Bio-Rad Labo-

ratories Pty Ltd (Gladesville, NSW, Australia). All other chemicals, unless otherwise specified,

were obtained from Sigma-Aldrich Pty. Ltd. (Sunshine, VIC, Australia).

C3G (purity>97%) was provided by Polyphenols AS (Sandnes, Norway). Fresh blueberries

(Rabbiteye blueberry) were obtained from Bhatti and Manj Australian Blueberries (Wool-

goolga, NSW, Australia). Blueberries were characterised for their total anthocyanidins and

cyanidin content using a reverse-phase HPLC [28]. The total content of anthocyanidins and

cyanidinin dried blueberry powder were 1% and 0.31%, respectively. Cyanidin in anthocyani-

dins was 21.37%.

Skim milk was fermented by Streptococcus thermophiles ASCC 1275 and Lactobacillus del-
brueckii subsp. bulgaricus 1466 to produce the yoghurt. The yoghurt was further fermented by

Lactobacillus helveticus 881315 in the presence of Flavourzyme and the end product was used

in the animal study. Peptides were extracted from yoghurt fermented by Lactobacillus helveti-
cus 881315 in the presence of Flavourzyme for 12 hours. ACE inhibitory activity of peptides

was determined using a reversed-phase-HPLC system (RP-HPLC, from Varian Analytical

Instruments, Santa Clara, CA, USA) and the IC50 value of peptides was 1.47 ± 0.04 mg/mL.

The details on the process of fermentation, peptide extraction and determination of ACE

inhibitory activity have been reported previously [29]. Subsequently, peptides derived from

the same batch (with an IC50 value of 1.47 ± 0.04 mg/mL) as we have previously reported were

used in the present animal study [29].

Animals and feeding regime

Six-week old male C57BL/6 mice were fed with a high fat diet (59% of total energy from fat)

plus 30% fructose water for eight weeks to induce obesity and diabetes. Mice were then placed

into divided cages (two in one cage) for dietary treatments for another eight weeks. Each

mouse had individual ad libitum access to food and water during the experimental period.
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Experimental procedures were approved by the Animal Ethics Committee of Victoria Univer-

sity (AEC NO: 16/005).

The minimum number of animals (n = 5) in each treatment group was determined by a sta-

tistical power analysis (two tailed t-test at the 0.05 significance level) based on the power of 90%

of expected changes in AMPK mRNA expression observed in a previous study [30], which is

the primary outcome measured in this study. A conservative approach was then taken with an

additional 5 animals added to account for a lower observed change or greater variance than pre-

dicted and any illnesses in animals. This study is a sub-study of the original study [20]. Eight

treatment groups (n = 10 in each group) were included in the study: (1) standard chow with 5%

fat (SCD), (2) high-fat high-carbohydrate diet (HFHC), and HFHC with six dietary supplemen-

tations including (3) blueberries (HFHC+B), (4) C3G (HFHC+C), (5) yoghurt (HFHC+Y), (6)

peptides (HFHC+P)extracted from yoghurt, (7) combination of blueberries and yoghurt

(HFHC+B+Y), and (8) combination of C3G and peptides (HFHC+C+P). The supplements

were added to a mixture of gelatine. When it had set, the jelly supplement was then fed to mice

separately to their HFHC diet. The dose of supplementations were 6.4 g/kg body weight (BW)/

d of blueberries, 0.02 g/kg BW/d of C3G, 3 g/kg BW/d of yoghurt and 0.2 g/kg BW/d of pep-

tides. The amount of supplements was chosen based on previous studies [20].

Anaesthesia and skeletal muscle tissue collection

Following the eight week treatment period, the mice were deeply anaesthetised using isoflur-

ane. Soleus and the EDL were collected into cryotubes and immediately frozen in liquid nitro-

gen for RNA analysis.

Real-time polymerase chain reaction (PCR) analysis for skeletal muscle

RNA was extracted from the soleus and the EDL utilising a TRIzol based method according to

the manufacturer’s instruction. Total RNA (0.5 μg) was reverse transcribed into cDNA using

the iScript™ cDNA Synthesis Kit, according to manufactures instructions.

Oligonucleotide primers were designed using the Oligoperfect™ Suite (Invitrogen, Victoria,

Australia) and were purchased from Integrated DNA Technologies, Inc. (Coralville, Iowa).

The primer sequences used for the genes of interest are detailed in Table 1. ‘Real Time’ PCR

was utilised using SYBR Green Supermix and MyiQ™ multiplex ‘real-time’ PCR detection sys-

tem (Bio-Rad Laboratories, Hercules, CA). Relative changes in mRNA abundance was normal-

ised to the average of the housekeeping gene, hypoxanthine phosphoribosyltransferase 1

(HPRT-1), then quantified using the 2-ΔΔCTmethod [31].

Statistical analysis

Graph PadPrism Software 7.0 (GraphPad Software, Inc, La Jolla, CA, United States of Amer-

ica) was utilised for statistical analysis. All results were expressed as mean ± standard error of

the mean (SEM) for each measurement (n = 8–10). One-way ANOVA was performed to ana-

lyse the significant differences in the mRNA expression of genes amongst treatment groups.

Post-hoc analysis was conducted using Fisher’s (least significant difference; LSD) test for mul-

tiple comparisons amongst all groups. P<0.05 was considered significant.

Results

Intraperitoneal glucose tolerance test (ipGTT)

Following the 8-week supplementation, the blood glucose levels in the HFHC+C+P group and

HFHC+Y at 30 and 60 min were significantly lower than those in the HFHC group (Table 2)
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[20]. The blood glucose levels in the HFHC+B group at 0, 30, 60 min and 120 min were signifi-

cantly higher than those in the HFHC+Y and HFHC+P group [20]. In addition 8-week supple-

mentations with yoghurt (HFHC+Y, 93.7 ± 5.3), peptides (HFHC+P, 98.4 ± 3.8) and the

combination of C3G and peptides (HFHC+C+P, 97.2 ± 3.3) showed a significant

Table 1. Mouse primer sequences used for ‘Real Time’ PCR analysis of skeletal muscles.

Gene Accession Number Sequence

AGTR-1 NM_177322.3 Forward(5’—3’)TGGCTGGCATTTTGTCTGGAT
Reverse(5’—3’)TGCTTTTCTGGGTTGAGTTGGT

AMPK-α NM_178143.2 Forward(5’—3’) GCCCAGATGAACGCTAAGAT
Reverse(5’—3’) TGCATACAGCCTTCCTGAGA

FoxO1 NM_019739.3 Forward(5’—3’)ACCCTGTCGCAGATCTACGA
Reverse (5’—3’)AGGGACAGATTGTGGCGAAT

GLUT1 NM_011400.3 Forward(5’—3’)TTGCCCAGGTGTTTGGCTTA
Reverse(5’—3’)GGCAGAAGGGCAACAGGATA

GLUT4 NM_009204.2 Forward(5’—3’)ACCAACTGGCCATCGTCATT
Reverse(5’—3’)GGACAGAAGGGCAGCAGAAT

HPRT-1 NM_013556.2 Forward(5’—3’)GCAAACTTTGCTTTCCCTGG
Reverse (5’—3’) ACTTCGAGAGGTCCTTTTCACC

IRS-1 NM_010570.4 Forward(5’—3’)TCCAGAAGCAGCCAGAGGAT
Reverse(5’—3’)CGTGAGGTCCTGGTTGTGAA

PI3K NM_001024955.2 Forward(5’—3’)TGATGTGGCTGACGCAGAAA
Reverse(5’—3’)CCACGTCTTCTCGTCATGGT

AGTR-1, Angiotensin II receptor type 1; AMPK-α, 5’ AMP-activated protein kinase alpha; FoxO1, Forkhead box protein O1; GLUT1, Glucose transporter 1; GLUT4,

Glucose transporter 4; HPRT-1, Hypoxanthine-guanine phosphoribosyltransferase;IRS-1, Insulin receptor substrate 1; PI3K, Phosphoinositide 3-kinase.

https://doi.org/10.1371/journal.pone.0270306.t001

Table 2. Changes in response to blood glucose level in diet induced obese mice with 8-week supplementation of blueberry, cyanidin-3-O-β-glucoside, yoghurt and

its peptides.

Blood glucose level (mmol/L)

Treatment 0 (min) 30 (min) 60 (min) 120 (min)

SCD 11.5 ± 0.5 19.4 ± 1.0 14.9 ± 0.8 10.6 ± 0.6

HFHC 12.2 ± 0.3 24.5 ± 0.5 � 19.2 ± 0.8 � 11.9 ± 0.4

HFHC+B 13.8 ± 0.5 24.6 ± 0.5 � 21.6 ± 0.9 � 15.8 ± 1.2 �#

HFHC+Y 10.4 ± 0.4 a 19.9 ± 1.2 # a 14.4 ± 1.2 # a 9.0 ± 0.7 a e

HFHC+B+Y 12.1 ± 0.4 22.7 ± 0.5 � 18.4 ± 0.7 �e 12.5 ± 0.5

HFHC+C 10.6 ± 0.8 22.7 ± 0.9 � 15.7 ± 1.3 d 10.8 ± 0.9 d

HFHC+P 10.1 ± 0.6 b 21.1 ± 0.8 b 15.4 ± 0.8 # b 9.4 ± 0.4 b

HFHC+C+P 10.5 ± 0.5 20.3 ± 0.7 # c 14.9 ± 0.8 # c 9.9 ± 0.5 c

SCD, standard chow; HFHC, high-fat high-carbohydrate diet; HFHC+B, HFHC with blueberries; HFHC+C, HFHC with C3G; HFHC+Y, HFHC with yoghurt; HFHC

+P, HFHC with peptides extracted from yoghurt; HFHC+B+Y, HFHC with combination of blueberries and yoghurt; and HFHC+C+P, HFHC with combination of

C3G and peptides.

Data were reported as mean ± SEM. Significant differences (p < 0.05) between groups are indicated as follows:

� SCD control vs the other groups;
# HFHC vs supplemented groups;
a represent HFHC+B vs HFHC+Y;
b represent HFHC+B vs HFHC+P;
c represent HFHC+B vs HFHC+C+P;
d represent HFHC+B vs HFHC+C;
e represent HFHC+Y vs HFHC+B+Y. Blood glucose level of others time points at 15 min, 45 min and 90 min are not shown and have previously been published [20].

https://doi.org/10.1371/journal.pone.0270306.t002
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improvement in the intraperitoneal glucose tolerance area under the curve (arbitrary units)

compared to the HFHC group (117.2 ± 2.3), and the outcomes were comparable with that in

the SCD group (97.0 ± 4.2) [20]. In contrast, supplementation with blueberries (HFHC+B,

127.2 ± 3.9), the combination of blueberries and yoghurt (HFHC+B+Y, 112.5 ± 2.3) and C3G

group (HFHC+C, 103.1 ± 5.1) did not alter glucose tolerance compared with to the HFHC

group [20].

‘Real-time’ PCR analysis of the expression of genes related to glucose

metabolism in the EDL

Obese mice supplemented with blueberries and yoghurt, alone or in combination, as well as

the combination of C3G and peptides in the EDL exhibited similar AGTR-1 expression to the

SCD mice, and significantly lower AGTR-1 expression compared to HFHC (P<0.05; Fig 1A).

While AGTR-1 expression was not changed by either C3G alone or peptides alone in the EDL

compared to HFHC (Fig 1A). Mice supplemented with blueberries or combination of C3G

and peptides showed a lower AGTR-1 expression than the C3G group (P<0.05; Fig 1A).

AMPK mRNA expression in EDL was significantly up-regulated in HFHC+Y and HFHC

+C groups, compared with the HFHC group (P<0.05; Fig 1B).

The supplementation with blueberries and peptides alone, as well as the combination of

blueberries and yoghurt significantly decreased FoxO1 mRNA expression in the EDL com-

pared to HFHC (P<0.05; Fig 1C), and the level was comparable to that of SCD.

While GLUT1 mRNA expression was unaltered by any treatment (Fig 1D), yoghurt alone

and the combination of C3G and peptides significantly increased GLUT4 mRNA expression

in the EDL compared to HFHC (P<0.05; Fig 1E).

The expression of IRS-1 in the EDL was increased only following the yoghurt supplementa-

tion compared with the HFHC diet (P<0.05; Fig 1F).

Obese mice supplemented with yoghurt and C3G alone showed higher PI3K expression in

the EDL compared to HFHC (P<0.05; Fig 1G).

‘Real-time’ PCR analysis of the expression of multiple genes related to

glucose metabolism in the soleus

Four supplementations (HFHC+B, HFHC+Y, HFHC+B+Y and HFHC+P) significantly

increased the mRNA expression of AGTR-1compared to the HFHC control group, while the

other supplementations (HFHC+C and HFHC+C+P) did not cause alterations in the mRNA

expression of AGTR-1 in the soleus compared to HFHC (P<0.05; Fig 2A). Moreover, blue-

berry supplementation resulted in a lower mRNA expression of AGTR-1 in the soleus when

compared to C3G (P<0.05; Fig 2A).

The expression of AMPK in the soleus was significantly increased in mice supplemented

with C3G and its combination with peptides compared to HFHC and other supplementation

groups (P<0.05; Fig 2B).

The mRNA expression of FoxO1 and GLUT1 in the soleus was not altered by any treatment

(Fig 2C & 2D).

A higher mRNA expression of GLUT4 in the soleus was observed following supplementa-

tion of blueberries, yoghurt and their combination compared with HFHC and C3G and its

combination with peptides (P<0.05; Fig 2E), but not peptides alone.

The expression of IRS-1 in the soleus was increased only following peptide supplementation

compared to HFHC (P<0.05; Fig 2F).

Yoghurt supplementation caused a significant increase in the mRNA expression of PI3K in

the soleus compared to HFHC (Fig 2G).
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Fig 1. The expression of (A) AGTR-1; (B) AMPK; (C) FoxO1; (D) GLUT1; (E) GLUT4; (F) IRS-1 and (G) PI3K in

the extensor digitorum longus (EDL) obtained from animals following various dietary treatments. Obese mice

were treated with blueberries, C3G, yoghurt, peptides alone, and combinations of blueberries / yoghurt and C3G /

peptides for eight weeks. All genes were normalised to the housekeeping gene, HPRT-1. SCD (n = 9), HFHC (n = 9),

HFHC+B (n = 10), HFHC+Y (n = 10), HFHC+B+Y (n = 10), HFHC+C (n = 9), HFHC+P (n = 10), HFHC+C+P

(n = 10). Data were expressed as mean ± SEM. Different letters indicate a significant difference between groups

(P< 0.05).

https://doi.org/10.1371/journal.pone.0270306.g001
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Fig 2. The expression of (A) AGTR-1; (B) AMPK; (C) FoxO1; (D) GLUT1; (E) GLUT4; (F) IRS-1 and (G) PI3K in

the soleus obtained from animals following various dietary treatments. Obese mice were treated with blueberries,

C3G, yoghurt, peptides alone, and combinations of blueberries / yoghurt and C3G / peptides for eight weeks. All genes

were normalised to the housekeeping gene, HPRT-1. SCD (n = 10), HFHC (n = 9), HFHC+B (n = 10), HFHC+Y

(n = 10), HFHC+B+Y (n = 10), HFHC+C (n = 10), HFHC+P (n = 10), HFHC+C+P (n = 10). Data were expressed as

mean ± SEM. Different letters indicate a significant difference between groups (P < 0.05).

https://doi.org/10.1371/journal.pone.0270306.g002
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Discussion

Due to the important role of skeletal muscle in glucose regulation, this study focused on the

impact of supplementation with blueberries and yoghurt, as well as some of their respective

bioactive components on skeletal muscle mRNA expression of various genes related to glucose

metabolism. This was the first study looking at the synergistic anti-diabetic effects of blueber-

ries and yoghurt, as well as their bioactive components C3G and peptides on glucose metabo-

lism in the EDL and the soleus skeletal muscle.

The major finding of this study was that eight weeks of supplementation with yoghurt

increased the expression of multiple genes related to insulin-dependent (IRS-1/PI3K/GLUT4)

and insulin-independent (AMPK) signalling pathways in skeletal muscle. These findings sup-

port our previous observation of yoghurt regulating glucose metabolism due to improved glu-

cose tolerance in obese mice [20]. Moreover, these results were consistent with a recent study,

which showed that a LAB, Lactobacillus plantarum Ln4 administration induced the up-regula-

tion of hepatic mRNA levels, including IRS-2, Akt2, and AMPK, and subsequently improved

systemic insulin resistance in mice [30]. Similar improvements in glucose metabolism via reg-

ulation of AMPK activity were also found following supplementation with fermented rice bran

with fungi and LAB (Lactobacillus brevis, Lactobacillus rhamnosus, and Enterococcus faecium)

in stroke-prone spontaneously hypertensive rats [32]. Moreover, treatment with an AGTR-1

blocker, telmisartan improved insulin sensitivity in obese db/db mice fed a high-fat diet [33].

Furthermore, in vitro treatment with telmisartan led to an increased level of AMPK phosphor-

ylation, and an increase in the mRNA levels of GLUT4 in C2C12 myocytes [33]. Chronic

administration of ACE inhibitors to insulin-resistant rodents has also been reported to

increase protein expression of GLUT4 in skeletal muscle [34, 35]. Therefore the increased

mRNA levels of AMPK and GLUT4 resulting from supplementation with yoghurt is possibly

due to ACE inhibitory activity of peptides in the yoghurt.

It has been proposed that blockade of RAS may improve insulin sensitivity and prevent

T2DM in metabolic tissues like liver, muscle and pancreas [36, 37]. A previous study showed

that ANG II increased IRS-1 serine phosphorylation in vascular smooth muscle cells, and

inhibited insulin-stimulated IRS-1 tyrosine phosphorylation, suggesting that ANG II might

negatively modulate insulin-mediated actions by regulating multiple levels of the insulin sig-

nalling cascade such as the IR, IRS, and PI3K [38]. However, another study demonstrated that

ANG II signalling contributed to glucose metabolism and inhibition of the insulin signalling

pathway through AGTR-1 in both non-diabetic and diabetic vascular smooth muscle cells

[39]. Furthermore, a recent study has shown that tripeptides with ACE inhibitory activity

improved insulin resistance in rat-derived L6 skeletal muscle cells, at least partially via reduced

AGTR-1 expression and attenuating reactive oxygen species (ROS) in L6 cells [40]. Yoghurt

fermented by Lactobacillus helveticus (L. helveticus) includes bioactive peptides with a high

ACE inhibitory activity, and tripeptides with ACE inhibitory activity have previously been

shown to improve insulin resistance in L6 skeletal muscle cells, at least partially via reduced

AGTR-1 expression and its anti-oxidative with reduction in reactive oxygen species (ROS)

[40]. In the present study, yoghurt decreased AGTR-1 mRNA expression in both the EDL and

the soleus of the obese mice possibly due to the effect of peptides with ACE inhibitory activity.

This mechanism might explain the improved glucose tolerance observed in obese mice fed a

diet supplemented with yoghurt [20].

L. helveticus is a LAB with a strong proteolytic system and subtypes of this family consid-

ered to be some of the most efficient strains in terms of production of anti-hypertensive pep-

tides and aromatic compounds from caseins in fermented milk [41]. In the present study,

peptides with ACE inhibitory activity extracted from yoghurt fermented by L. helveticus up-
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regulated IRS-1 and down-regulated AGTR-1 expression in the soleus. Consistently, the find-

ings in our previous study have shown that these peptides could increase glucose uptake in

human primary skeletal muscle myotubes [42] and improve glucose tolerance in obese mice

[20]. Fructose-fed rats treated with Angiotensin-(1–7), an ACE inhibitor, exhibited an

increased glucose uptake via a mechanism involved in the modulation of insulin signalling,

through the IR/IRS-1/PI3K/Akt pathway in skeletal muscle, liver, and adipose tissue, as well as

increased levels of IRS-1 phospho-Ser307 in skeletal muscle and adipose tissue [43]. Angioten-

sin-(1–7) also improved glucose uptake and decreased ROS production in 3T3-L1 adipocytes

[44]. It has been reported that ANG II significantly decreased 5-aminoimidazole-4-carboxa-

mide-1-beta-D-ribofuranoside (AICAR)-activated glucose uptake by the soleus muscles, and

an AGTR-1 blocker cancelled the effect of ANG II, suggesting acute inhibition of the AGTR-1

improved glucose metabolism, not via an insulin pathway, but via an AMPK mediated path-

way [45]. However, in the present study, peptides increased IRS-1 expression and reduced

AGTR-1 expression but did not change AMPK expression in the soleus. Different animal

models, treatment periods, different supplementations, and diet induced disease symptoms

may contribute to the different results. It is still unclear how ANG II is involved in glucose

metabolism, and further studies are needed to clarify the relationship among RAS, insulin

pathway and AMPK pathway.

During milk fermentation, LAB hydrolyses lactose producing tagatose, which has low calo-

ric value and is poorly degraded by the human body, making it an interesting anti-hyperglyce-

mic agent [46]. Furthermore, an enzyme with ferulic acid esterase activity isolated from

Lactobacillus johnsonii showed a potential effect on diabetes via stimulation of insulin produc-

tion by ferulic acid and alleviation of symptoms caused by diabetes [47]. Food intake with

weak organic acids, including lactic acid, formic acid, pyruvic acid and acetic acid, could

increase insulin sensitivity and improve insulin resistance in T2DM by lowering interstitial

fluid pH values [48]. L. helveticushas a strong proteolytic system, which is capable of producing

not only short peptides, but also liberating amino acids from the casein matrix [49]. This sys-

tem is composed of (i) cell envelope proteinases that hydrolyse caseins into oligopeptides, (ii)

transport systems that allow uptake of oligopeptides, and (iii) various intracellular peptidases

with differing and partly overlapping specificities, leading to a pool of free amino acids [50,

51]. Therefore, the anti-diabetic activity of yoghurt fermented by L. helveticus could not only

be related to anti-hypertensive peptides, but also some bioactive proteins, organic acid

enzymes and free amino acids produced during the fermentation by L. helveticus [48]. The

results indicate that yoghurt and its bioactive components, including certain peptides play an

important role in the regulation of glucose metabolism in muscle. Thus yoghurt is a potential

therapeutic candidate in the prevention of T2DM through IR/IRS-1/PI3K/GLUT4, AMPK

and AGTR-1 pathways.

In the present study, we also showed that blueberries down-regulated AGTR-1 expression

in both the EDL and the soleus, and FoxO1 expression in the EDL. They also up-regulated

GLUT4 expression in the soleus obtained from HFHC induced obese mice, although blueber-

ries did not alter glucose tolerance in obese mice, as indicated in a previous study [20]. Two

percent freeze-dried whole high-bush blueberry powder has been reported to increase the

expression of IRS-1 and GLUT4 in the adipose and skeletal muscle tissues in both Zucker fatty

rats and Zucker lean rats [52]. A recent study showed that blueberry supplementation

improved markers of insulin sensitivity, including the normalized hepatic IRS-1 Ser307 phos-

phorylation and reduced hepatic malondialdehyde, a marker of oxidative stress in high-fat-

diet–fed rats supplemented with blueberries [53]. However, neither blueberry supplementa-

tion nor C3G supplementation altered mRNA expression of IRS-1 in both skeletal muscle tis-

sues in this study. Furthermore, fermented blueberry juice increased the phosphorylation of
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AMPK in C2C12 cells and 3T3-L1 cells, but treatment with non-fermented juice did not affect

total AMPK content in either cell line [54]. Consistent with this, the present study also showed

that blueberry supplementation did not alter mRNA expression of AMPK in either the EDL or

the soleus. These inconsistent results in IRS-1 and AMPK in the current study and those in the

literature may be due to the type of tissues analysed or animal species.

In order to determine which components in blueberries showed the major bioactivity on

the regulation of genes related to glucose metabolism, C3G, a typical anthocyanin in blueber-

ries was also investigated in this study. Several studies have shown that C3G regulates glucose

metabolism via stimulating AMPK activation in skeletal muscle and high glucose-incubated

adipocytes, as well as via attenuating high-glucose-promoted O-glycosylation of transcription

factor FoxO1 in 3T3-L1 adipocytes [23, 55, 56]. These findings were in agreement with the

present study, in which C3G was found to increase the mRNA expression of AMPK in both

the EDL and the soleus, and PI3K in the EDL. However, C3G did not improve glucose toler-

ance in obese mice [20], suggesting that the up-regulation of AMPK and PI3K mRNA in skele-

tal muscle does not appear to be sufficient to influence glucose metabolism in this model.

Similarly C3G in isolation or in combination with peptides (as used in these current study),

resulted in an up-regulation in the mRNA expression of AMPK and PI3K in human primary

skeletal myotubes [42]. These findings were in agreement with the present study, in which

C3G was found to increase the mRNA expression of AMPK in both the EDL and the soleus,

and PI3K in the EDL. Previous reports have shown that C3G increases GLUT4 membrane

translocation and the increase of GLUT4 expression in murine adipocytes 3T3-L1, as well as

through the regulation of GLUT4-retinol binding protein (RBP4) system [16, 24]. Therefore,

blueberry and C3G regulate key molecules related to glucose metabolism potentially through

the AMPK and PI3K/AKT/GLUT4 pathways as well as the inhibition of AGTR-1 and FoxO1

expression, although these effects on cellular mechanisms appears to not be large enough to

improve glucose tolerance in obese mice [20]. Interestingly, the two combination treatments

(HFHC+B+Y and HFHC+C+P) did not appear to show an additive effect on the regulation of

multiple genes related to glucose metabolism in the skeletal muscle of obese mice. Further

investigation is required to determine the possible interactions of various bioactive compo-

nents in blueberries and yoghurt.

Conclusions

Supplementation with blueberries resulted in a reduction of the mRNA expression of AGTR-1

in the EDL and the soleus. However, a key bioactive component of blueberries, C3G displayed

a role in the up-regulation of the mRNA expression of AMPK in both the EDL and the soleus

suggesting that the anti-diabetic mechanism of blueberries was different from that of C3G.

Thus the potential anti-diabetic properties of blueberries may be related to bioactive compo-

nents other than C3G, or the synergistic effects of C3G and those components. Furthermore,

yoghurt showed a potentially anti-diabetic activity involving an insulin-dependent signalling

pathway associated with an increase in the mRNA expression of PI3K, IRS-1 and GLUT4; and

an insulin-independent signalling pathway associated with an increase in the mRNA expres-

sion of AMPK and a decrease in the mRNA expression of AGTR-1. The different muscle tis-

sues examined, which have different muscle fiber type composition, responded differently to

the various dietary interventions, some of which is thought to be due to their oxidative capacity

and substrate preferences. The exact reason for these different responses are however difficult

to elucidate. Understanding further the molecular mechanisms responsible for these different

responses and their roles in glucose regulation should be the focus of future studies. A limita-

tion of this study is that the protein expression/activity of the genes concerned was not
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measured. Future investigation on these aspects as well as through human clinical trials will

help to further understand the molecular mechanisms underlying the health effects particu-

larly of yoghurt and its bioactive peptides on glucose metabolism.
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11. Salas-Salvadó J, Guasch-Ferré M, Dı́az-López A, Babio N. Yogurt and diabetes: overview of recent

observational studies. J Nutr Health 2017; 147(7):1452S–1461S. https://doi.org/10.3945/jn.117.

248229 PMID: 28615384

12. Yadav H, Jain S, Sinha P. Antidiabetic effect of probiotic dahi containing Lactobacillus acidophilus and

Lactobacillus casei in high fructose fed rats. Nutrition 2007; 23(1):62–68. https://doi.org/10.1016/j.nut.

2006.09.002 PMID: 17084593

PLOS ONE Dietary supplementation with blueberry and yoghurt effect glucose metabolism in skeletal muscle of obese mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0270306 September 16, 2022 12 / 15

https://doi.org/10.1152/ajpregu.00078.2010
http://www.ncbi.nlm.nih.gov/pubmed/20962202
https://doi.org/10.1016/j.biopha.2017.03.047
http://www.ncbi.nlm.nih.gov/pubmed/28364599
https://doi.org/10.1007/s13105-017-0594-9
https://doi.org/10.1007/s13105-017-0594-9
http://www.ncbi.nlm.nih.gov/pubmed/28971334
https://doi.org/10.1111/1440-1681.12674
http://www.ncbi.nlm.nih.gov/pubmed/27716981
https://doi.org/10.1242/jeb.198.2.491
https://doi.org/10.1242/jeb.198.2.491
http://www.ncbi.nlm.nih.gov/pubmed/7699317
https://doi.org/10.1146/annurev.biochem.75.103004.142622
http://www.ncbi.nlm.nih.gov/pubmed/16756483
https://doi.org/10.1152/ajpendo.1990.259.4.E593
http://www.ncbi.nlm.nih.gov/pubmed/1699426
https://doi.org/10.3317/jraas.2008.011
https://doi.org/10.3317/jraas.2008.011
http://www.ncbi.nlm.nih.gov/pubmed/18584583
https://doi.org/10.1016/j.mce.2012.04.011
https://doi.org/10.1016/j.mce.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22564510
https://doi.org/10.3945/jn.117.248229
https://doi.org/10.3945/jn.117.248229
http://www.ncbi.nlm.nih.gov/pubmed/28615384
https://doi.org/10.1016/j.nut.2006.09.002
https://doi.org/10.1016/j.nut.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17084593
https://doi.org/10.1371/journal.pone.0270306


13. Papadimitriou CG, Vafopoulou-Mastrojiannaki A, Silva SV, Gomes AM, Malcata FX, Alichanidis E.

Identification of peptides in traditional and probiotic sheep milk yoghurt with angiotensin I-converting

enzyme (ACE)-inhibitory activity. Food Chem 2007; 105(2):647–656.

14. Kajimoto O, Kurosaki T, Mizutani J, Ikeda N, Kaneko K, Aihara K, et al. Antihypertensive effects of liquid

yogurts containing “lactotripeptides (VPP, IPP)” in mild hypertensive subjects. Nutr. Food Sci. 2002; 5

(3):55–66.

15. Gao J, Song J, Du M, Mao X. Bovine alpha-Lactalbumin Hydrolysates (alpha-LAH) Ameliorate Adipose

Insulin Resistance and Inflammation in High-Fat Diet-Fed C57BL/6J Mice. Nutrients 2018; 10(2):p.

242.

16. Sasaki R, Nishimura N, Hoshino H, Isa Y, Kadowaki M, Ichi T, et al. Cyanidin 3-glucoside ameliorates

hyperglycemia and insulin sensitivity due to downregulation of retinol binding protein 4 expression in

diabetic mice. Biochem Pharmacol 2007; 74(11):1619–1627. https://doi.org/10.1016/j.bcp.2007.08.

008 PMID: 17869225

17. Vuong T, Benhaddou-Andaloussi A, Brault A, Harbilas D, Martineau LC, Vallerand D, et al. Antiobesity

and antidiabetic effects of biotransformed blueberry juice in KKA(y) mice. Int J Obes 2009; 33

(10):1166–1173. https://doi.org/10.1038/ijo.2009.149 PMID: 19687792

18. Seymour EM, Tanone II, Lewis SK, Urcuyo-Llanes DE, Bolling SF, Bennink MR. Blueberry-enriched

diets reduce metabolic syndrome and insulin resistance in rats. The FASEB Journal 2009; 23(1_Meet-

ingAbstracts):563–31.

19. Prior RL, Wu X, Gu L, Hager TJ, Hager A, Howard LR. Whole berries versus berry anthocyanins: inter-

actions with dietary fat levels in the C57BL/6J mouse model of obesity. J Agric Food Chem 2008; 56

(3):647–53. https://doi.org/10.1021/jf071993o PMID: 18211017

20. Shi M, Mathai ML, Xu G, Mcainch JA, Su QX. The effects of supplementation with blueberry, cyanidin-

3-O-β-glucoside, yoghurt and its peptides on obesity and related comorbidities in a diet-induced obese

mouse model. J Funct Foods 2019; 56:92–101.

21. Wang Y, Zhao L, Wang D, Huo Y, Ji B. Anthocyanin-rich extracts from blackberry, wild blueberry, straw-

berry, and chokeberry: antioxidant activity and inhibitory effect on oleic acid-induced hepatic steatosis

in vitro. J Sci Food Agric 2016; 96(7):2494–503. https://doi.org/10.1002/jsfa.7370 PMID: 26250597

22. Guo H, Xia M, Zou T, Ling W, Zhong R, Zhang W. Cyanidin 3-glucoside attenuates obesity-associated

insulin resistance and hepatic steatosis in high-fat diet-fed and db/db mice via the transcription factor

FoxO1. J Nutr Biochem 2012; 23(4):349–360. https://doi.org/10.1016/j.jnutbio.2010.12.013 PMID:

21543211

23. Guo H, Guo J, Jiang X, Li Z, Ling W. Cyanidin-3-O-beta-glucoside, a typical anthocyanin, exhibits antili-

polytic effects in 3T3-L1 adipocytes during hyperglycemia: involvement of FoxO1-mediated transcrip-

tion of adipose triglyceride lipase. Food Chem Toxicol 2012; 50(9):3040–3047.

24. Scazzocchio B, Vari R, Filesi C, D’archivio M, Santangelo C, Giovannini C, et al. Cyanidin-3-O-beta-glu-

coside and protocatechuic acid exert insulin-like effects by upregulating PPARgamma activity in human

omental adipocytes. Diabetes 2011; 60(9):2234–2244.

25. Ho GT, Kase ET, Wangensteen H, Barsett H. Phenolic Elderberry Extracts, Anthocyanins, Procyani-

dins, and Metabolites Influence Glucose and Fatty Acid Uptake in Human Skeletal Muscle Cells. J Agric

Food Chem 2017; 65(13):2677–2685. https://doi.org/10.1021/acs.jafc.6b05582 PMID: 28303711

26. Matsukawa T, Inaguma T, Han J, Villareal MO, Isoda H. Cyanidin-3-glucoside derived from black soy-

beans ameliorate type 2 diabetes through the induction of differentiation of preadipocytes into smaller

and insulin-sensitive adipocytes. J Nutr Biochem 2015; 26:860–867. https://doi.org/10.1016/j.jnutbio.

2015.03.006 PMID: 25940979

27. Kurimoto Y, Shibayama Y, Inoue S, Soga M, Takikawa M, Ito C, et al. Black soybean seed coat extract

ameliorates hyperglycemia and insulin sensitivity via the activation of AMP-activated protein kinase in

diabetic mice. J Agric Food Chem 2013; 61(23):5558–5564. https://doi.org/10.1021/jf401190y PMID:

23683106

28. Corona G, Tang F, Vauzour D, Rodriguez-Mateos A, Spencer JP. Assessment of the anthocyanidin

content of common fruits and development of a test diet rich in a range of anthocyanins. J Berry Res

2011; 1(4):209–216.

29. Shi M, Ahtesh F, Mathai ML, Mcainch JA, Su QX. Effects of fermentation conditions on the potential

antihypertensive peptides released from yogurt fermented by Lactobacillus helveticus and Flavour-

zyme®. Int J Food Sci Technol 2017; 52(1):137–145.

30. Lee E, Jung SR, Lee SY, Lee NK, Paik HD, Lim SI. Lactobacillus plantarum Strain Ln4 Attenuates Diet-

Induced Obesity, Insulin Resistance, and Changes in Hepatic mRNA Levels Associated with Glucose

and Lipid Metabolism. Nutrients 2018; 10(5):643.

31. Godfrey TE, Kim S-H, Chavira M, Ruff DW, Warren RS, Gray JW, et al. Quantitative mRNA expression

analysis from formalin-fixed, paraffin-embedded tissues using 50 nuclease quantitative reverse

PLOS ONE Dietary supplementation with blueberry and yoghurt effect glucose metabolism in skeletal muscle of obese mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0270306 September 16, 2022 13 / 15

https://doi.org/10.1016/j.bcp.2007.08.008
https://doi.org/10.1016/j.bcp.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17869225
https://doi.org/10.1038/ijo.2009.149
http://www.ncbi.nlm.nih.gov/pubmed/19687792
https://doi.org/10.1021/jf071993o
http://www.ncbi.nlm.nih.gov/pubmed/18211017
https://doi.org/10.1002/jsfa.7370
http://www.ncbi.nlm.nih.gov/pubmed/26250597
https://doi.org/10.1016/j.jnutbio.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21543211
https://doi.org/10.1021/acs.jafc.6b05582
http://www.ncbi.nlm.nih.gov/pubmed/28303711
https://doi.org/10.1016/j.jnutbio.2015.03.006
https://doi.org/10.1016/j.jnutbio.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25940979
https://doi.org/10.1021/jf401190y
http://www.ncbi.nlm.nih.gov/pubmed/23683106
https://doi.org/10.1371/journal.pone.0270306


transcription-polymerase chain reaction. J Mol Diagn 2000; 2(2):84–91. https://doi.org/10.1016/S1525-

1578(10)60621-6 PMID: 11272893

32. Alauddin M, Shirakawa H, Koseki T, Kijima N, Ardiansyah, Budijanto S, et al. Fermented rice bran sup-

plementation mitigates metabolic syndrome in stroke-prone spontaneously hypertensive rats. BMC

Complement Altern Med 2016; 16(1):442. https://doi.org/10.1186/s12906-016-1427-z PMID:

27821167

33. Shiota A, Shimabukuro M, Fukuda D, Soeki T, Sato H, Uematsu E, et al. Telmisartan ameliorates insulin

sensitivity by activating the AMPK/SIRT1 pathway in skeletal muscle of obese db/db mice. Cardiovasc

Diabetol 2012; 11:139. https://doi.org/10.1186/1475-2840-11-139 PMID: 23137106

34. Henriksen EJ, Jacob S. Modulation of metabolic control by angiotensin converting enzyme (ACE) inhibi-

tion. J Cell Physiol 2003; 196(1):171–179. https://doi.org/10.1002/jcp.10294 PMID: 12767053

35. Henriksen EJ, Jacob S, Kinnick TR, Teachey MK, Krekler M. Selective angiotensin II receptor antago-

nism reduces insulin resistance in obese Zucker rats. Hypertension 2001; 38(4):884–890. https://doi.

org/10.1161/hy1101.092970 PMID: 11641303

36. Aksnes TA, Reims HM, Guptha S, Moan A, Os I, Kjeldsen SE. Improved insulin sensitivity with the

angiotensin II-receptor blocker losartan in patients with hypertension and other cardiovascular risk fac-

tors. J Hum Hypertens 2006; 20(11):860–866. https://doi.org/10.1038/sj.jhh.1002087 PMID: 16988754

37. Sharma AM, Janke J, Gorzelniak K, Engeli S, Luft FC. Angiotensin blockade prevents type 2 diabetes

by formation of fat cells. Hypertension 2002; 40(5):609–611. https://doi.org/10.1161/01.hyp.

0000036448.44066.53 PMID: 12411451

38. Folli F, Kahn CR, Hansen H, Bouchie JL, Feener EP. Angiotensin II inhibits insulin signaling in aortic

smooth muscle cells at multiple levels. A potential role for serine phosphorylation in insulin/angiotensin

II crosstalk. J Clin Invest 1997; 100(9):2158–2169. https://doi.org/10.1172/JCI119752 PMID: 9410892

39. Igarashi M, Hirata A, Nozaki H, Kadomoto-Antsuki Y, Tominaga M. Role of angiotensin II type-1 and

type-2 receptors on vascular smooth muscle cell growth and glucose metabolism in diabetic rats. Diabe-

tes Res Clin Pract 2007; 75(3):267–277. https://doi.org/10.1016/j.diabres.2006.06.032 PMID:

16934905

40. Son M, Chan CB, Wu J. Egg White Ovotransferrin-Derived ACE Inhibitory Peptide Ameliorates Angio-

tensin II-Stimulated Insulin Resistance in Skeletal Muscle Cells. Mol Nutr Food Res 2018; 62

(4):1700602. https://doi.org/10.1002/mnfr.201700602 PMID: 29278298

41. Giraffa G. Lactobacillus helveticus: importance in food and health. Front Microbiol 2014; 5:338. https://

doi.org/10.3389/fmicb.2014.00338 PMID: 25071750

42. Shi M, O’keefe L, Simcocks C, Su QX, Mcainch JA. The effect of cyanidin-3-O-β-glucoside and peptides

extracted from yoghurt on glucose uptake and gene expression in human primary skeletal muscle myo-

tubes from obese and obese diabetic participants. Funct Foods 2018; 51:55–64.

43. Giani JF, Mayer MA, Munoz MC, Silberman EA, Hocht C, Taira CA, et al. Chronic infusion of angioten-

sin-(1–7) improves insulin resistance and hypertension induced by a high-fructose diet in rats. Am J

Physiol—Endocrinol Metab 2009; 296(2):E262–E271. https://doi.org/10.1152/ajpendo.90678.2008

PMID: 19001546

44. Liu C, Lv XH, Li HX, Cao X, Zhang F, Wang L, et al. Angiotensin-(1–7) suppresses oxidative stress and

improves glucose uptake via Mas receptor in adipocytes. Acta Diabetol 2012; 49(4):291–299. https://

doi.org/10.1007/s00592-011-0348-z PMID: 22042130

45. Shinshi Y, Higashiura K, Yoshida D, Togashi N, Yoshida H, Miyazaki Y, et al. Angiotensin II inhibits glu-

cose uptake of skeletal muscle via the adenosine monophosphate-activated protein kinase pathway. J

Am Soc Hypertens 2007; 1(4):251–255. https://doi.org/10.1016/j.jash.2007.04.007 PMID: 20409857

46. Rhimi M, Chouayekh H, Gouillouard I, Maguin E, Bejar S. Production of D-tagatose, a low caloric sweet-

ener during milk fermentation using L-arabinose isomerase. Bioresour Technol 2011; 102(3):3309–

3315. https://doi.org/10.1016/j.biortech.2010.10.078 PMID: 21111612

47. Lai KK, Lorca GL, Gonzalez CF. Biochemical properties of two cinnamoyl esterases purified from a Lac-

tobacillus johnsonii strain isolated from stool samples of diabetes-resistant rats. Appl Environ Microbiol

2009; 75(15):5018–5024. https://doi.org/10.1128/AEM.02837-08 PMID: 19502437

48. Marunaka Y. The Proposal of Molecular Mechanisms of Weak Organic Acids Intake-Induced Improve-

ment of Insulin Resistance in Diabetes Mellitus via Elevation of Interstitial Fluid pH. Int J Mol Sci 2018;

19(10):3244. https://doi.org/10.3390/ijms19103244 PMID: 30347717

49. Genay M, Sadat L, Gagnaire V, Lortal S. prtH2, not prtH, is the ubiquitous cell wall proteinase gene in

Lactobacillus helveticus. Appl Environ Microbiol 2009; 75(10):3238–3249. https://doi.org/10.1128/

AEM.02395-08 PMID: 19286786

50. Kunji ER, Mierau I, Hagting A, Poolman B, Konings WN. The proteotytic systems of lactic acid bacteria.

Antonie Van Leeuwenhoek 1996; 70(2–4):187–221.

PLOS ONE Dietary supplementation with blueberry and yoghurt effect glucose metabolism in skeletal muscle of obese mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0270306 September 16, 2022 14 / 15

https://doi.org/10.1016/S1525-1578%2810%2960621-6
https://doi.org/10.1016/S1525-1578%2810%2960621-6
http://www.ncbi.nlm.nih.gov/pubmed/11272893
https://doi.org/10.1186/s12906-016-1427-z
http://www.ncbi.nlm.nih.gov/pubmed/27821167
https://doi.org/10.1186/1475-2840-11-139
http://www.ncbi.nlm.nih.gov/pubmed/23137106
https://doi.org/10.1002/jcp.10294
http://www.ncbi.nlm.nih.gov/pubmed/12767053
https://doi.org/10.1161/hy1101.092970
https://doi.org/10.1161/hy1101.092970
http://www.ncbi.nlm.nih.gov/pubmed/11641303
https://doi.org/10.1038/sj.jhh.1002087
http://www.ncbi.nlm.nih.gov/pubmed/16988754
https://doi.org/10.1161/01.hyp.0000036448.44066.53
https://doi.org/10.1161/01.hyp.0000036448.44066.53
http://www.ncbi.nlm.nih.gov/pubmed/12411451
https://doi.org/10.1172/JCI119752
http://www.ncbi.nlm.nih.gov/pubmed/9410892
https://doi.org/10.1016/j.diabres.2006.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16934905
https://doi.org/10.1002/mnfr.201700602
http://www.ncbi.nlm.nih.gov/pubmed/29278298
https://doi.org/10.3389/fmicb.2014.00338
https://doi.org/10.3389/fmicb.2014.00338
http://www.ncbi.nlm.nih.gov/pubmed/25071750
https://doi.org/10.1152/ajpendo.90678.2008
http://www.ncbi.nlm.nih.gov/pubmed/19001546
https://doi.org/10.1007/s00592-011-0348-z
https://doi.org/10.1007/s00592-011-0348-z
http://www.ncbi.nlm.nih.gov/pubmed/22042130
https://doi.org/10.1016/j.jash.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20409857
https://doi.org/10.1016/j.biortech.2010.10.078
http://www.ncbi.nlm.nih.gov/pubmed/21111612
https://doi.org/10.1128/AEM.02837-08
http://www.ncbi.nlm.nih.gov/pubmed/19502437
https://doi.org/10.3390/ijms19103244
http://www.ncbi.nlm.nih.gov/pubmed/30347717
https://doi.org/10.1128/AEM.02395-08
https://doi.org/10.1128/AEM.02395-08
http://www.ncbi.nlm.nih.gov/pubmed/19286786
https://doi.org/10.1371/journal.pone.0270306


51. Savijoki K, Ingmer H, Varmanen P. Proteolytic systems of lactic acid bacteria. Appl Microbiol Biotechnol

2006; 71(4):394–406. https://doi.org/10.1007/s00253-006-0427-1 PMID: 16628446

52. Seymour EM, Tanone II, Urcuyo-Llanes DE, Lewis SK, Kirakosyan A, Kondoleon MG, et al. 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(12):1511–1518. https://doi.org/10.1089/

jmf.2010.0292 PMID: 21861718

53. Lee S, Keirsey KI, Kirkland R, Grunewald ZI, Fischer JG, De La Serre CB. Blueberry Supplementation

Influences the Gut Microbiota, Inflammation, and Insulin Resistance in High-Fat-Diet-Fed Rats. J Nutr

2018; 148(2):209–219. https://doi.org/10.1093/jn/nxx027 PMID: 29490092

54. Vuong T, Martineau LC, Ramassamy C, Matar C, Haddad PS. Fermented Canadian lowbush blueberry

juice stimulates glucose uptake and AMP-activated protein kinase in insulin-sensitive cultured muscle

cells and adipocytes. Can J Physiol Pharmacol 2007; 85(9):956–965. https://doi.org/10.1139/Y07-090

PMID: 18066143

55. Guo H, Liu G, Zhong R, Wang Y, Wang D, Xia M. Cyanidin-3-O-β-glucoside regulates fatty acid metab-

olism via an AMP-activated protein kinase-dependent signaling pathway in human HepG2 cells. Lipids

in Health and Disease 2012; 11(1):10. https://doi.org/10.1186/1476-511X-11-10 PMID: 22243683

56. Wei X, Wang D, Yang Y, Xia M, Li D, Li G, et al. Cyanidin-3-O-beta-glucoside improves obesity and tri-

glyceride metabolism in KK-Ay mice by regulating lipoprotein lipase activity. J Sci Food Agric 2011; 91

(6):1006–1013.

PLOS ONE Dietary supplementation with blueberry and yoghurt effect glucose metabolism in skeletal muscle of obese mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0270306 September 16, 2022 15 / 15

https://doi.org/10.1007/s00253-006-0427-1
http://www.ncbi.nlm.nih.gov/pubmed/16628446
https://doi.org/10.1089/jmf.2010.0292
https://doi.org/10.1089/jmf.2010.0292
http://www.ncbi.nlm.nih.gov/pubmed/21861718
https://doi.org/10.1093/jn/nxx027
http://www.ncbi.nlm.nih.gov/pubmed/29490092
https://doi.org/10.1139/Y07-090
http://www.ncbi.nlm.nih.gov/pubmed/18066143
https://doi.org/10.1186/1476-511X-11-10
http://www.ncbi.nlm.nih.gov/pubmed/22243683
https://doi.org/10.1371/journal.pone.0270306

