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Abstract 

Background: Gut microbiota is now known to control glucose metabolism. Previous studies have shown that probi-
otics and prebiotics may improve glucose metabolism, but their effects have not been studied in combination with 
drug therapy. The aim of this study was to investigate whether probiotics and prebiotics combined with drug therapy 
affect diabetic outcomes.

Methods: Two different study designs were used to test gut microbiota modulating treatments with metformin 
(MET) or sitagliptin (SITA) in male C57Bl/6J mice. In Design 1, diabetes was induced with four-week feeding with 
a ketogenic, 72 kcal% fat diet with virtually no carbohydrates. Mice were then randomly divided into four groups 
(n = 10 in each group): (1) vehicle, (2) Bifidobacterium animalis ssp. lactis 420 (B420) (109 CFU/day), (3) MET (2 mg/
mL in drinking water), or (4) MET + B420 (same doses as in the MET and B420 groups). After another 4 weeks, glu-
cose metabolism was assessed with a glucose tolerance test. Fasting glucose, fasting insulin and HOMA-IR were 
also assessed. In Design 2, mice were fed the same 72 kcal% fat diet to induce diabetes, but they were simultane-
ously treated within their respective groups (n = 8 in each group): (1) non-diabetic healthy control, (2) vehicle, (3) 
SITA [3 mg/(kg*day)] (4) SITA with prebiotic polydextrose (PDX) (0.25 g/day), (5) SITA with B420 (109 CFU/day), and 
(6) SITA + PDX + B420. Glucose metabolism was assessed at 4 weeks, and weight development was monitored for 
6 weeks.

Results: In Design 1, with low-dose metformin, mice treated with B420 had a significantly lower glycemic response 
(area under the curve) (factorial experiment, P = 0.002) and plasma glucose concentration (P = 0.02) compared to 
mice not treated with B420. In Design 2, SITA + PDX reduced glycaemia in the oral glucose tolerance test significantly 
more than SITA only (area under the curve reduced 28 %, P < 0.0001). In addition, B420, PDX or B420+PDX, together 
with SITA, further decreased fasting glucose concentrations compared to SITA only (−19.5, −40 and −49 %, respec-
tively, P < 0.01 for each comparison). The effect of PDX may be due to its ability to increase portal vein GLP-1 concen-
trations together with SITA (P = 0.0001 compared to vehicle) whereas SITA alone had no statistically significant effect 
compared to vehicle (P = 0.14).

Conclusions: This study proposes that combining probiotics and/or prebiotics with antidiabetic drugs improves 
glycemic control and insulin sensitivity in mice. Mechanisms could be related to incretin secretion.
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Background
In recent years, the understanding of the link between gut 
microbiota and metabolic disease has rapidly increased. 
Various metabolic disorders have been linked to the gut 
microbiota through a common mechanism: metabolic 
endotoxaemia-induced inflammation [1]. In both animals 
[2–4] and humans [5] glucose metabolism disorders have 
been related to increased permeability of the gut bar-
rier, which leads to increased translocation of endotoxins 
and even translocation of commensal bacteria [6]. These 
translocated bacteria form a so-called tissue microbiota 
[7], which evokes tissue inflammation [8] and, eventually, 
metabolic disorders [7, 9].

Since the first findings of a modified gut microbiota 
in obese mice and humans [10, 11], there has been an 
increasing recognition of the importance of gut micro-
bial composition in metabolic health [12, 13]. Given the 
close relationship between the different components of 
metabolic syndrome, it has been difficult to pin-point 
specific species of bacteria that influence glucose metab-
olism or insulin resistance. Furthermore, methodological 
differences, high inter-individual variance and conflict-
ing results have made it impossible to draw definitive 
conclusions on which species are altered [14]. However, 
decreased gut microbial diversity has been suggested to 
play a role in the development of metabolic disorders—
a large study of approximately 300 participants showed 
that decreased gut microbial diversity is related to an 
unfavorable shift in the markers of glucose metabolism 
and low-grade inflammation [15]. When gut microbial 
diversity is improved with a dietary regimen, insulin sen-
sitivity is also improved [16, 17]. Despite the lack of infor-
mation regarding the specific gut microbial alterations 
impairing glucose metabolism, a landmark study using 
fecal transplantations presented preliminary but encour-
aging evidence of a causal relationship between gut 
microbes and glucose metabolism in humans [18]. Feces 
were transferred from healthy lean donors to male recipi-
ents with metabolic syndrome and, strikingly, the treat-
ment improved the insulin sensitivity of the recipients.

The revelation of the involvement of gut microbiota has 
led to intense research on how to utilize this link to treat 
diabetes. Thus, several bacterial strains and dietary fibers 
have been tested for an effect on glucose metabolism [2, 
17, 19–23]. We have previously shown that Bifidobacte-
rium animalis ssp. lactis 420 improves insulin sensitiv-
ity and glucose tolerance while decreasing fat mass in 
dietary mouse models of diabetes and obesity [6, 24]. The 
treated mice also showed reduced tissue inflammation 
and endotoxaemia compared to the controls. Polydex-
trose, on the other hand, has been shown to induce satia-
tion [25], ameliorate glycemic response [26] and reduce 

LDL cholesterol [27] in humans, pointing at a possible 
benefit in weight maintenance and metabolic health.

Currently, type 2 diabetes is primarily treated with drug 
therapy, such as the first line treatment metformin, with 
or without gliptins or sulfonylureas. Similar to all drugs, 
these treatments come with certain side effects. This 
fact is particularly true for metformin because approxi-
mately 30 % of patients must discontinue or dramatically 
reduce their daily therapeutic doses due to diarrheas. The 
dose reduction hampers the anti-diabetic efficacy of the 
treatment [28]. Dual treatments may be used to either 
improve the efficacy of the treatment or to reduce the 
dosage of an individual drug to prevent the occurrence of 
side effects.

The objective of this study was to test whether B420 
and a dietary fiber, polydextrose (PDX) could improve 
the efficacy of metformin or gliptin in a mouse model of 
diabetes.

Methods
Animals and study designs
Male C57Bl/6J mice were obtained from Charles River 
(L’Arbresle, France) and acclimatized for at least 7  days 
prior to any experimentation. The mice were housed in 
groups of 4–6 animals per cage and maintained under 
a normal dark-light cycle (12  h/12  h), 22  ±  2  °C and 
55 ±  10  % relative humidity. Tap water and feed were 
provided ad libitum. At 8–10 weeks of age, the mice were 
subjected to one of the two study designs outlined below.

Design 1 First, we investigated the ability of B420 to 
potentiate the antidiabetic effect of metformin in diabetic 
mice. Metformin was used at a minimally active dose to 
ensure that the synergistic effect of the probiotic treat-
ment on the antidiabetic drug could be tested. Diabetes 
was induced during a four-week feeding period with a 
ketogenic, 72 energy% fat diet, with 28 energy% protein 
and <1 energy% carbohydrate (UAR, France). This diet 
has been previously shown to increase fasting plasma glu-
cose concentrations, impair glucose tolerance and lead to 
insulin resistance after only 4 weeks of feeding [29]. After 
the diabetes induction period, the mice were randomly 
allocated into groups. They were first ranked according 
to the value of the AUC of the intra-peritoneal glucose 
tolerance test (IPGTT) and then allocated sequentially to 
the different groups. This method ensures that all groups 
are characterized by a similar AUC of IPGTT. The val-
ues were confirmed by comparing body weight, IPGTT’s 
AUC, and plasma glucose and insulin concentrations. 
The average plasma glucose after the induction period 
was 9.18 ±  0.29  mmol/L, and there were no significant 
between-group differences. The experimental groups 
were as follows: (1) vehicle, diabetic controls with a daily 



Page 3 of 9Stenman et al. Diabetol Metab Syndr  (2015) 7:75 

gavage of saline; (2) B420, Bifidobacterium animalis ssp. 
lactis 420 (DuPont N&H), 109 CFU gavaged daily; (3) 
MET, metformin (Sigma), 2 mg/mL in drinking water was 
used at a dose inducing minimal or no antidiabetic effect; 
and (4) MET +  B420, 2  mg/mL metformin in drinking 
water and 109 CFU B420 gavaged daily. There were ten 
mice in each group. The glucose metabolism parameters 
were measured after 4 weeks of treatment. The primary 
outcome was the AUC in the IPGTT test. The second-
ary outcomes were fasting plasma glucose, fasting plasma 
insulin and HOMA-IR (Homeostatic model assessment 
of insulin resistance) levels. HOMA-IR was calculated as: 
[Glucose] × [Insulin]/22.5.

Design 2 Next, the effects of gut microbiota–modu-
lating treatments combined with sitagliptin were stud-
ied in a prevention model to better distinguish between 
the vehicle and sitagliptin groups. The mice were first 
ranked according to their bodyweight and then randomly 
assigned into six groups; diabetes was induced simulta-
neously with the treatment regimens that were gavaged 
daily. In addition to B420, we now included a prebiotic, 
polydextrose (PDX), because of its promising results 
on satiety and metabolism in human studies [25–27]. A 
non-diabetic control group was added to better evalu-
ate the magnitude of the effect, since our laboratory had 
less experience of the prevention model than the treat-
ment model in Design 1, which we had developed our-
selves. The following groups were established (n =  8 in 
each group): (1) NFD, healthy non-diabetic controls 
on a normal-fat diet; (2) vehicle, diabetic mice gavaged 
daily with saline; (3) SITA, sitagliptin, 3  mg/(kg*day); 
(4) SITA + PDX, sitagliptin with Litesse® Ultra polydex-
trose, 0.25 g/day; (5) SITA + B420, sitagliptin with B420 
109 CFU/day; and (6) SITA + PDX + B420 (as described 
above). Groups 2–6 continued on the ketogenic diet 
throughout the study. At 4  weeks, blood samples were 
drawn, and an IPGTT was performed. To monitor body 
weight and to reduce the effects of treatment and han-
dling on the final samples, the mice were followed-up for 
two more weeks before being sacrificed. Ileum, pancreas 
and portal vein blood were harvested for further analysis. 
The primary outcome was the AUC in the IPGTT test. 
The secondary outcomes were fasting plasma glucose, 
fasting plasma insulin, HOMA-IR, portal vein GLP-1, 
ileal tissue GLP-1 and serum DPP-4 activity.

During both experimental designs, body weight was 
monitored weekly. All procedures were performed in 
accordance with the Guide for the Care and Use of Labo-
ratory Animals (revised 1996) and French laws.

Glucose tolerance tests
Glucose-tolerance tests were performed after four 
(Design 1) or six (Design 2) weeks of treatment to assess 

glucose management in mice. In Design 1 mice fasted for 
6  h were injected with glucose (1  g/kg) into the perito-
neal cavity to assess the overall antidiabetic effect of met-
formin. In Design 2, oral glucose tolerance tests (glucose 
2 g/kg) were performed to assess the potentiation of the 
incretin effect of sitagliptin on glycaemia. The glucose 
response was followed from 30  min before the glucose 
challenge until 120  min after the challenge, measuring 
plasma glucose every 15–30  min using a standard glu-
cose meter (Roche Diagnostics, Basel, Switzerland). The 
area under the curve was calculated from 0 to 120 min as 
the geometrical area between zero and the blood glucose 
curve for each individual mouse.

Biochemistry
Blood samples for insulin assays were collected after 
4 weeks of treatment from the tail veins of mice fasted for 
6 h. Fasted plasma insulin was measured with an ELISA 
kit (#10-1247-01, Mercodia AB, Uppsala, Sweden).

In Design 2, ileum and portal blood were collected 
upon sacrifice from the mice under fed conditions. 
Plasma was collected in the presence of a DPP-4 inhibi-
tor (0.1  mM diprotine A, Bachem, Switzerland), imme-
diately centrifuged and the plasma separated and kept 
frozen at −80 °C. The plasma active GLP-1 concentration 
was measured with ELISA from 100 µl of plasma (GLP-1 
active 7-36, Alpco, NH, USA). The lower limit of detec-
tion was between 0.5 and 1 pM. Ileum samples were lysed 
in buffer containing 70  % ethanol (v/v) and 0.1  M HCl. 
The extracts were diluted 1/10,000 to 1/100,000. GLP-1 
concentrations were then measured with an ELISA kit 
(#43-GP1HU-E01, Eurobio, Courtaboeuf, France). DPP-4 
was analyzed from portal blood with a luminescent pro-
tease assay (#G8350, Promega, Madison, Wisconsin, 
USA) in order to confirm the efficacy of SITA, which is a 
DPP-4 inhibitor.

Statistical analysis
Data were analyzed using GraphPad Prism 6 (GraphPad 
Software Inc., California, USA) and R: A Language and 
Environment for Statistical Computing, version 3.1.2 
(http://www.R-project.org/).

In Design 1 the study was performed in a 2 × 2 setting 
with two factors: MET and B420. Normality and equal-
ity of group variances were first assessed with Shapiro–
Wilk test and Brown-Forsythe test. If the data were found 
unsuitable for parametric analyses directly, a logarithmic, 
square root or inverse transformation was applied to all 
data of the same biomarker in order to analyze the data 
parametrically. The statistical analysis was then per-
formed as a 2x2 factorial analysis that gives p-values for 
the main effects of B420, MET, and their interaction. For 
the IPGTT test, one value from the 60-min time point 

http://www.R-project.org/
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was missing in the B420 group and, as a conservative 
approach, the value from the 30-min time point was used 
to calculate the AUC.

In Design 2 we applied the same data transformations 
as in Design 1 for consistency. After the transformations 
all data were found suitable for parametric analyses. Most 
data were analyzed with one-way ANOVA. Supplemental 
data were analyzed with two-way ANOVA. If the global 
P was significant, Tukey’s HSD test was used to assess 
between-group differences. All data are expressed as the 
mean ± standard error of mean (SEM), and significances 
are two-sided. Differences were considered to be statisti-
cally significant when P < 0.05.

Results
Pro‑ and prebiotics improve glucose regulation 
during anti‑diabetic treatment
At the dose used in this design metformin demonstrated 
no effect on glucose tolerance in mice on a ketogenic diet 
(Fig. 1A, B) (P = 0.18). However, the B420-treated mice 
showed better glucose tolerance than those who were 
not treated with B420 (B420: AUC 2140  ±  93  mmol/
L*min, MET + B420: 2160 ± 116 mmol/L*min, vehicle: 
2340 ± 107 mmol/L*min, MET: 2660 ± 99 mmol/L*min, 
P = 0.002). No interactions were detected between MET 
and B420. Due to injection failures, IPGTT could not be 
performed to one mouse in the Vehicle group, two in the 
MET group and one in the B420 group.

In the sitagliptin design, the SITA mice demonstrated 
better glucose tolerance than the diabetic vehicle–mice 
(1250  ±  18  mmol/L*min vs. 1420  ±  42  mmol/L*min, 
P  =  0.008) (Fig.  1C, D). The SITA  +  PDX and 
SITA  +  PDX  +  B420 mice showed further improved 
glucose tolerance compared to the SITA mice 
(894 ±  34  mmol/L*min and 798 ±  35  mmol/L*min for 
SITA  +  PDX and SITA  +  PDX  +  B420, respectively, 
both P  <  0.0001 compared to SITA). SITA  +  B420 
(1140 ±  28  mmol/L*min) showed no additional benefit 
compared to SITA (P = 0.24).

Body weight gain was also significantly reduced in the 
MET + B420 group compared to vehicle, as well as the 
SITA + PDX and SITA + PDX + B420 groups compared 
to SITA or vehicle (P < 0.05 for all comparisons) (Addi-
tional file 1: Figure S1). Metformin and sitagliptin alone 
had no effect on body weight.

Fasting glucose, insulin and HOMA‑IR
At this low dose, metformin had no significant effect on 
fasting glucose, but mice treated with MET had lower 
plasma insulin concentrations (MET: 12.5  ±  0.61 µU/
mL, MET + B420: 11.4 ± 1.5 µU/mL, vehicle: 21.1 ± 3.8 
µU/mL, B420: 19.4 ± 2.3 µU/mL, P = 0.004) and a lower 
HOMA-IR (MET: 6.27  ±  0.41 units, MET  +  B420: 

5.07  ±  0.61 units, vehicle: 10.0  ±  1.7 units, B420: 
8.61 ±  1.2 units, P =  0.003) than those who were not 
treated with MET (Fig.  2A–C). Mice treated with B420 
had a significantly lower concentration of plasma 
glucose (B420: 9.77  ±  0.31  mmol/L, MET  +  B420: 
10.3 ± 0.63 mmol/L, vehicle: 10.8 ± 0.33 mmol/L, MET: 
11.4 ±  0.40  mmol/L, P =  0.02) than those not treated 
with B420, but there was no effect on plasma insulin or 
HOMA-IR. No interactions were detected between MET 
and B420. Due to technical difficulties, glucose could not 
be assessed from one mouse in the MET group, and insu-
lin could not be assessed from one mouse in the B420 
group and one in the MET group. These are reflected 
in the numbers of mice that could be included in the 
HOMA-IR calculations.

Sitagliptin had no significant effect on fasting 
glucose, insulin or HOMA-IR (Fig.  2D–F). How-
ever, all treatment groups with PDX and B420 
showed lower fasting blood glucose than the vehi-
cle and SITA groups (vehicle 8.3 ±  0.43  mmol/L, SITA 
8.7 ±  0.42  mmol/L, SITA +  PDX 5.2 ±  0.22  mmol/L, 
SITA + B420 7.0 ± 0.22 mmol/L, SITA + PDX + B420 
4.4 ± 0.18 mmol/L, P < 0.01 for all SITA vs. treatments) 
(Fig.  2D). There were no differences between groups in 
fasting plasma insulin. However, HOMA-IR was signifi-
cantly lower in the SITA + PDX + B420 group than both 
the vehicle and SITA groups (vehicle 5.4 ±  0.42, SITA 
5.6 ±  3.5, SITA +  PDX +  B420 2.2 ±  0.49, P  <  0.001 
compared to both vehicle and SITA).

GLP‑1 release
To elucidate possible mechanisms, we investigated 
whether the selected gut microbiota modulators affect 
GLP-1 secretion from the gut; therefore, GLP-1 was 
measured from ileum and portal vein (Fig.  3A, B). The 
SITA + PDX and the SITA + PDX + B420 groups both 
showed a higher portal vein concentration of GLP-1 
than the vehicle group (vehicle 4.9  ±  0.65  pmol/L, 
SITA +  PDX 20.8 ±  4.3  pmol/L, SITA +  PDX +  B420 
21.5 ± 5.3 pmol/L, P = 0.0001 for both groups vs. vehi-
cle), whereas the SITA group did not significantly differ 
from vehicle (SITA 11.3 ± 3.6 pmol/L, P = 0.14 vs. Vehi-
cle), nor did SITA + B420 (7.4 ± 1.6 pmol/L, P = 0.76). 
Due to technical issues, portal vein GLP-1 could not be 
measured from one mouse in the SITA + B420 group.

Ileal GLP-1 was not significantly increased by sit-
agliptin (vehicle 24,900  ±  2100  pmol/L, SITA 
32,700 ±  2600  pmol/L, P =  0.26) (Fig.  3B). In contrast 
to what was observed for portal GLP-1 concentrations, 
only the SITA + B420 group had a higher level of ileum 
GLP-1 than the vehicle group (38,700 ±  2400  pmol/L, 
P = 0.006). None of the PDX treatment groups differed 
from vehicle.
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To confirm efficacy of sitagliptin, we then measured 
the concentration of DPP-4 from portal vein. The SITA 
group had 91  % lower DPP-4 activity than the vehicle 
group, and activity was 93 % lower in the PDX and B420 
treatment groups (P  <  0.001 for all groups with SITA 
compared to NFD or vehicle). There were no statistically 
significant differences between the SITA groups.

Discussion
In the present study, a potential probiotic B420 and/
or Litesse® Ultra polydextrose were used together with 
metformin or sitagliptin to treat diabetes in mice. To our 
knowledge, this study is the first to demonstrate addi-
tional benefits for probiotic and prebiotic products on 
glucose metabolism when using antidiabetic drugs.
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Metformin is used as the primary treatment for type 2 
diabetes, and numerous specific mechanisms have been 
described. However, numerous mechanisms still remain 

to be uncovered. Metformin is known to increase the 
activation of AMP activated protein kinase (AMPK), 
an important enzyme for cellular energy homeostasis 
[30]. In the liver, AMPK activation leads to improved 
insulin receptor function and, thus, improved glucose 
transport, as well as reduced fatty acid synthesis. More 
recently, metformin has been shown to directly regu-
late gut microbiota metabolism; most notably, it affects 
the microbial methionine and folate metabolism [31]. 
The importance of metformin’s effect on gut microbiota 
was also demonstrated through its impact on the prolif-
eration of Akkermansia [32]. In the latter case, when used 
as a prebiotic, metformin was shown to impact energy 
metabolism [33], and it was suggested that the beneficial 
effect of the antidiabetic drug does include the treatment 
of gut dysbiosis in type 2 diabetic patients [34]. Together, 
these molecular mechanisms lead to improved insulin 
sensitivity. In the present study we used a low dose of 
MET in order to see if MET combined with B420 could 
improve diabetes-related outcomes with a reduced risk 
of adverse effects. There were reduced plasma insu-
lin concentrations and HOMA-IR levels in the groups 
treated with MET compared to those not treated with 
MET. B420 had no additional benefit on plasma insu-
lin compared to metformin only, but B420 significantly 
attenuated the glucose response in IPGTT and decreased 
fasting plasma glucose concentration, suggesting that a 
combination treatment could be more effective in treat-
ing diabetes than metformin alone.

Sitagliptin, similar to all other gliptins, is an inhibitor 
of the enzyme DPP-4 a proconvertase that inactivates the 
incretins GLP-1 and gastric inhibitory peptide (GIP) by 
removing the first two N-terminal amino acid residues 
[35]. With this inactivation, sitagliptin increases the con-
centration of active incretins [36], which enhances glu-
cose-induced insulin secretion and thereby improves oral 
glucose tolerance as reported in the present study. Only 
the groups treated with PDX showed further improved 
glucose tolerance compared to the SITA group. Sitag-
liptin had no effect on fasting glucose and insulin levels. 
Interestingly, however, B420 and PDX, as well as their 
combination, decreased the fasting concentration of 
plasma glucose compared to the vehicle and sitagliptin 
treatments. Together, B420 and PDX decreased HOMA-
IR compared to sitagliptin only, although this effect 
seems to be purely due to the reduced fasting plasma glu-
cose concentration.

As expected, all groups treated with SITA displayed 
minimal activity of DPP-4, the enzyme that SITA selec-
tively inhibits. Consequently, SITA group had a slightly 
higher portal vein GLP-1 concentration compared to 
Vehicle, although the difference did not reach statistical 
significance.
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Page 8 of 9Stenman et al. Diabetol Metab Syndr  (2015) 7:75 

Surprisingly, we showed that PDX promotes GLP-1 
release into portal blood. GLP-1 treatment in humans 
decreases plasma glucose concentration without directly 
improving insulin sensitivity as assessed by hyperin-
sulinaemic clamp measurement [37]. Thus the impact 
of PDX on the glycemic control by sitagliptin could be 
mediated through GLP-1 release, which might be a plau-
sible mechanism for the effect of PDX on fasting glucose.

B420 did not increase the portal blood GLP-1 concen-
tration, but it did significantly increase the ileum GLP-1 
concentration compared to the vehicle group, suggest-
ing that whereas the tissue concentration of GLP-1 was 
enhanced by the probiotic, a further signal was perhaps 
required to trigger the peptide release into the circula-
tion. The molecular mechanisms by which B420 could 
reduce glycaemia and fasting blood glucose concentra-
tions could not be determined in this study. Neverthe-
less, several pieces of evidence indicate that B420 could 
improve gut barrier function [24, 38], and B420 is known 
to reduce tissue inflammation in mice on a high-fat diet 
[6, 24]. These key mechanisms control insulin resistance 
in type 2 diabetes and may explain the reduced fast-
ing plasma glucose level demonstrated in this study. We 
recently showed that the combination of B420 and PDX 
normalized insulin resistance while preventing the high-
fat diet-related decrease in Th17 and Treg cells in the ileal 
lamina propria [39].

The effect of B420 on glucose metabolism has been 
greater in previously published studies [6, 24]. Although 
these two previous studies were performed by the same 
research group, they were conducted at a different ani-
mal facility than the experiments in the present study. 
There are several factors that may cause differing results 
between laboratories, such as differences in the microbial 
environment, different animal handling practices, and 
factors related to the origin of the animals; note that the 
litter size of an individual mouse impacts its tendency to 
gain weight [40]. A small litter size results in so-called 
postnatal overfeeding, which results in obesity, insulin 
resistance, and glucose intolerance, which can even carry 
over to the offspring [41]. As long as these issues cannot 
be controlled between experiments, the exact replication 
of previously published study designs remains difficult.

In conclusion, both the probiotic and the prebiotic 
showed benefits to glycemic response and fasting plasma 
glucose but not fasting plasma insulin in mice. Whereas 
the low dose of metformin alone reduced plasma insu-
lin concentration, the probiotic showed a complemen-
tary effect by lowering plasma glucose levels. Compared 
to sitagliptin only, polydextrose further decreased the 
oral glucose tolerance test response. In addition, fast-
ing glucose was not affected by sitagliptin, whereas 
polydextrose, B420 and their combination all induced a 

significant decrease, although the polydextrose group 
showed the most marked improvement. The effect of 
polydextrose seems to be at least partly mediated through 
an increased concentration of portal GLP-1. The present 
study proposes a benefit for combining probiotics and/or 
prebiotics with antidiabetic drugs, this finding should be 
further assessed in clinical trials.

Abbreviations
B420: Bifidobacterium animalis ssp. lactis 420; IPGTT: intraperitoneal glucose tol-
erance test; LPS: lipopolysaccharide; MET: metformin; NC: healthy non-diabetic 
control; PDX: polydextrose.

Authors’ contributions
LS analyzed the data and wrote the manuscript. AW participated in carrying 
out the research. CG participated in carrying out the research. FB participated 
in research design and data analysis. RB participated in research design and 
data analysis. TS participated in research design and data analysis. SL partici-
pated in research design and interpretation. All authors read and approved 
the final manuscript.

Author details
1 DuPont Nutrition and Health, Active Nutrition, Sokeritehtaantie 20, 
02460 Kantvik, Finland. 2 Institut des Maladies Métaboliques et Cardiovascu-
laires de Rangueil, Rangueil Hospital, INSERM1048, 31432 Toulouse, France. 
3 Physiogenex SAS, Prologue Biotech, 516 Rue Pierre et Marie Curie, Labège 
Innopole, France. 

Acknowledgements
DuPont N&H partly funded this study and provided the probiotic and prebi-
otic ingredients. This work was also partially supported by grants from the 
Merck Sharp and Dohme Laboratories to RB.

Compliance with ethical guidelines

Competing interests
LKS and SL are employees of DuPont N&H, the manufacturer of B420 and 
Litesse® Ultra. This study was partly funded by DuPont N&H.

Received: 25 March 2015   Accepted: 8 September 2015

References
 1. Neves AL, Coelho J, Couto L, Leite-Moreira A, Roncon-Albuquerque R Jr. 

Metabolic endotoxemia: a molecular link between obesity and cardiovas-
cular risk. J Mol Endocrinol. 2013;51(2):R51–64. doi:10.1530/JME-13-0079.

 2. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al. 
Changes in gut microbiota control metabolic endotoxemia-induced 
inflammation in high-fat diet-induced obesity and diabetes in mice. 
Diabetes. 2008;57(6):1470–81. doi:10.2337/db07-1403.

 3. Serino M, Luche E, Gres S, Baylac A, Berge M, Cenac C, et al. Metabolic 
adaptation to a high-fat diet is associated with a change in the gut 
microbiota. Gut. 2012;61(4):543–53. doi:10.1136/gutjnl-2011-301012.

Additional file

Additional file 1: Figure S1. Body weight gain in mice treated with 
metformin (MET) (A) or sitagliptin (SITA) (B) in combination with polydex-
trose (PDX) and/or Bifidobacterium animalis ssp. lactis 420 (B420) in mice 
on a high-fat diet, in contrast to mice on a normal-fat diet (NFD). All data 
are expressed as the mean ± SEM. Groups without common letters differ 
significantly from one another (p < 0.05). Ten mice per group are in panel 
A, and 8 per group are in panel B.

http://dx.doi.org/10.1530/JME-13-0079
http://dx.doi.org/10.2337/db07-1403
http://dx.doi.org/10.1136/gutjnl-2011-301012
http://www.dmsjournal.com/content/supplementary/s13098-015-0075-7-S1.pdf


Page 9 of 9Stenman et al. Diabetol Metab Syndr  (2015) 7:75 

 4. Lam YY, Ha CW, Campbell CR, Mitchell AJ, Dinudom A, Oscarsson J, 
et al. Increased gut permeability and microbiota change associate 
with mesenteric fat inflammation and metabolic dysfunction in diet-
induced obese mice. PLoS ONE. 2012;7(3):e34233. doi:10.1371/journal.
pone.0034233.

 5. Teixeira TF, Souza NC, Chiarello PG, Franceschini SC, Bressan J, Ferreira CL, 
et al. Intestinal permeability parameters in obese patients are correlated 
with metabolic syndrome risk factors. Clin Nutr. 2012;31(5):735–40. 
doi:10.1016/j.clnu.2012.02.009.

 6. Amar J, Chabo C, Waget A, Klopp P, Vachoux C, Bermudez-Humaran LG, 
et al. Intestinal mucosal adherence and translocation of commensal 
bacteria at the early onset of type 2 diabetes: molecular mechanisms 
and probiotic treatment. EMBO Mol Med. 2011;3(9):559–72. doi:10.1002/
emmm.201100159.

 7. Burcelin R, Serino M, Chabo C, Garidou L, Pomie C, Courtney M, et al. 
Metagenome and metabolism: the tissue microbiota hypothesis. Diabe-
tes Obes Metab. 2013;15(Suppl 3):61–70. doi:10.1111/dom.12157.

 8. Luche E, Cousin B, Garidou L, Serino M, Waget A, Barreau C, et al. 
Metabolic endotoxemia directly increases the proliferation of adipo-
cyte precursors at the onset of metabolic diseases through a CD14-
dependent mechanism. Mol Metab. 2013;2(3):281–91. doi:10.1016/j.
molmet.2013.06.005.

 9. Burcelin R, Garidou L, Pomie C. Immuno-microbiota cross and talk: the 
new paradigm of metabolic diseases. Semin Immunol. 2012;24(1):67–74. 
doi:10.1016/j.smim.2011.11.011.

 10. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An 
obesity-associated gut microbiome with increased capacity for energy 
harvest. Nature. 2006;444(7122):1027–31. doi:10.1038/nature05414.

 11. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human 
gut microbes associated with obesity. Nature. 2006;444(7122):1022–3. 
doi:10.1038/4441022a.

 12. D’Aversa F, Tortora A, Ianiro G, Ponziani FR, Annicchiarico BE, Gasbar-
rini A. Gut microbiota and metabolic syndrome. Intern Emerg Med. 
2013;8(Suppl 1):S11–5. doi:10.107/s11739-013-0916-z.

 13. Hartstra AV, Bouter KE, Backhed F, Nieuwdorp M. Insights into the 
role of the microbiome in obesity and type 2 diabetes. Diabetes Care. 
2015;38(1):159–65. doi:10.2337/dc14-0769.

 14. Walters WA, Xu Z, Knight R. Meta-analyses of human gut microbes associ-
ated with obesity and IBD. FEBS Lett. 2014;588(22):4223–33. doi:10.1016/j.
febslet.2014.09.039.

 15. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. 
Richness of human gut microbiome correlates with metabolic markers. 
Nature. 2013;500(7464):541–6. doi:10.1038/nature12506.

 16. Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E, et al. 
Dietary intervention impact on gut microbial gene richness. Nature. 
2013;500(7464):585–8. doi:10.1038/nature12480.

 17. Andreasen AS, Larsen N, Pedersen-Skovsgaard T, Berg RM, Moller K, 
Svendsen KD, et al. Effects of Lactobacillus acidophilus NCFM on insulin 
sensitivity and the systemic inflammatory response in human subjects. Br 
J Nutr. 2010;104(12):1831–8. doi:10.1017/S0007114510002874.

 18. Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, 
et al. Transfer of intestinal microbiota from lean donors increases insulin 
sensitivity in individuals with metabolic syndrome. Gastroenterology. 
2012;143(4):913–6. doi:10.1053/j.gastro.2012.06.031.

 19. Cani PD, Neyrinck AM, Fava F, Knauf C, Burcelin RG, Tuohy KM, et al. 
Selective increases of bifidobacteria in gut microflora improve high-
fat-diet-induced diabetes in mice through a mechanism associated 
with endotoxaemia. Diabetologia. 2007;50(11):2374–83. doi:10.1007/
s00125-007-0791-0.

 20. Russo F, Riezzo G, Chiloiro M, De Michele G, Chimienti G, Marconi E, et al. 
Metabolic effects of a diet with inulin-enriched pasta in healthy young 
volunteers. Curr Pharm Des. 2010;16(7):825–31.

 21. Kondo S, Xiao JZ, Satoh T, Odamaki T, Takahashi S, Sugahara H, et al. 
Antiobesity effects of Bifidobacterium breve strain B-3 supplementation 
in a mouse model with high-fat diet-induced obesity. Biosci Biotechnol 
Biochem. 2010;74(8):1656–61. doi:10.1271/bbb.100267.

 22. Park DY, Ahn YT, Park SH, Huh CS, Yoo SR, Yu R, et al. Supplementation of 
Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032 in 
diet-induced obese mice is associated with gut microbial changes and 
reduction in obesity. PLoS One. 2013;8(3):e59470. doi:10.1371/journal.
pone.0059470.

 23. Dehghan P, Gargari BP, Jafar-Abadi MA, Aliasgharzadeh A. Inulin controls 
inflammation and metabolic endotoxemia in women with type 2 dia-
betes mellitus: a randomized-controlled clinical trial. Int J Food Sci Nutr. 
2014;65(1):117–23. doi:10.3109/09637486.2013.836738.

 24. Stenman LK, Waget A, Garret C, Klopp P, Burcelin R, Lahtinen S. Potential 
probiotic Bifidobacterium animalis ssp. lactis 420 prevents weight gain 
and glucose intolerance in diet-induced obese mice. Benef Microb. 
2014;5(4):437–45. doi:10.3920/BM2014.0014.

 25. Ibarra A, Astbury NM, Olli K, Alhoniemi E, Tiihonen K. Effects of polydex-
trose on different levels of energy intake. A systematic review and meta-
analysis. Appetite. 2015;87:30–7. doi:10.1016/j.appet.2014.12.099.

 26. Jie Z, Bang-Yao L, Ming-Jie X, Hai-Wei L, Zu-Kang Z, Ting-Song W, et al. 
Studies on the effects of polydextrose intake on physiologic functions in 
Chinese people. Am J Clin Nutr. 2000;72(6):1503–9.

 27. Schwab U, Louheranta A, Torronen A, Uusitupa M. Impact of sugar beet 
pectin and polydextrose on fasting and postprandial glycemia and 
fasting concentrations of serum total and lipoprotein lipids in middle-
aged subjects with abnormal glucose metabolism. Eur J Clin Nutr. 
2006;60(9):1073–80. doi:10.1038/sj.ejcn.1602421.

 28. Duncan LJ, Seaton DA. The treatment of diabetes mellitus with met-
formin. Br J Clin Pract. 1962;16:129–32.

 29. Burcelin R, Crivelli V, Dacosta A, Roy-Tirelli A, Thorens B. Heterogeneous 
metabolic adaptation of C57BL/6J mice to high-fat diet. Am J Physiol 
Endocrinol Metab. 2002;282(4):E834–42. doi:10.1152/ajpendo.00332.2001.

 30. Pernicova I, Korbonits M. Metformin–mode of action and clinical implica-
tions for diabetes and cancer. Nat Rev Endocrinol. 2014;10(3):143–56. 
doi:10.1038/nrendo.2013.256.

 31. Cabreiro F, Au C, Leung KY, Vergara-Irigaray N, Cocheme HM, Noori T, 
et al. Metformin retards aging in C. elegans by altering microbial folate 
and methionine metabolism. Cell. 2013;153(1):228–39. doi:10.1016/j.
cell.2013.02.035.

 32. Shin NR, Lee JC, Lee HY, Kim MS, Whon TW, Lee MS, et al. An increase 
in the Akkermansia spp. population induced by metformin treat-
ment improves glucose homeostasis in diet-induced obese mice. Gut. 
2014;63(5):727–35. doi:10.1136/gutjnl-2012-303839.

 33. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. 
Cross-talk between Akkermansia muciniphila and intestinal epithelium 
controls diet-induced obesity. Proc Natl Acad Sci USA. 2013;110(22):9066–
71. doi:10.1073/pnas.1219451110.

 34. Burcelin R. The antidiabetic gutsy role of metformin uncovered? Gut. 
2014;63(5):706–7. doi:10.1136/gutjnl-2013-305370.

 35. Lovshin JA, Drucker DJ. Incretin-based therapies for type 2 diabetes mel-
litus. Nat Rev Endocrinol. 2009;5(5):262–9. doi:10.1038/nrendo.2009.48.

 36. Waget A, Cabou C, Masseboeuf M, Cattan P, Armanet M, Karaca M, et al. 
Physiological and pharmacological mechanisms through which the 
DPP-4 inhibitor sitagliptin regulates glycemia in mice. Endocrinology. 
2011;152(8):3018–29. doi:10.1210/en.2011-0286.

 37. Nielsen R, Wiggers H, Halbirk M, Botker H, Holst JJ, Schmitz O, et al. 
Metabolic effects of short-term GLP-1 treatment in insulin resistant heart 
failure patients. Exp Clin Endocrinol Diabetes. 2012;120(5):266–72. doi:10.
1055/s-0032-1304605.

 38. Putaala H, Salusjarvi T, Nordstrom M, Saarinen M, Ouwehand AC, Bech 
Hansen E, et al. Effect of four probiotic strains and Escherichia coli 
O157:H7 on tight junction integrity and cyclo-oxygenase expression. Res 
Microbiol. 2008;159(9–10):692–8. doi:10.1016/j.resmic.2008.08.002.

 39. Garidou L, Pomie C, Klopp P, Waget A, Charpentier J, Aloulou M et al. 
The gut microbiota regulates intestinal CD4 T cells expressing ROR-
gamma-t and controls metabolic disease. Cell Metab. 2015;22(1):100–12. 
doi:10.1016/j.cmet.2015.06.001.

 40. Habbout A, Li N, Rochette L, Vergely C. Postnatal overfeeding in rodents 
by litter size reduction induces major short- and long-term patho-
physiological consequences. J Nutr. 2013;143(5):553–62. doi:10.3945/
jn.112.172825.

 41. Pentinat T, Ramon-Krauel M, Cebria J, Diaz R, Jimenez-Chillaron JC. 
Transgenerational inheritance of glucose intolerance in a mouse 
model of neonatal overnutrition. Endocrinology. 2010;151(12):5617–23. 
doi:10.1210/en.2010-0684.

http://dx.doi.org/10.1371/journal.pone.0034233
http://dx.doi.org/10.1371/journal.pone.0034233
http://dx.doi.org/10.1016/j.clnu.2012.02.009
http://dx.doi.org/10.1002/emmm.201100159
http://dx.doi.org/10.1002/emmm.201100159
http://dx.doi.org/10.1111/dom.12157
http://dx.doi.org/10.1016/j.molmet.2013.06.005
http://dx.doi.org/10.1016/j.molmet.2013.06.005
http://dx.doi.org/10.1016/j.smim.2011.11.011
http://dx.doi.org/10.1038/nature05414
http://dx.doi.org/10.1038/4441022a
http://dx.doi.org/10.107/s11739-013-0916-z
http://dx.doi.org/10.2337/dc14-0769
http://dx.doi.org/10.1016/j.febslet.2014.09.039
http://dx.doi.org/10.1016/j.febslet.2014.09.039
http://dx.doi.org/10.1038/nature12506
http://dx.doi.org/10.1038/nature12480
http://dx.doi.org/10.1017/S0007114510002874
http://dx.doi.org/10.1053/j.gastro.2012.06.031
http://dx.doi.org/10.1007/s00125-007-0791-0
http://dx.doi.org/10.1007/s00125-007-0791-0
http://dx.doi.org/10.1271/bbb.100267
http://dx.doi.org/10.1371/journal.pone.0059470
http://dx.doi.org/10.1371/journal.pone.0059470
http://dx.doi.org/10.3109/09637486.2013.836738
http://dx.doi.org/10.3920/BM2014.0014
http://dx.doi.org/10.1016/j.appet.2014.12.099
http://dx.doi.org/10.1038/sj.ejcn.1602421
http://dx.doi.org/10.1152/ajpendo.00332.2001
http://dx.doi.org/10.1038/nrendo.2013.256
http://dx.doi.org/10.1016/j.cell.2013.02.035
http://dx.doi.org/10.1016/j.cell.2013.02.035
http://dx.doi.org/10.1136/gutjnl-2012-303839
http://dx.doi.org/10.1073/pnas.1219451110
http://dx.doi.org/10.1136/gutjnl-2013-305370
http://dx.doi.org/10.1038/nrendo.2009.48
http://dx.doi.org/10.1210/en.2011-0286
http://dx.doi.org/10.1055/s-0032-1304605
http://dx.doi.org/10.1055/s-0032-1304605
http://dx.doi.org/10.1016/j.resmic.2008.08.002
http://dx.doi.org/10.1016/j.cmet.2015.06.001
http://dx.doi.org/10.3945/jn.112.172825
http://dx.doi.org/10.3945/jn.112.172825
http://dx.doi.org/10.1210/en.2010-0684

	Probiotic B420 and prebiotic polydextrose improve efficacy of antidiabetic drugs in mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals and study designs
	Glucose tolerance tests
	Biochemistry
	Statistical analysis

	Results
	Pro- and prebiotics improve glucose regulation during anti-diabetic treatment
	Fasting glucose, insulin and HOMA-IR
	GLP-1 release

	Discussion
	Authors’ contributions
	References




