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ABSTRACT

Probiotic supplementation is a potential therapeutic for metabolic diseases, including obesity, metabolic syndrome (MetS), and type 2
diabetes (T2D), but most studies deliver multiple species of bacteria in addition to prebiotics or oral pharmaceuticals. This may contribute to
conflicting evidence in existing meta-analyses of probiotics in these populations and warrants a systematic review of the literature to assess
the contribution of a single probiotic genus to better understand the contribution of individual probiotics to modulate blood glucose. We
conducted a systematic review and meta-analysis of animal studies and human randomized controlled trials (RCTs) to assess the effects of
Bifidobacterium (BF) probiotic supplementation on markers of glycemia. In a meta-analysis of 6 RCTs, BF supplementation had no effect on
fasting blood glucose {FBG; mean difference [MD] = —1.99 mg/dL [95% confidence interval (CI): —4.84, 0.86], P = 0.13}, and there were
no subgroup differences between subjects with elevated FBG concentrations and normoglycemia. However, BF supplementation reduced
FBG concentrations in a meta-analysis comprised of studies utilizing animal models of obesity, MetS, or T2D [n = 16; MD = —36.11 mg/dL
(CI: —49.04, —23.18), P < 0.0001]. Translational gaps from animal to human trials include paucity of research in female animals, BF
supplementation in subjects that were normoglycemic, and lack of methodologic reporting regarding probiotic viability and stability. More
research is necessary to assess the effects of BF supplementation in human subjects with elevated FBG concentrations. Overall, there was
consistent evidence of the efficacy of BF probiotics to reduce elevated FBG concentrations in animal models but not clinical trials, suggesting
that BF alone may have minimal effects on glycemic control, may be more effective when combined with multiple probiotic species, or may
be more effective in conditions of hyperglycemia rather than elevated FBG concentrations.
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Statement of Significance

To our knowledge, this is the first systematic review and meta-analysis on the effects of one probiotic genus, Bifidobacterium, on blood glucose
that does not include multigenus probiotic mixtures or the additional use of prebiotics or antidiabetic therapy. The review additionally discusses
findings from animal studies to further understand how Bifidobacterium supplementation may affect blood glucose in conditions of obesity,
metabolic syndrome, and type 2 diabetes.

Abbreviations: BF, Bifidobacterium; CI, confidence interval; DIO, diet-induced obesity; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; HFD, high-fat diet;
IPGTT, intraperitoneal glucose tolerance test; MD, mean difference; MetS, metabolic syndrome; OGTT, oral glucose tolerance test; RCT, randomized controlled trial;
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Introduction

There is growing interest in the use of probiotic supplemen-
tation to ameliorate metabolic diseases including obesity,
metabolic syndrome (MetS), and type 2 diabetes (T2D). How-
ever, variability in the genera and species used and in-
consistencies in the duration, dose, and delivery methods of
probiotic supplementation have led to conflicting results and
hindered our understanding of the efficacy of probiotic supple-
mentation in these populations [1-3]. To address this variability
and further understand the contribution of individual probiotic
genera, the current review specifically focuses on the use of
Bifidobacterium (BF) species to modulate blood glucose in sub-
jects with obesity, MetS, or T2D. MetS is characterized by the
presence of central obesity in addition to 2 or more additional
factors including dyslipidemia, reduced HDL cholesterol, hy-
pertension, or elevated fasting plasma glucose (FBG; >100
mg/dL) concentrations [4]. T2D is defined as sustained hyper-
glycemia, which is considered as FBG >126 mg/dL or hemo-
globin Alc (HbAlc) >6.5% [5]. Elevated FBG concentration is
an independent risk factor for cardiovascular disease, and people
with MetS are a significant risk of developing T2D among other
chronic diseases [6-8]. Thus, adults with obesity and elevated
FBG concentrations and/or additional MetS criteria are a target
population of preventative therapies to mitigate T2D risk.

Probiotics have been evaluated as a potential therapeutic for
glycemic modulation in the conditions of elevated FBG concen-
trations, MetS, and T2D [9]. The prevalence of metabolic dis-
eases (obesity, elevated FBG concentrations, MetS, or T2D) is
escalating, and probiotic supplementation may present a
low-cost and low-risk intervention to improve metabolic health
[10,11]. This warrants a systematic review of the existing liter-
ature to determine the extent to which probiotic supplementa-
tion modulates blood glucose concentrations in metabolic
disease, as existing reviews have yielded conflicting results [1-3,
12-15]. A recent study of 47 meta-analyses found an overall
favorable effect of probiotic and/or prebiotic supplementation
on FBG in a heterogeneous population of subjects with obesity,
MetS, or T2D among additional disorders [9]. These and other
meta-analyses of probiotic supplementation have included the
use of any single probiotic bacteria and/or a combination of
bacterial genera or yeasts, and most included the additional use
of prebiotics and/or antidiabetic therapy [1-3,12-15].
Strain-specific effects, interactions with prebiotics, and mixtures
of different species could differentially affect blood glucose
regulation and the overall efficacy of probiotic supplementation.
Indeed, genomic comparisons of Lactobacillus and BF demon-
strate large gene families and functional differences between
these genera and even between strains from the same species
[16,17]. In addition, reviews, including animal studies demon-
strating an effect of probiotic supplementation in animal models
with pathophysiology relevant to MetS or T2D are lacking. Thus,
there is a pressing need for a focused, narrow review on one type
of probiotic bacteria without the confounding factors of multiple
probiotic genera, prebiotics, or pharmaceuticals on measures of
glycemic control to determine if potential benefit may be
achieved.

BF is one of the most commonly used lactic acid-forming
probiotic genera [18]. Health benefits conferred by BF supple-
mentation may include upregulating autophagy signaling in

Advances in Nutrition 15 (2024) 100137

goblet cells and improving intestinal mucus layers [19],
adhering to enterocytes to competitively exclude pathogens
[20], increasing folic acid production [21], and fermenting
larger polysaccharides to provide energy to other microbes [22].
BF species are attractive probiotics because they are culturable,
survive transit through the upper gastrointestinal tract, and are
historically considered safe for human consumption [23]. To
date, to our knowledge, no systematic reviews of the existing
literature have examined the effect of BF as the sole probiotic
genus on glycemic control in humans or animal models with
elevated FBG concentrations. Thus, we conducted a systematic
review and meta-analysis of human and animal studies to
determine if BF probiotic supplementation modulates glycemic
markers in animal models of obesity, MetS, or T2D and/or
populations with these metabolic disorders. To further under-
stand the extent to which BF may modulate blood glucose, the
analysis of animal experiments was subset to address the
following 3 distinct research questions: 1) does BF affect blood
glucose concentrations in healthy animals; 2) does BF lower
blood glucose concentrations in models of obesity/MetS/T2D,
and 3) does BF lower blood glucose concentrations in models of
obesity/MetS/T2D to a concentration comparable with healthy,
untreated animals. Similarly, a subgroup analysis was performed
of clinical trials [randomized controlled trial (RCTs)] to deter-
mine if BF differentially affected blood glucose concentrations in
adult populations with normoglycemia or elevated FBG con-
centrations (>100 mg/dL). We additionally sought to identify
discrepancies between animal studies and RCTs that could result
in translational gaps.

Methods

Protocol registration and search strategy

This systematic review was conducted using the PRISMA
statement [24] and was prospectively registered in PROSPERO
(CRD42022384180). A search strategy was developed in
collaboration with a health science librarian at the Pennsylvania
State University and included 2 groups of terms, including pro-
biotic supplementation with BF (exposure) and glycemic control
(outcome) in both humans and animal models (population) to
evaluate the evidence linking dietary supplementation with one
or more species of BF and indicators of glycemic response [FBG,
HbAlc, or oral/intraperitoneal glucose tolerance test (OGT-
T/IPGTT)]. A systematic literature search was conducted using
PubMed (Medline), Web of Science, and CAB Direct on 8
December 2022. The full search terms are described in the sup-
plemental material (Supplemental Table 1).

Inclusion and exclusion criteria

Only primary research articles written in the English language
were included in this review. Inclusion criteria for both pre-
clinical and clinical studies included a probiotic intervention arm
and >1 measure of glycemic control. Human populations
included adult subjects (>18 y old) of any sex, race, or popula-
tion. Animal populations were categorized into models of
obesity, MetS, or T2D. Diet-induced obesity (DIO) or transgenic
(TrG) obesity models were classified separately from MetS
models to differentiate obesity from the cluster of additional
criteria that define MetS [25]. To be classified as a model of
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MetS, the animal model needed to establish obesity in addition
to >1 MetS criteria, such as dyslipidemia, hypertension, or hy-
perglycemia (e.g., obese Zucker rats reliably establish hyperlip-
idemia and insulin resistance) [25,26]. T2D animal models
included diet-induced T2D, TrG strains, or chemically induced
T2D with streptozotocin (STZ). STZ injections selectively dam-
age islet p cells and impair insulin secretion [27]. To induce a
T2D phenotype, a high-fat diet (HFD) is used to impair glucose
regulation and insulin secretion is further impaired by a mod-
erate STZ dose [27]. Animals were considered healthy if they
were normoglycemic, nonobese, and on a standard (nonhigh fat)
diet. Studies that used additional interventions, such as pre-
biotics, in conjunction with probiotics, or mixtures of multiple
probiotic species were excluded. Further inclusion and exclusion
criteria are described in Supplemental Table 2.

Study selection, data extraction, and analysis

Complete searches of all 3 databases were conducted to
obtain references for inclusion. A total of 1150 references were
exported to Mendeley version 2.81.0 (Supplemental Figure 1).
After de-duplication, 618 references underwent title and abstract
screening by 2 independent investigators to identify potentially
eligible studies and conflicts were resolved with a third reviewer.
The full texts of the identified studies were investigated inde-
pendently with reference to the inclusion and exclusion criteria.
Data were extracted into a standardized spreadsheet and
included bibliographic information (author and publication
year), country of origin, animal model or human subject char-
acteristics, reported probiotic strain and mode of delivery, pro-
biotic dosage, length of intervention, and markers of glycemic
control including FBG, HbAlc, 2-h OGTT/IPGTT, and OGTT/
IPGTT AUG, fructosamine, or glycated albumin.

Quality assessment

For all animal studies, quality was assessed using the Sys-
tematic Review Centre for Laboratory Animal Experimentation’s
Risk of Bias tool, which is based on the Cochrane Risk of Bias
(RoB) tool [28]. Using this tool, quality is determined on 10
questions for the following 6 types of bias; selection bias, per-
formance bias, detection bias, attrition bias, reporting bias, and
other biases (Supplemental Table 3). In this table, a higher
quantity of “yes” or “probably yes” answers are indicative of
higher quality studies. For all clinical interventions, quality was
assessed using the second version of the Cochrane RoB tool [29].
Quality was assessed based on entries for the following 5 do-
mains of bias: randomization process, deviations from the
intended interventions, missing outcome data, measurement of
the outcome, and reported result (Supplemental Table 4). Using
the flowchart guidance from Cochrane, each domain was
assigned a risk of bias as “low,” “some concerns,” or “high.” This
paper followed the PRISMA guidelines (Appendix A).

Statistical analyses of meta-analysis

Meta-analysis was performed with the “meta,” “dmetar,” and
“metafor” packages in R version 4.2.1 [30-32]. All results are
presented as mean [95% confidence interval (CI)]. Statistical
significance was accepted at P value of <0.05. The mean and SD
of each glycemic variable were pooled into mean differences
(MDs) and 95% CI using a Knapp-Hartung adjustment [33].
Cohen'’s d effect size is additionally reported for generalizability

Advances in Nutrition 15 (2024) 100137

[34]. Studies that tested multiple probiotic species in indepen-
dent groups were included separately in the analysis. Where
necessary, SE was converted to a standard deviation with the
equation sd = SEM x +/n [35]. Probiotic supplementation dura-
tion was converted from days to weeks. Blood glucose concen-
trations and 2-h OGTT were converted from mmol/L to mg/dL
with the equation mgdL 1= 18 x mmolL~! (https://www.
diabetes.co.uk/blood-sugar-converter.html). HbAlc was con-
verted from mmol/mol to percentage (%) with the equation % =
0.0915 mmolmol'+2.15  (https://www.diabetessociety.com.
au/documents/HbAlcConversionTable.pdf). Meta-analysis was
conducted with a random effects model and visualized with
forest plots. Heterogeneity was assessed with the P statistic, and
P >50% was considered moderate [36,37]. A leave-one-out
approach, implemented with the “meta” R package, was used
to detect potentially influential studies, and sensitivity to the
identified influential studies was assessed by running the
random effects model with and without the influential studies. In
animal studies, 3 separate analyses were conducted. These
include the following: 1) BF-supplemented healthy compared
with untreated healthy animals, 2) BF-supplemented models of
metabolic disease (obese/MetS/T2D) compared with untreated
metabolic disease animals, and 3) BF-supplemented models of
metabolic disease (obese/MetS/T2D) compared with untreated
healthy animals. In RCTs, a subgroup analysis was performed
with a Chi-squared test, as implemented in the “meta” R package,
to assess differences in elevated FBG concentrations (baseline
mean FBG > 100 mg/dL) compared with subjects with normo-
glycemia [6]. Subgroup analysis was not possible in the
meta-analysis of HbAlc because fewer studies reported HbAlc.
To assess publication bias, funnel plots were created, and bias
was quantitatively confirmed with Egger’s regression test when
the sample size was sufficient [38].

Results

Quality assessments

Quality assessments revealed a moderate to high risk of bias
in some of the animal studies (n = 19) and RCTs (n = 4). The
methodologic descriptions of several preclinical studies were
brief and did not elaborate sufficiently to determine whether a
risk of bias was present or not (Supplemental Table 3). This
problem was not isolated to animal experiments because 4 of the
RCTs were characterized by a high risk of bias (Supplemental
Table 4).

Review of animal studies
Search summary.

A total of 40 animal studies utilizing models with patho-
physiology relevant to obesity, MetS, or T2D met inclusion
criteria and were included in this review (Supplemental
Figure 1). The most common DIO models were HFD-fed C57Bl/6
mice and Sprague-Dawley rats; obese Zucker rats were
frequently used as a TrG MetS model; and STZ injections were
used more than TrG strains to model T2D. Studies that tested
multiple experimental designs or multiple probiotic strains are
reported independently and are differentiated with superscript
letters after the study identifier. The most commonly reported BF
species were B. animalis (n = 19), B. bifidum (n = 18), B. longum
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(n = 16), and B. adolescentis (n = 14). Less common species were
B. breve (n = 5), and B. pseudocatenulatum (n = 2). Three studies
used a mixture of multiple BF species, and 5 studies did not
report the BF species. Probiotics were mostly delivered via daily
oral gavage, although a few studies added probiotics to feed
pellets or drinking water. Dosage and duration varied widely. A
complete description of experimental designs, animal models,
and glycemic results are reported in Supplemental Table 5.

BF supplementation in healthy animals.

Indicators of glycemic control (FBG, HbAlc, and OGTT/
IPGTT) were compared following BF supplementation in healthy
(nonobese and nondiabetic), standard feed pellets-fed animals
compared with healthy control animals with no BF supplemen-
tation. One study noted increased FBG concentrations in Wistar
rats with 10'° colony forming units (CFU) of heat-killed
B. animalis spp. lactis CECT-8145 supplemented in feed pellets
for 12 wk (175.68 + 14.04 mg/dL) compared with the standard-
fed counterparts without probiotic supplementation (152.46 +
18.9 mg/dL) [39]. This is the only study that reported increased
FBG concentrations following probiotic supplementation
compared with untreated, healthy rats. All other studies reported
no differences in FBG (n = 6; Salazar 2014 reported on 2 different
BF species) between BF-supplemented healthy animals and un-
treated healthy animals [40-45] and/or OGTT-AUC/IPGTT AUC
(n = 3) [40,46,47]. These findings were consistent despite vari-
ability in animal phenotypes, probiotic species, dose, delivery
methods, and duration (Supplemental Table 5A). All animal
studies were conducted in male animals, except one that used
female Balb/c mice [45]. There was general agreement that BF
did not affect blood glucose in healthy animals.

BF supplementation in models of metabolic disease.

To determine if BF supplementation modulates markers of
glycemic control in animal models of obesity, MetS or T2D,
glycemic markers (FBG, HbAlc, and OGTT/IPGTT) in BF-sup-
plemented animals were compared with control, untreated ani-
mal models of obesity, MetS, or T2D. In 22 studies, HFD was used
to induce obesity. In 10 studies that used DIO C57Bl/6 mice, BF
supplementation for 6-16 wk decreased FBG concentrations or
OGTT/IPGTT compared with untreated controls [40,42,47-55].
This included studies that tested >1 strain or dose. Two studies
found no differences in FBG or OGTT/IPGTT between
probiotic-supplemented and nonprobiotic-supplemented control
groups [56,57], whereas 1 study reported decreased OGTT-AUC
after 7 wk of probiotic supplementation with 2 strains of
B. animalis but no differences in supplementation with B. longum
[48]. Rodent models of DIO using Sprague-Dawley rats, Wistar
rats, or other rodent species also reported that BF supplementa-
tion for 4-8 wk decreased FBG concentrations or OGTT/IPGTT (n
= 5) [46,58-61]. However, 4 studies found no differences in
probiotic and non-supplemented groups, including 1 study that
tested 4 different BF strains [49,62-64]. One study that evalu-
ated 7 different BF strains in HFD-fed Sprague-Dawley rats found
conflicting results. Rats that were individually administered with
a single strain of B. longum, B. adolescentis, or B. bifidum for 12 wk
exhibited decreased FBG concentrations and OGTT-AUC
compared with untreated controls. However, some strains of
B. breve and B. bifidlum showed contradictory effects, with
B. breve “R2” and B. bifidum “F35” exerting no effect on FBG or
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OGTT, and B. breve “S13” increased OGTT-AUC. Further, 1 strain
of B. longum decreased FBG concentrations with no effect on
OGTT-AUC strain “R2” exerting no effect on OGTT-AUC whereas
the other “S13” strain increased OGTT-AUC (Supplemental
Table 5B) [65]. Animal studies utilizing models of DIO in
C57Bl/6 mice reported consistent findings of decreased FBG
concentrations or OGTT/IPGTT after BF supplementation,
whereas findings reported from studies conducted in other DIO
models were highly variable.

Obese Zucker rats were used in 3 studies. This strain is an
established model of MetS that develops obesity, dyslipidemia,
insulin resistance, and hyperglycemia among additional meta-
bolic aberrations, regardless of diet [26]. All 3 studies found no
differences in FBG concentrations between BF-supplemented
obese Zucker rats and untreated rats, with supplementation
duration ranging from 4 to 14 wk [66-68]. Two studies gener-
ated DIO models of MetS using HFD or in 1 case, a “cafeteria
diet” comprised of bacon and additional foods added to standard
feed pellets. Both studies found no difference in FBG concen-
trations after 12 wk of BF supplementation compared with un-
treated MetS animals [39,69]. BF supplementation did not
modulate blood glucose in TrG (all obese Zucker rats) or DIO
models of MetS.

Pathophysiology relevant to T2D was chemically induced in
4 studies with STZ injections after HFD feeding (abbreviated as
DIO-STZ-D). Two studies found decreased FBG concentrations
and OGTT-AUC after 6-10 wk of BF supplementation in mice
and rats [70,71]. Two studies tested multiple strains, admin-
istered separately (not as a mixture), with varied results. Qian
et al. [72] supplemented 1 of the 16 BF strains for 7 wk in mice
alongside HFD feeding, then administered STZ and continued
probiotic supplementation and HFD for an additional 5 wk.
Supplementation of 3 strains of B. adolescentis resulted in
decreased OGTT-AUC compared with untreated diabetic mice,
whereas an additional 5 strains of B. adolescentis and 8 strains
of B. bifidum did not affect OGTT-AUC [72]. The second study
supplemented probiotics for 5 wk after STZ administration in
mice and found that 2 strains of B. adolescentis and one strain
of B. bifidum lowered FBG concentrations, OGTT, and HbAlc
concentrations whereas another strain of B. bifidum did not
affect any glycemic metric, and a strain of B. adolescentis
decreased OGTT-AUC but did not affect FBG or HbAlc con-
centrations [73]. TrG models of T2D (n = 7) had varied find-
ings. In 5 studies, BF supplementation ranging from 2 to 13 wk
decreased FBG concentrations or OGTT/IPGTT [48,54,74-76].
This included one study that reported decreased FBG concen-
trations and 2-h OGTT with supplementation of autoclaved
B. longum in mice at doses of 100 and 150 mg/kg but no effects
at a 50 mg/kg dose [74]. One study used 2 different TrG
strains and reported decreased FBG concentrations after 2 wk
of B. breve supplementation in KK-AY mice but no differences in
FBG concentrations after 3 wk of B. breve supplementation in
obese Wistar rats [76]. In 1 study, DIO induction of T2D using
feed pellets containing 72% fat, and BF supplementation for 6
wk had no effect on FBG concentrations or IPGTT/OGTT [53].
In both STZ and TrG models of T2D, BF supplementation
generally decreased glycemic metrics, but with some conflict-
ing results. This suggests that animal models, diabetic severity,
and strain-specific effects may affect the efficacy of BF to
modulate FBG in models of T2D.
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The most commonly reported BF species was B. animalis (n =
19) with 18 reported as the subspecies B. animalis spp. lactis. This
strain was generally effective at reducing glycemic metrics when
supplemented with animal models of obesity, MetS, or T2D.
Twelve of the studies using B. animalis found decreased FBG
concentrations, OGTT, or HbAlc concentrations compared with
untreated obese, MetS, or T2D control animals, whereas 6
studies found no differences (Supplemental Table 5). Supple-
mentation duration ranged from 2 to 12 wk in the studies that
found no differences. Similarly, most of the studies (n =8 and 11,
respectively) that reported B. longum or B. bifidum found a
decrease in >1 glycemic metric whereas fewer observed no dif-
ferences (n = 3 and 2, respectively). B. breve was less frequently
reported, but only 1 study reported its efficacy in decreasing FBG
concentrations [51] whereas 2 studies, 1 of which tested 2
different strains of B. breve, reported no differences [65,68].
Overall, the commonly reported BF species lowered FBG con-
centrations or other glycemic metrics in animal models of
obesity, MetS, or T2D compared with untreated control animals
regardless of treatment duration or dose.

BF supplementation in models of metabolic disease compared
with healthy animals.

To determine if BF supplementation reduced elevated FBG
concentrations to a level that is statistically similar to healthy
animals, studies of BF supplementation in models of obesity,
MetS, or T2D were compared with untreated, healthy controls.
Nine studies, some of which tested multiple strains, used an HFD
to induce obesity in C57Bl/6 mice. Six studies found no differ-
ences in FBG concentrations or OGTT/IPGTT between BF-sup-
plemented obese mice and untreated healthy mice [40,42,47,50,
52,561, whereas 4 studies found that BF-supplemented mice
retained higher FBG concentrations or OGTT/IPGTT compared
with healthy controls [48,52,53,55]. In these studies, probiotics
were supplemented for 6-13 wk. DIO in Wistar rats, Spra-
gue-Dawley rats, Swiss mice, or Albino mice (n = 5) generally
agreed that BF supplementation for 2-12 wk reduced FBG con-
centrations or OGTT/IPGTT in obese animals to similar levels as
healthy, untreated controls, including 1 study that tested 4
different strains [46,58,61,63,64]. One study that supplemented
irradiated B. animalis spp. lactis BB-12 in pasta found decreased
FBG concentrations in the probiotic group compared with un-
treated, healthy rats on standard feed pellets without pasta [62].
Another study tested 7 different BF strains and found
strain-specific results; 1 strain of B. breve “S13” and 1 strain of
B. bifidum “F35” resulted in higher FBG concentrations and
OGTT-AUC in DIO Sprague-Dawley rats compared with healthy
control rats, whereas 2 strains of B. longum “C-1 A4” and “K2”
resulted in similar FBG, but higher OGTT-AUC compared with
healthy rats. In contrast, 1 strain of B. breve “R2” had similar
OGTT-AUC but increased FBG concentrations compared with
healthy rats, and 1 strain of B. adolescentis “Z25” had similar FBG
and OGTT-AUC compared with healthy rats (Supplemental
Table 5B) [65]. Apart from the heterogeneity present in those
few studies, BF supplementation reduced blood glucose in ani-
mal models of DIO to a level comparable to healthy animals.

In 1 study utilizing a model of MetS with obese Zucker rats,
B. animalis spp. lactis strain CECT8145 supplementation for 12
wk at 10e!® CFU in drinking water resulted in increased FBG
concentrations compared with lean Zucker rats, or rats without
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the mutation that causes metabolic disease [66]. A second study
that delivered B. breve CNCM 1-4035 to obese Zucker rats at 10'°
CFU in oral gavage resulted in similar FBG to lean Zucker rats
[68]. In models of MetS generated with DIO, there was no dif-
ference in FBG between MetS and healthy animals after supple-
menting the MetS rats with B. longum for 12 wk [69]. More
research is needed to conclude the efficacy of BF to modulate
FBG concentrations in animal models of MetS.

In models of T2D induced with chemical injections (DIO-STZ-
D), 2 studies reported that BF supplementation in DIO-STZ-D had
higher FBG concentrations compared with the untreated,
nondiabetic control mices [72,77]. This included 1 study that
tested 16 different BF strains and gave STZ injections after 7 wk
of initial probiotic supplementation as a preventative therapy
[72]. Similarly, 1 study found higher FBG concentrations,
OGTT-AUC, and HbA1lc in the DIO-STZ-D group compared with
healthy control mice in 6 of the 7 BF strains [73], and 1 study
found higher FBG concentrations and OGTT-AUC in the
BF-supplemented DIO-STZ-D group compared with the nondia-
betic, untreated control mice, but there was no difference in 2-h
OGTT [70]. These studies highlight potential strain variability
within the BF genus, although 2 studies obtained the different
strains from a culture collection [72,73] and 1 isolated and
cultured the strains in-house [70]. None reported verification of
the probiotic composition or other differences in the integrity or
viability of the strains that could explain the varied results
(Supplemental Table 5). Three studies used TrG species to induce
T2D pathophysiology, with varied results of BF supplementation
on FBG or OGTT in the diabetic model compared with the
healthy, untreated control animals. One study found similar FBG
and 2-h OGTT in BF-supplemented T2D and healthy, nondiabetic
control mice after 4.3 wk of supplementation [74]. In obese
Wistar rats, FBG concentrations were higher in the BF-supple-
mented T2D compared with the lean Wistar rat controls after 3
wk of supplementation [76]. Finally, FBG and OGTT-AUC were
decreased after 8 wk of BF supplementation compared with the
healthy control mice [78]. Reports of FBG, OGTT/IPGTT, and
HbAlc following BF supplementation in animal models of T2D
varied, which may be partially because of heterogeneity in
experimental models, disease severity, and probiotic supple-
mentation duration and delivery methods. Overall, BF supple-
mentation successfully modulated glycemic metrics in animals
with pathophysiology relevant to T2D to similar levels as healthy
controls in a few studies, but most reported that FBG concen-
trations remained higher than those in healthy, untreated
controls.

There were no clear patterns that demonstrated a benefit of
particular supplementation duration over others. For example, 1
study using irradiated B. animalis spp. lactis BB-12 observed
decreased FBG concentrations compared with healthy controls
after 2.1 wk of supplementation [62], whereas another using the
BB-12 strain found no differences in OGTT-AUC after 10 wk of
supplementation [52]. Similarly, 2 additional studies using
strains of B. animalis found no difference in FBG concentrations
[53,63] whereas 4 found increased FBG concentrations
compared with healthy controls [48,52,53,66]. Various strains
of B. longum were generally more successful as 8 of the studies
found decreased FBG concentrations or no differences between
supplemented and healthy control animals [46,47,50,65,69,74,
78] whereas 3 found increased FBG concentrations [55,70,77].
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Conversely, all but 1 study using strains of either B. bifidum (n =
13) or B. adolescentis (n = 8) found increased FBG concentrations
compared with healthy animals, even with durations ranging
from 3 to 12 wk. This included 3 studies that tested 2 [65], 3
[73], or 8 [72] different reported strains of B. bifidum and found
that all supplementation of all strains resulted in increased FBG
concentrations compared with healthy animals with the excep-
tion of one strain, “W25” [65]. Similarly, 8 different reported
strains of B. adolescentis were tested in 1 study and all had higher
OGTT-AUC compared with healthy animals [72], whereas a
second study found no differences in FBG concentrations [56].
Thus, B. longum may be more effective in controlling FBG in
models of DIO, MetS, or T2D compared with healthy animals
without probiotic supplementation.

Meta-analysis using data from animal studies

A total of 17 animal studies including 518 total animals were
included in the meta-analysis. All 17 studies reported FBG,
whereas only 4 reported HbA1lc and 2 reported OGTT/IPGTT, so
only FBG is reported in the meta-analysis. Studies that included
multiple probiotic strains or experimental designs are reported
independently and denoted with a letter following the study
identifier.

BF supplementation in healthy animals

Six studies including 1 study that tested 2 probiotic strains
compared healthy animals with and without probiotic supple-
mentation. No potentially influential studies were identified, and
the pooled MD estimate was 1.80 mg/dL (8.72, 12.31) [t = 0.42,
P =0.69, and d = 0.09 (—054, 0.72)], suggesting no effect of BF
supplementation on blood glucose in healthy animals when
compared with similar, untreated healthy animals (Figure 1).
Heterogeneity was moderate in this comparison [P = 48.9%
(0.0, 78.4)] but publication bias was minimal (Supplemental
Figure 2).

BF supplementation in models of metabolic disease
A total of 16 studies and 254 animals were included in this
comparison. Three of the studies used models of T2D whereas 13
used models of obesity or MetS. One influential study was
removed which did not affect significance, but heterogeneity
remained high [P = 92.6% (89.4, 94.8)]. The pooled estimate
suggested a significant decrease in FBG concentrations following

Bifidobacterium

Study Total Mean SD Total Mean SD
Caimari 2017 9 175.68 14.04 9 152.46 18.90
Cano 2013 6 220.00 11.70 12 219.80 9.20
Huang 2020 8 148.00 22.00 8 147.00 24.00

Moya-Perez 2015
Reichold 2014

10 147.20 21.79
4 105.80 12.00

Salazar 2014a 8 8240 7.90 8 76.20 15.40
Salazar 2014b 8 69.60 12.30 8 76.20 15.40
Random effects model 53 59

Prediction interval

Control

10 161.93 3324 —————=%—+—
4 110.30 12.60
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BF supplementation [MD = —36.11 mg/dL (—49.04, —23.18), t
= —5.99, P < 0.0001, and d = —1.81 (—3.02, —0.61)] (Figure 2).
Publication bias was minimal [Egger’s test intercept = 1.81
(—0.91, 4.54), t = 1.31, and P = 0.21; Supplemental Figure 3].

BF supplementation in models of metabolic disease
compared with healthy animals

Twelve studies with 196 total animals were included in the
comparison of BF-supplemented models of obesity, MetS, or T2D
to untreated, healthy animals. Two studies used models of T2D
whereas 10 used models of DIO or MetS. One influential study
was removed from the effect size estimate, which did not affect
significance. The pooled effect size was marginally nonsignifi-
cant [MD = 10.23 mg/dL (—1.68, 22.14),t=1.91, P = 0.08, and
d = 0.74 (0.02, 1.45)] (Figure 3). Heterogeneity was moderate
[ = 64.6% (32.5, 81.4)]. Publication bias was minimal [Egger’s
test intercept = 0.86 (—0.81, 2.53), t = 1.0, and P = 0.34; Sup-
plemental Figure 4].

Systematic review of clinical data
Search summary.

Eight human clinical trials met inclusion criteria and are
included in this review, of which 6 are additionally included in the
meta-analysis. The sample sizes ranged from 8 to 100 subjects per
group and were all conducted in adult populations with primary
inclusion criteria of obesity or MetS. The ratio of men to women
varied widely and most were not stratified evenly by gender into
probiotic and placebo arms (Table 1). Exclusion criteria for 4
studies included the use of most pertinent adjuvant, pre-existing
medications, such as antidiabetic, antihypertensive, and statin
medications [47,79-81] whereas 4 excluded recent use of only
probiotics or antibiotics without specifically excluding the use of
other medications [82-85]. The reported BF species used were
B. animalis (n = 3), B. breve (n = 2), B. longum (n = 2), B. subtillis (n
= 1), and B. adolescentis (n = 1). Probiotic supplementation
duration ranged from 2 to 24 wk, and delivery methods included
adding BF cultures to a dairy drink or delivering BF in a capsule
form. All RCTs reported FBG whereas 4 reported HbAlc, so FBG
results are summarized here whereas HbA1c results are provided
in Appendix B, Supplemental Figures 6, 7.

Systematic review using clinical trial data
In parallel-design RCTs, significant differences in FBG con-
centrations between BF and placebo arms were reported in only

Mean Difference MD 95%-Cl Weight
i —=—— 2322 [ 7.84,3860] 14.7%

— 0.20 [-10.51;10.91] 19.9%
—a 1.00 [-21.56;23.56] 9.3%
-14.73 [-39.36; 9.90] 8.2%

—_— -4.50 [-21.55; 12.55] 13.2%
—T 6.20 [-5.79;18.19] 18.3%

S -6.60 [-20.26; 7.06] 16.5%

: 1.80 [-8.72;12.31] 100.0%
[-20.87; 24.46]

-20 0 20

FIGURE 1. Bifidobacterium supplementation does not affect fasting blood glucose in healthy animals. A forest plot shows the pooled mean dif-
ference between healthy animals treated with probiotic supplementation compared with no supplement controls. No influential studies were

removed from the effect size estimate.
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Study

An 2011

Ben 2020
Caimari 2017
Cano 2013

Chen 2011
Deabreu 2022
Hao 2022

Kondo 2010
Machado 2021
Mounts 2015
Moya-Perez 2015
Plaza-Diaz 2014
Ray 2018
Reichold 2014
Stenman 2014
Stenman 2015

Random effects model
Prediction interval

Bifidobacterium Control
Total Mean SD Total Mean SD
12 200.36 37.09 12 236.50 35.53
5 158.20 21.69 5 210.00 19.23
9 172.80 18.36 9 192.24 22.14
6 219.80 17.30 12 265.50 8.10
10 98.28 6.30 10 130.14 10.08
6 106.30 18.90 6 114.70 5.80
8 207.72 60.84 8 460.44 91.98
6 180.40 20.00 6 210.20 21.00
8 77.00 39.03 8 143.80 34.62
3 438.48 45.21 3 482.76 71.71
10 176.05 3548 10 251.25 28.37
8 229.70 55.44 8 290.10 93.90
10 129.49 5.07 10 198.38 4.84
4 156.00 16.60 4 153.80 16.20
10 12420 1.26 10 147.60 22.77

9 175.86 16.74

124

9 194.40 17.82

130
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Mean Difference MD 95%-Cl Weight
L3 -36.14 [-65.20; -7.08] 6.1%
L -51.80 [-77.21; -26.39] 6.7%
: -19.44 [-38.23; -0.65] 7.6%
-4570 [-60.28; -31.12] 8.2%
. -31.86 [-39.23; -24.49] 9.0%
-8.40 [-24.22; 7.42] 8.0%
: -252.72 [-329.14; -176.30] 0.0%
] -29.80 [-53.00; -6.60] 7.0%
= -66.80 [-102.95; -30.65] 5.2%
— -44.28 [-140.21; 51.65] 1.4%
- -75.20 [-103.36; -47.04] 6.3%
— & -60.40 [-135.96; 15.16] 2.1%
ﬁ -68.89 [-73.23; -64.55] 9.2%
| 220 [-20.53; 24.93] 7.1%
-23.40 [-37.53; -9.27] 8.3%
-18.54 [-34.51; -2.57] 8.0%
¢ -36.11 [-49.04; -23.18] 100.0%

: : I—- : : | [-82.88; 10.65]
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FIGURE 2. Bifidobacterium supplementation decreases fasting blood glucose in animal models with pathophysiology relevant to obesity, MetS, or
T2D. A forest plot shows mean differences in 15 studies with models of DIO, MetS, or T2D with 1 potentially influential study (Hao et al. [70])
excluded from the effect size estimates.

Bifidobacterium Control
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
An 2011 12 200.36 37.09 12 230.40 41.31 : -30.04 [-61.45; 1.37] 5.5%
Ben 2020 5 158.20 18.11 5 144.00 4.92 : 14.20 [-2.25; 30.65] 10.0%
Caimari 2017 9 172.80 18.36 9 152.46 18.90 En 20.34 [ 3.13; 37.65] 9.7%
Cano 2013 6 219.80 17.30 12 219.80 9.20 = 0.00 [-14.79; 14.79] 10.6%
Chen 2011 10 9828 6.30 10 87.66 252 [ 10.62 [ 6.41; 14.83] 14.0%
Deabreu 2022 6 106.30 18.90 6 114.30 19.10 =+ -8.00 [-29.50; 13.50] 8.2%
Hao 2022 8 207.72 60.84 8 101.16 10.08 ; 106.56 [63.83;149.29] 0.0%
Moya—Perez 2015 10 176.05 3548 10 161.93 33.24 —TE— 1412 [-16.01; 44.25] 5.8%
Plaza-Diaz 2014 8 229.70 55.44 8 191.10 13.86 —— 38.60 [-1.00; 78.20] 4.0%
Ray 2018 10 129.49 507 10 122.156 2.72 : 7.34 [ 3.77; 10.91] 14.1%
Reichold 2014 4 156.00 16.60 4 110.30 12.60 P 45.70 [25.28; 66.12] 8.6%
Stenman 2014 10 124.20 22.77 10 120.60 17.08 - 3.60 [-14.04; 21.24] 9.5%
Random effects model 98 104 © 10.23 [-1.68; 22.14] 100.0%
Prediction interval | : —r— : l [-20.29; 40.75]
-100-50 0 50 100

FIGURE 3. Fasting blood glucose in probiotic-supplemented animal models with pathophysiology relevant to obesity, MetS, or T2D compared
with healthy, untreated normal-weight animals. A forest plot shows mean differences of 12 DIO, MetS, or T2D studies with 1 potentially influential

study (Hao et al. [70]) removed from the effect estimates.

1 study that recruited 124 adults with obesity, considered as BMI
between 28 and 34.9 and waist:hip ratio of >0.88 for males and
>0.83 for females [47]. They found a 4.5% difference in FBG
concentrations, from 90.18 + 9.98 mg/dL in the placebo group
compared with 86.04 + 7.74 mg/dL in the group supplemented
with 10e!® CFU of B. longum APC1472 in a daily capsule. How-
ever, this study found no difference in HbAlc after 12 wk of BF
supplementation. All other studies (n = 4) reported no differ-
ences in FBG concentrations between BF and placebo arms
[80-83]. This was accompanied by no differences in 2-h OGTT in
1 study [83].

Two studies reported a reduction in FBG concentrations from
baseline values in BF-supplemented arms. One study of adults
“undergoing treatment for obesity-related health complications”
found a significant decrease in FBG concentrations from a me-
dian of 97.2-91.8 mg/dL (5.5%) after 2 wk of supplementation

with B. longum, although 3 were only 8 participants [84]. BMI
ranged from 30.0 to 37.0 kg/m? and standard error measure-
ments were not provided which precluded meta-analysis of this
study, and the study was also identified to be at a high risk of bias
(Supplemental Table 4). A second trial in adults with elevated
BMI and waist:hip circumference ratio reported that FBG con-
centrations significantly increased in the placebo arm from
baseline (from 86.58 + 11.22 to 90.18 £ 9.98 mg/dL, a 4% in-
crease) and decreased in the probiotic arm from baseline (from
89.28 + 9.29 to 86.04 + 7.74 mg/dL, a 3.6% decrease) [47]. All
other studies (n = 4) reported no differences from baseline
[81-83,85].

Three of the RCTs supplemented B. animalis spp. lactis with 3
different reported strains for an intervention duration of 6-24
wk, and none observed differences in FBG concentrations be-
tween groups [79-81]. Two studies found decreased FBG



TABLE 1
Summary of the experimental designs and findings of clinical trials
Identifier Population ITT sample size (cross-  Gender ratio Probiotic Duration (wk) Delivery and dose Change from baseline Differences between
over') (M/F) species probiotic and placebo
arms
Bernini et al. [81] Adults with MetS 25 placebo, 26 Not reported B. animalis 6.4 3.4 x 10e® CFU/mLin  ND FBG ND FBG
2016 criteria probiotic spp. lactis nov- 80 mL milk
HNO19
Culpepper et al. [79] Adults with elevated 19-20 per group’ 3/32 B. subtillis 6; 4-wk 2.5 x 10e° CFU; — ND FBG between
2019a waist circumference R0179 washout capsule groups”
Culpepper et al. [79] Adults with elevated 19-20 per group’ 10/23 B. animalis 6; 4-wk 5 x 10e® CFU; capsule ~ — ND FBG between
2019b waist circumference spp. lactisB94>  washout groups”
Minami et al. [82] Adults with elevated 28 placebo, 24 11/14 B. breve B-3° 12 5 x 10e'® CFU; ND FBG or ND FBG or
2015 BMI, most but not all probiotic placebo, 6/13 capsule glycoalbumin; glycoalbumin
were diabetic probiotic 1THbA1c at weeks 4, 8,
and 12 compared with
baseline in placebo
and at weeks 4 and 8
in probiotic
Ming et al. [83] 2021 Adults with elevated 100 probiotic, 99 54/45 B. adolescentis®> 16 2 x 10e® CFU; capsule ~ ND FBG, HbAlc, or 2-  ND in FBG, HbAlc, or
FBG/OGTT and placebo placebo, 59/ hr OGTT 2-hr OGTT
normal to obese BMI 41 probiotic
Naumova et al. [84] Adults “undergoing 8 (single arm) 3/5 B. longum spp. 2 10e’ CFU/mL in 50 |FBG from baseline to -
2020 treatment for obesity- longum MC- mL of dairy drink 2 wk
related health 422
complications”
Schellekens et al. [47]  Adults with elevated 74 probiotic,48 19/29 B. longum 12 10e'° CFU; capsule 1FBG in placebo and |FBG in probiotic
2021 BMI and W:H ratio placebo placebo, 34/ APC1472? lin probiotic; | HbAle  compared with
40 probiotic in both groups placebo; ND HbAlc
Stenman et al. [80] Adults with 56 placebo, 48 12/44 B. animalis 24 10e'° CFU; sachet — ND FBG, HbAlc
2016 overweight or obesity  probiotic placebo, 9/39 spp. lactis mixed into fruit between placebo or
and elevated W:H probiotic 420% smoothie probiotic
ratio
Wang et al. [85] 2019  Adults with criteria of 53 (single arm) 26/21 B. bifidum 3 3 x 10e!° CFU/mL; ND FBG —
MetS TMC3115~ twice daily drink

packet

Abbreviations: FBG, fasting blood glucose; HbAlc, hemoglobin Alc; ITT, Intention-to-Treat; MetS, metabolic syndrome; ND, no difference; OGTT, oral glucose tolerance test; W:H, waist to hip

ratio.

The study identifier, population, sample size (ITT), and ratio of male to female participants are shown along with the probiotic species, duration, delivery method, and dosage. Major findings of
glycemic measures are presented in 2 ways; change from baseline in the probiotic arm, and differences between placebo and probiotic arms at the end of the study. Arrows show the direction of
significant differences compared with baseline (column second from right) or placebo (furthest right) arms whereas “ND” indicates no significant differences.
! Denotes a cross-over design; all others were parallel designs. Studies that tested multiple probiotic strains are reported separately with lowercase letters after the study identifier.
2 Indicates that the probiotic was purchased commercially or from a culture collection; no symbol indicates that the probiotic source was unclear.

% Indicates that the probiotic concentration and viability were verified at least once during the study.

* No comparison with the placebo group.
5 FBG was higher in B. animalis than placebo at baseline; no post-trial comparison to the placebo group.
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concentrations from baseline after supplementing different
B. longum strains for 2 wk [84] or 12 wk [47]. The other 4 studies
reported using a strain of B. subtillis, B. breve, B. bifidum, or
B. adolescentis (Table 1). Doses ranged from 107 to 10'° CFU per
dose with some studies delivering 2 doses per day. Probiotic dose
seemed less predictive of efficacy; for example, the study with
the highest dose of 3 x 10'° CFU/mL twice per day found no
differences in FBG concentrations after 3 wk of probiotic sup-
plementation [85]. Only 2 of the studies reported verifying that
the probiotic remained stable and viable throughout the inter-
vention period [80,82].

Meta-analysis using clinical trial data

Six RCTs comprising 781 subjects were included in the meta-
analysis. One cross-over trial tested 2 BF species in 2 separate
experimental periods that were reported as parallel arms, so it is
reported twice and delineated at “Culpepper 2019a” for
B. subtilis and “Culpepper 2019b” for B. animalis (Table 1). All 6
studies reported FBG, whereas 5 reported HbAlc and 6 reported
2-h OGTT; therefore, a meta-analysis is reported for FBG, and a
meta-analysis for HbAlc is provided in Appendix B. One influ-
ential study was removed, which did not affect the pooled or
subgroup effect size estimates. A subgroup analysis compared
elevated FBG concentrations (baseline mean FBG >100 mg/dL)
to subjects with normoglycemia. There was no effect of BF sup-
plementation on FBG in the pooled dataset [MD = —1.99 mg/dL
(—4.84,0.86),t=—-1.80,P=0.13,and d = —0.14 (—0.41, 0.14)]
or between subgroups (32 = 0.48, P = 0.49) (Figure 4). Subgroup
heterogeneity was low (normoglycemic ¥ = 0.0% and hyper-
glycemic P = 43.9%), and publication bias was minimal (Sup-
plemental Figure 5).

Discussion

To determine if BF probiotic supplementation modulates
blood glucose regulation in hosts with obesity, MetS, or T2D, we
conducted a meta-analysis and systematic review of animal
studies and RCTs. In animal studies when healthy animals were
supplemented with BF, glycemic metrics (FBG, HbAlc, or OGTT/
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IPGTT) were not affected by probiotic supplementation, which
was confirmed in the meta-analysis. In studies using models of
DIO, BF supplementation consistently decreased FBG concen-
trations in HFD-fed C57Bl/6 mice compared with untreated DIO
controls [40,42,47-55] with varied results in other mouse and
rat studies [46,49,58-65]. No models of MetS reported
decreased FBG concentrations with BF supplementation [39,
66-69]. In models of T2D, the effect of BF supplementation on
FBG varied, with some studies reporting decreased FBG con-
centrations with probiotic supplementation [48,54,70,71,
74-76] but others reporting no differences in FBG or varied re-
sults between different BF strains [53,72,73]. The meta-analysis
showed an overall significant reduction in FBG concentrations
between BF-supplemented models of obesity, MetS, or T2D
compared with the untreated obese, MetS, or T2D controls (n =
16 studies).

Next, to determine the extent to which BF modulates FBG, we
compared BF supplementation in models of obesity, MetS, or
T2D to untreated, healthy controls. In DIO models, BF supple-
mentation mostly decreased FBG concentrations to levels similar
to standard-fed, untreated controls in most studies [40,42,46,47,
50,52,56,62-64]; however, a few studies reported that FBG
concentrations remained higher in the DIO group or observed
strain-specific variation [48,53,55,65]. One study using a model
of MetS reported increased FBG concentrations in BF supple-
mentation compared with healthy controls [66] whereas 2 re-
ported no differences [68,69]. All 3 reported no differences in
FBG concentrations between BF-supplemented and untreated
animals, suggesting that the healthy animals had similar FBG
concentrations to animals with the pathophysiology relevant to
MetS. Studies using models of T2D generally reported that BF
supplementation did not improve FBG concentrations to levels
comparable to healthy controls [70,72,73,76,77], although 2
studies reported similar or lower FBG concentrations in the
BF-supplemented model of T2D compared with healthy controls
[74,78]. The meta-analysis of 12 studies found no differences in
FBG between BF-supplemented models of DIO, MetS, or T2D
compared with healthy controls. All studies but 2 were con-
ducted in male animals.

Bifidobacterium Control
Study Total Mean SD Total Mean SD
Culpepper 2019a 32 105.66 8.15 98 104.94 14.26
Culpepper 2019b 33 109.08 12.41 98 104.94 14.26
Minami 2015 19 169.02 51.78 25 154.80 3.70
Ming 2021 100 115.74 16.74 99 120.06 24.12
184 320
Bernini 2016 26 97.00 28.04 25 99.00 17.27
Schellekens 2021 74 86.04 7.74 48 90.18 9.98
Stenman 2016 48 9414 7.74 56 9558 9.18
148 129
Random effects model 332 449

Prediction interval

Test for subgroup differences: Xf =0.48,df=1(p =0.49)

Mean Difference MD 95%-Cl Weight

—'— 0.72 [-3.27; 471] 23.0%

§ 414 [-0.95; 9.23] 0.0%

———— 14.22 [-9.11,37.55] 0.9%

— -4.32 [-10.09; 1.45] 12.5%

—— -0.73 [-12.51; 11.05] 36.4%

— -2.00 [-14.73;10.73] 2.9%

- -4.14 [-7.47,-0.81] 29.9%

-1.44 [-4.69; 1.81] 30.8%

-2.73 [-6.79; 1.32] 63.6%

-1.99 [-4.84; 0.86] 100.0%
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FIGURE 4. Bifidobacterium supplementation does not affect fasting blood glucose in human subjects with hyperglycemia or normoglycemia.
A forest plot is shown with subgroup and pooled mean differences of 6 RCTs (with 1 study reporting 2 Bifidobacterium strains). One influential

study was excluded from the effect size estimates.
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Overall, these findings suggest that BF modulates blood
glucose in animal models of obesity and some models of T2D but
were generally ineffective in lowering FBG concentrations in
MetS models. Some variability in the results could not be readily
explained by probiotics species, dose, duration, or animal model.
The most reported BF species, B. animalis, B. bifidum, and
B. longum, seemed to be equally effective at reducing FBG con-
centrations with no clear patterns regarding supplementation
dosage or duration. However, inconsistencies in reporting pro-
biotic doses made it difficult to compare between studies. There
were also discrepancies within some studies in glycemic metrics;
some BF species in the same study affected FBG concentrations
but not HbAlc or OGTT, or vice versa, and multiple studies re-
ported strain-specific effects. This may support the hypothesis
that probiotics exert short-term effects on FBG concentrations
without a corresponding drop in HbAlc, a metric of glycemic
control over ~3 mo [1,12,14,86].

The meta-analysis of 6 RCTs found no differences in FBG
concentrations between placebo and BF-supplemented arms in
both a pooled analysis and subgroup comparison of subjects with
elevated FBG concentrations or normoglycemia. HbAlc was
similarly unaffected by BF supplementation. A systematic review
of 8 RCTs showed some discrepancies between the meta-analysis
and the results reported in the studies. One study reported sig-
nificant differences in FBG between parallel placebo and BF-
supplemented arms [47], and 2 reported significant reductions
in FBG concentrations from baseline in BF-supplemented arms
[47,84]. Upon closer inspection, those decreases represented
3%-5% reductions in FBG concentrations that may not be clin-
ically meaningful. These small effect sizes somewhat conflict
with existing meta-analyses of multiple probiotic species that
found favorable effects of probiotic supplementation on FBG in
adults with elevated FBG concentrations or T2D [12,14,15,86],
but 2 reviews found no differences in FBG concentrations in
probiotic supplementation of adults with MetS [3] or T2D [1]. In
the current review, the RCTs targeted human populations with
obesity and/or MetS criteria, but the average baseline FBG of
studies included in the meta-analysis was 107 + 24 mg/dL and 4
of the studies had baseline FBG <100 mg/dL indicating that most
of the populations were in the lower range of elevated FBG
concentrations or were normoglycemic [4,5]. These off-target
study populations may partially explain the null effect of BF on
glycemic metrics, as multispecies probiotics have previously
been shown to have the greatest effects on FBG in T2D [9,13,87]
or adjuvant to antidiabetic drugs [54,65,71]. A recent
meta-analysis found a greater reduction in HbAlc when pre-
biotics were used alone or in conjunction with probiotics
compared with probiotic-only supplementation [86]. Results
from our meta-analysis and systematic review of animal studies
agreed with this hypothesis because BF had no effect on FBG in
healthy animals and exerted varied effects in obese, MetS, and
T2D animal models. However, although B. animalis was gener-
ally effective in animal studies, supplementation with different
B. animalis strains did not affect FBG in 3 RCTs. Dosage and
intervention duration could not readily explain this discrepancy.
Taken together, these findings represent translational gaps and
may partially explain why BF supplementation failed to have a
clinically meaningful effect in the RCTs.

The proposed hypotheses by which BF improves blood
glucose vary and are not fully understood. Some propose that BF
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alters the composition of gut microbiota to remediate gut dys-
biosis associated with metabolic disease [80,88]. Others support
claims that BF competitively excludes pathogenic bacteria at the
enterocyte interface to reduce bacterial translocation to the
bloodstream [19,20,22]. Anti-inflammatory properties may play
a role, as BF has been shown to decrease oxidative stress and
reduce inflammatory cytokine production from monocytes [13,
89]. These putative mechanisms suggest that BF may be involved
in improving gut permeability and subsequently mitigating
inflammation rather than directly interacting with insulin or
glucose signaling pathways. Thus, these conflicting findings are
not surprising because it is entirely possible that there are in-
teractions between probiotic consumption and host diet, geno-
type, or environment that create nuances that are difficult to
detect in broad meta-analyses. However, it is also possible that
multispecies probiotic blends are more effective, given the
complex ecologic interactions that govern the gut microbiome
and the strength of findings in large meta-analyses of multispe-
cies probiotic blends [9,15,22]. BF may also be more effective in
lowering blood glucose when delivered in conjunction with
prebiotics [86] or adjuvant to antidiabetic drugs [54,65]. Ulti-
mately, more research is needed to fully understand the
host-microbe interactions of individual probiotic strains and how
they may interact in multistrain formulations or with other
pharmaceuticals.

The animal experiments in this review were performed almost
exclusively in male animals, but all human RCTs included female
and male subjects. The knowledge gained in animal studies of
probiotic interactions with host male physiology may not extend
to females. The National Institutes of Health published the “Sex
as a Biological Variable” policy in 2016 [90], yet in this review,
female animals were used in only 2 of the 40 published animal
studies. This represents a translational gap and could further
explain why BF was efficacious in preclinical but not human
populations. To better understand female physiology, female
animals must be considered in experimental design.

Several factors were noted during the risk of bias assessments
and data abstraction that raised concerns of study quality.
Several preclinical studies isolated and cultured BF strains from
stool samples collected in-house rather than buying commer-
cially supplied probiotics or strains from a culture collection (see
Supplemental Table 5, Table 1). Other preclinical and clinical
studies did not clearly state the source or preparation method of
probiotic formulations. This may present a safety concern;
though most probiotics are granted Generally Recognized as Safe
status by the Federal Food and Drug Administration, they are still
considered a food additive and as such, need to be identified
correctly and prepared to food-grade standards [23,91,92]. Few
studies reported verification of probiotic viability or concentra-
tion and even fewer reported using biochemical or sequencing
methods to verify the species or strain. No studies reported the
results of these tests in the results or supplementary. This raises
concerns about the integrity of the test material, especially when
the probiotics were isolated in-house or obtained from a culture
collection. In RCTs, the study material is often sent home with
participants for daily consumption, and only one RCT reported
testing the probiotic stability throughout the study to ensure
probiotic survival [80]. Furthermore, several preclinical studies
reported healthy, standard diet-fed, untreated control animal
groups with high-FBG concentrations, even >200 mg/dL. There
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is no standard consensus for diabetic FBG in mice or rats as there
is in humans, and there is conflict in existing protocols; for
example, 1 protocol considers 150 mg/dL to be adequate hy-
perglycemia for T2D whereas another uses 250 mg/dL [27,93].
There may also be methodologic considerations, such as a hy-
perglycemic response from isoflurane sedation [94]. However,
>1 study reported similar FBG in healthy, standard-fed animals
and models of DIO or MetS, which brings into question if the
generated phenotype appropriately modeled pathophysiology
relevant to obesity or MetS. Improving reporting standards,
reaching methodologic consensus, and carefully considering the
observed, rather than the expected, animal phenotype may
improve these conflicts in future research.

Other limitations of this meta-analysis include RCTs with
small sample sizes and a high risk of bias. Small clinical trials
with large effects are favorably weighted by meta-analysis soft-
ware, although publication biases were minimal, as observed
through funnel plots. Many of the clinical and animal trials were
characterized by a high risk of bias and a lack of methodologic
reporting. In addition, the sample size of clinical trials did not
allow for stratification of BF species, treatment duration, or
method of probiotic delivery. We have previously shown dif-
ferences in circulating inflammatory markers in response to
varied delivery methods of B. animalis spp. lactis strain BB-12 in
healthy adults [89], thus highlighting the role of the delivery
matrix in influencing the immunomodulatory effects of BF pro-
biotics. Moreover, species within the BF genus have genetic
differences that may affect their function and efficacy [16,17].
These nuances should be explored in future clinical trials with
improved power.

There is conflicting evidence in recent meta-analyses on the
relationship between multispecies probiotics and/or prebiotics
and glycemic markers [1-3,9,12,13,15,95]. We hypothesize that
this variability might be explained, in part, because of
species-specific effects and other confounding interactions, such
as improved proliferation of probiotic species in the presence of
prebiotics, or using heat-killed instead of live cells in the pro-
biotic formulation. Our targeted meta-analysis and systematic
review provide evidence for a favorable effect of BF supple-
mentation on FBG in animal models relevant to obesity and T2D,
but this finding was not translated to human RCTs. The included
RCTs mostly included subjects with normoglycemia or slightly
elevated FBG concentrations, which may have contributed to the
overall null findings. We identified translational gaps between
animal and clinical experiments, such as the paucity of animal
research in females, and highlighted concerns regarding studies
that had a high risk of bias, isolated and cultured probiotic
strains in-house, lacked verification of probiotic concentration,
viability, or stability, or reported high-FBG values in healthy
animals. These concerns demonstrate an overall lack of reporting
appropriate methodologic details that limit the reliability of the
study results and represent an overall limitation of this review.
Reporting standards must be improved to address these concerns
and improve transparency, reproducibility, and rigor in pro-
biotics research. Future research should seek to further control
for confounding factors such as intervention duration, probiotic
dose, or the use of adjuvant medications in RCTs. BF species may
have minimal effects on blood glucose in subjects with slightly
elevated FBG concentrations, or there may be synergistic

11

Advances in Nutrition 15 (2024) 100137

interactions with other probiotic species or prebiotic fibers that
increase their efficacy. Overall, this systematic review and
meta-analysis provides new evidence suggesting a potentially
beneficial effect of a single type of probiotic, BF species, on
markers of glycemic control in animal models and humans with
obesity, MetS, or T2D.

Acknowledgments

We thank Dr Christina Wissinger for her assistance in gener-
ating search terms and performing the literature searches.

Author contributions

The authors’ responsibilities were as follows — EPVS, EG, CJR:
designed the research; EPVS: performed the literature search;
EPVS, ZD, JD: conducted literature screening and risk of bias
assessments; EPVS: performed the meta-analysis; EPVS, ZD, JD,
EG, CJR: wrote the manuscript; and all authors: read and
approved the final manuscript.

Conflict of interest
The authors report no conflicts of interest.

Funding

This work is supported by the AFRI Predoctoral Fellowship
[grant no. 2022-67011-36461] from the USDA National Institute
of Food and Agriculture to EPVS. In addition, this work was
funded by the National Center for Advancing Translational Sci-
ences of the National Institutes of Health under Award Number
TL1TR002016 to ZD. The content is solely the responsibility of
the authors and does not necessarily represent the official views
of the NIH. The funding agencies had no role in the study
conceptualization, design, data collection, analysis, writing, de-
cision to publish, or preparation and submission of the
manuscript.

Data availability

Data described in the manuscript, code book, and analytic
code will be made publicly and freely available without restric-
tion at https://github.com/gandalab/bifido-meta-analysis.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.advnut.2023.10.009.

References

[1] E. Barengolts, E.D. Smith, S. Reutrakul, L. Tonucci, T. Anothaisintawee,
The effect of probiotic yogurt on glycemic control in type 2 diabetes or
obesity: a meta-analysis of nine randomized controlled trials, Nutrients
11 (2019) 671.

S. Dallanora, Y. Medeiros de Souza, R.G. Deon, C.A. Tracey, A.A. Freitas-
Vilela, L.F. Wurdig Roesch, et al., Do probiotics effectively ameliorate
glycemic control during gestational diabetes? A systematic review,
Arch. Gynecol. Obstet. 298 (2018) 477-485.

Y. Dong, M. Xu, L. Chen, A. Bhochhibhoya, Probiotic foods and
supplements interventions for metabolic syndromes: a systematic
review and meta-analysis of recent clinical trials, Ann. Nutr. Metab. 74
(2019) 224-241.

International Diabetes Federation, The IDF consensus worldwide
definition of the metabolic syndrome, 2005. Brussels, Belgium.

[2

—

[3]

[4

[


https://github.com/gandalab/bifido-meta-analysis
https://doi.org/10.1016/j.advnut.2023.10.009
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref1
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref1
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref1
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref1
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref2
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref2
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref2
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref2
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref2
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref3
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref3
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref3
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref3
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref3
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref4
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref4

E.P. Van Syoc et al.

[51

(61

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

American Diabetes Association, Standards of medical care in
diabetes—2011, Diabetes Care 34 (Supplement_1) (2011) S11-S61,
https://doi.org/10.2337/dc11-S011.

World Health Organization, International Diabetes Federation,
Definition and diagnosis of diabetes mellitus and intermediate
hyperglycaemia: report of a WHO/IDF consultation, WHO, 2006.

E.B. Levitan, Y. Song, E.S. Ford, S. Liu, Is nondiabetic hyperglycemia a
risk factor for cardiovascular disease? A meta-analysis of prospective
studies, Arch. Intern. Med. 164 (2004) 2147-2155.

D.R. Webb, L.J. Gray, K. Khunti, B. Srinivasan, N. Taub, S. Campbell, et
al., Screening for diabetes using an oral glucose tolerance test within a
western multi-ethnic population identifies modifiable cardiovascular
risk: the ADDITION-Leicester study, Diabetologia 54 (2011)
2237-2246.

D. Xu, L. Fu, D. Pan, Y.F. Chu, M. Feng, Y. Lu, et al., Role of probiotics/
synbiotic supplementation in glycemic control: a critical umbrella
review of meta-analyses of randomized controlled trials, Crit. Rev. Food
Sci. Nutr. (2022) 1-9, https://doi.org/10.1080/
10408398.2022.2117783.

Z.J. Ward, S.N. Bleich, A.L. Cradock, J.L. Barrett, C.M. Giles, C. Flax, et
al., Projected U.S. state-level prevalence of adult obesity and severe
obesity, N. Engl J. Med. 381 (2019) 2440-2450.

K.M. Bullard, C.C. Cowie, S.E. Lessem, S.H. Saydah, A. Menke,

L.S. Geiss, et al., Prevalence of diagnosed diabetes in adults by diabetes
type — United States, 2016, MMWR Morb. Mortal Wkly Rep. 67 (2018)
359-361.

T. Rittiphairoj, K. Pongpirul, K. Janchot, N.T. Mueller, T.J. Li, Probiotics
contribute to glycemic control in patients with type 2 diabetes mellitus:
a systematic review and meta-analysis, Adv. Nutr. 12 (2021) 722-734.
Y. Ruan, J. Sun, J. He, F. Chen, R. Chen, H. Chen, Effect of probiotics on
glycemic control: a systematic review and meta-analysis of randomized,
controlled trials, PLOS ONE 10 (2015) e0132121.

A. Salari, S. Ghodrat, A. Gheflati, L. Jarahi, M. Hashemi, A. Afshari,
Effect of kefir beverage consumption on glycemic control: a systematic
review and meta-analysis of randomized controlled clinical trials,
Complement, Ther. Clin. Pract. 44 (2021) 101443.

K. Naseri, S. Saadati, D. Ashtary-Larky, O. Asbaghi, F. Ghaemi,

F. Pashayee-Khamene, et al., Probiotics and synbiotics supplementation
improve glycemic control parameters in subjects with prediabetes and
type 2 diabetes mellitus: a GRADE-assessed systematic review, meta-
analysis, and meta-regression of randomized clinical trials, Pharmacol.
Res. 184 (2022) 106399.

K. Brandt, R. Barrangou, Phylogenetic analysis of the Bifidobacterium
genus using glycolysis enzyme sequences, Front. Microbiol. 7 (2016)
657.

O. Lukjancenko, D.W. Ussery, T.M. Wassenaar, Comparative genomics
of Bifidobacterium, Lactobacillus and related probiotic genera, Microb.
Ecol. 63 (2012) 651-673.

L.B. Tonucci, K.M. Dos Santos, C.L. De Lucas Fortes Ferreira,

S.M. Ribeiro, L.L. De Oliveira, H.S. Martino, Gut microbiota and
probiotics: focus on diabetes mellitus, Crit. Rev. Food Sci. Nutr. 57
(2017) 2296-2309.

M.A. Engevik, B. Luk, A.L. Chang-Graham, A. Hall, B. Herrmann,

W. Ruan, et al., Bifidobacterium dentium fortifies the intestinal mucus
layer via autophagy and calcium signaling pathways, MBio 10 (2019)
e01087-e01119.

K. Kailasapathy, J. Chin, Survival and therapeutic potential of probiotic
organisms with reference to Lactobacillus acidophilus and
Bifidobacterium spp, Immunol. Cell. Biol. 78 (2000) 80-88.

G.P. Strozzi, L. Mogna, Quantification of folic acid in human feces after
administration of Bifidobacterium probiotic strains, J. Clin.
Gastroenterol. 42 (Suppl 3) (2008) S179-S184. Pt 2.

A. O’Callaghan, D. van Sinderen, Bifidobacteria and their role as
members of the human gut microbiota, Front. Microbiol. 7 (2016) 925,
https://doi.org/10.3389/fmicb.2016.00925.

C. Picard, J. Fioramonti, A. Francois, T. Robinson, F. Neant,

C. Matuchansky, Review article: bifidobacteria as probiotic agents -
physiological effects and clinical benefits, Aliment. Pharmacol. Ther. 22
(2005) 495-512, https://doi.org/10.1111/j.1365-2036.2005.02615.x.
M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann,
C.D. Mulrow, et al., The PRISMA 2020 statement: an updated guideline
for reporting systematic reviews, BMJ (2021) 372 n71.

D. Aravani, E. Kassi, A. Chatzigeorgiou, S. Vakrou, Cardiometabolic
syndrome: an update on available mouse models, Thromb. Haemost.
121 (2021) 703-715.

12

[26]

[27]

[28]

[29]

[301

[31]
[32]
[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Advances in Nutrition 15 (2024) 100137

B.L. Kasiske, M.P. O’Donnell, W.F. Keane, The zucker rat model of
obesity, insulin resistance, hyperlipidemia, and renal injury,
Hypertension 19 (1992) 1110-1115.

B.L. Furman, Streptozotocin-induced diabetic models in mice and rats,
Curr. Protoc. 1 (2021) e78.

C.R. Hooijmans, M.M. Rovers, R.B.M. De Vries, M. Leenaars, M. Ritskes-
Hoitinga, M.W. Langendam, SYRCLE’s risk of bias tool for animal
studies, BMC. Med. Res. Methodol. 14 (2014) 43.

J.A.C. Sterne, J. Savovi¢, M.J. Page, R.G. Elbers, N.S. Blencowe,

1. Boutron, et al., RoB 2: a revised tool for assessing risk of bias in
randomised trials, BMJ 366 (2019) 14898.

S. Balduzzi, G. Riicker, G. Schwarzer, How to perform a meta-analysis
with R: a practical tutorial, Evid. Based Ment. Health. 22 (2019)
153-160.

M. Harrer, P. Cuijpers, T. Furukawa, D.D. Ebert, Dmetar: companion R
package for the guide “Doing Meta-Analysis in R.”, 2019.

W. Viechtbauer, Conducting meta-analyses in R with the metafor
package, J. Stat. Softw. 36 (2010) 1-48.

G. Knapp, J. Hartung, Improved tests for a random effects meta-
regression with a single covariate, Stat. Med. 22 (2003) 2693-2710.
N. Takeshima, T. Sozu, A. Tajika, Y. Ogawa, Y. Hayasaka,

T.A. Furukawa, Which is more generalizable, powerful and
interpretable in meta-analyses, mean difference or standardized mean
difference? BMC. Med. Res. Methodol. 14 (2014) 30.

J.P.T. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, et
al. (Eds.), Cochrane Handbook for Systematic Reviews of Interventions,
Cochrane, London, 2022.

J.P.T. Higgins, S.G. Thompson, Quantifying heterogeneity in a meta-
analysis, Stat. Med. 21 (2002) 1539-1558.

W. Viechtbauer, Bias and efficiency of meta-analytic variance
estimators in the random-effects model, J. Educ. Behav. Stat. 30 (2005)
261-293.

M. Egger, G.D. Smith, M. Schneider, C. Minder, Bias in meta-analysis
detected by a simple, graphical test, BMJ 315 (1997) 629-634.

A. Caimari, J.M. del Bas, N. Boqué, A. Crescenti, F. Puiggros, E. Chenoll,
et al., Heat-killed Bifidobacterium animalis subsp. Lactis CECT 8145
increases lean mass and ameliorates metabolic syndrome in cafeteria-
fed obese rats, J. Funct. Foods. 38 (2017) 251-263.

P.G. Cano, A. Santacruz, F.M. Trejo, Y. Sanz, Bifidobacterium CECT 7765
improves metabolic and immunological alterations associated with
obesity in high-fat diet-fed mice, Obesity (Silver Spring) 21 (2013)
2310-2321.

Q.Y. Huang, F. Yao, C.R. Zhou, X.Y. Huang, Q. Wang, H. Long, et al.,
Role of gut microbiome in regulating the effectiveness of metformin in
reducing colorectal cancer in type 2 diabetes, World J. Clin. Cases 8
(2020) 6213-6228.

A. Moya-Pérez, A. Neef, Y. Sanz, Bifidobacterium pseudocatenulatum
CECT 7765 reduces obesity-associated inflammation by restoring the
lymphocyte-macrophage balance and gut microbiota structure in high-
fat diet-fed mice, PLOS ONE 10 (2015) e0126976.

A. Reichold, S.A. Brenner, A. Spruss, K. Forster-Fromme, 1. Bergheim,
S.C. Bischoff, Bifidobacterium adolescentis protects from the development
of nonalcoholic steatohepatitis in a mouse model, J. Nutr. Biochem. 25
(2014) 118-125.

N. Salazar, P. Lopez, P. Garrido, J. Moran, E. Cabello, M. Gueimonde, et
al., Immune modulating capability of two exopolysaccharide-producing
Bifidobacterium strains in a wistar rat model, Biomed. Res. Int. 2014
(2014) 106290.

B.G. Wang, H.B. Xu, H. Wei, Z.L. Zeng, F. Xu, Oral administration of
Bifidobacterim bifidum for modulating microflora, acid and bile
resistance, and physiological indices in mice, Can. J. Microbiol. 61
(2015) 155-163.

A.S. Machado, J.R. Oliveira, D.F. Lelis, A.M.B. de Paula,

A.L.S. Guimaraes, J.M.O. Andrade, et al., Oral probiotic Bifidobacterium
longum supplementation improves metabolic parameters and alters the
expression of the renin-angiotensin system in obese mice liver, Biol.
Res. Nurs. 23 (2021) 100-108.

H. Schellekens, C. Torres-Fuentes, M. van de Wouw, C.M. Long-Smith,
A. Mitchell, C. Strain, et al., Bifidobacterium longum counters the effects
of obesity: partial successful translation from rodent to human,
eBioMedicine 63 (2021) 103176.

R. Aoki, K. Kamikado, W. Suda, H. Takii, Y. Mikami, N. Suganuma, et
al., A proliferative probiotic Bifidobacterium strain in the gut ameliorates
progression of metabolic disorders via microbiota modulation and
acetate elevation, Sci. Rep. 7 (2017) 43522.


https://doi.org/10.2337/dc11-S011
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref6
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref6
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref6
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref7
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref7
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref7
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref7
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref8
https://doi.org/10.1080/10408398.2022.2117783
https://doi.org/10.1080/10408398.2022.2117783
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref10
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref10
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref10
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref10
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref11
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref12
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref12
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref12
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref12
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref13
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref13
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref13
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref14
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref14
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref14
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref14
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref15
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref16
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref16
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref16
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref17
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref17
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref17
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref17
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref18
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref18
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref18
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref18
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref18
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref19
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref19
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref19
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref19
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref19
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref20
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref20
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref20
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref20
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref21
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref21
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref21
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref21
https://doi.org/10.3389/fmicb.2016.00925
https://doi.org/10.1111/j.1365-2036.2005.02615.x
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref24
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref24
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref24
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref25
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref25
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref25
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref25
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref26
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref26
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref26
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref26
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref27
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref27
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref28
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref28
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref28
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref29
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref29
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref29
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref29
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref30
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref30
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref30
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref30
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref31
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref31
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref32
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref32
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref32
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref33
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref33
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref33
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref34
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref34
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref34
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref34
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref35
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref35
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref35
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref36
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref36
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref36
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref37
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref37
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref37
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref37
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref38
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref38
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref38
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref39
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref40
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref40
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref40
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref40
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref40
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref41
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref41
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref41
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref41
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref41
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref42
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref43
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref44
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref44
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref44
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref44
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref44
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref45
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref45
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref45
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref45
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref45
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref46
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref47
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref47
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref47
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref47
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref48
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref48
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref48
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref48

E.P. Van Syoc et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

H. Horiuchi, K. Kamikado, R. Aoki, N. Suganuma, T. Nishijima,

A. Nakatani, et al., Bifidobacterium animalis subsp. lactis GCL2505
modulates host energy metabolism via the short-chain fatty acid
receptor GPR43, Sci. Rep. 10 (2020) 4158, https://doi.org/10.1038/
$41598-020-60984-6.

T. Jiang, Y. Li, L.Y. Li, T.T. Liang, M.Z. Du, L.S. Yang, et al.,
Bifidobacterium longum 070103 fermented milk improve glucose and
lipid metabolism disorders by regulating gut microbiota in mice,
Nutrients 14 (2022) 4050, https://doi.org/10.3390,/nu14194050.

S. Kondo, J.Z. Xiao, T. Satoh, T. Odamaki, S. Takahashi, H. Sugahara, et
al., Antiobesity effects of Bifidobacterium breve strain B-3
supplementation in a mouse model with high-fat diet-induced obesity,
Biosci. Biotechnol. Biochem. 74 (2010) 1656-1661.

T. Li, J. Yang, H. Zhang, Y. Xie, J. Jin, Bifidobacterium from breastfed
infant faeces prevent high-fat-diet-induced glucose tolerance
impairment, mediated by the modulation of glucose intake and the
incretin hormone secretion axis, J. Sci. Food Agric. 100 (2020)
3308-3318.

L.K. Stenman, A. Waget, C. Garret, P. Klopp, R. Burcelin, S. Lahtinen,
Potential probiotic Bifidobacterium animalis ssp. lactis 420 prevents
weight gain and glucose intolerance in diet-induced obese mice, Benef.
Microbes. 5 (2014) 437-445.

L.K. Stenman, A. Waget, C. Garret, F. Briand, R. Burcelin, T. Sulpice, et
al., Probiotic B420 and prebiotic polydextrose improve efficacy of
antidiabetic drugs in mice, Diabetol. Metab. Syndr. 7 (2015) 75,
https://doi.org/10.1186/s13098-015-0075-7.

D. Zhao, F. Gao, H. Zhu, Z. Qian, W. Mao, Y. Yin, et al., Selenium-
enriched Bifidobacterium longum DD98 relieves metabolic alterations
and liver injuries associated with obesity in high-fat diet-fed mice,

J. Funct. Foods. 72 (2020) 104051.

S.-M. Lim, D.-H. Kim, Bifidobacterium adolescentis IM38 ameliorates
high-fat diet-induced colitis in mice by inhibiting NF-xB activation and
lipopolysaccharide production by gut microbiota, Nutr. Res. 41 (2017)
86-96.

C.C. Yde, H.M. Jensen, N. Christensen, F. Servant, B. Lelouvier,

S. Lahtinen, et al., Polydextrose with and without Bifidobacterium
animalis ssp. lactis 420 drives the prevalence of Akkermansia and
improves liver health in a multi-compartmental obesogenic mice study,
PLOS ONE 16 (2021) e0260765.

H.M. An, S.Y. Park, D.K. Lee, J.R. Kim, M.K. Cha, S.W. Lee, et al.,
Antiobesity and lipid-lowering effects of Bifidobacterium spp. in high fat
diet-induced obese rats, Lipids Health Dis 10 (2011) 116.

M.R. Bomhof, D.C. Saha, D.T. Reid, H.A. Paul, R.A. Reimer, Combined
effects of oligofructose and Bifidobacterium animalis on gut microbiota
and glycemia in obese rats, Obesity (Silver Spring) 22 (2014) 763-771.
T.K.C. Le, T. Hosaka, T.T.T. Le, T.G. Nguyen, Q.B. Tran, T.H.H. Le,
X.D. Pham, Oral administration of Bifidobacterium spp. improves insulin
resistance, induces adiponectin, and prevents inflammatory adipokine
expressions, Biomedical. Res. 35 (2014) 303-310.

M. Ray, P.K. Hor, D. Ojha, J.P. Soren, S.N. Singh, K.C. Mondal,
Bifidobacteria and its rice fermented products on diet induced obese
mice: analysis of physical status, serum profile and gene expressions,
Benef. Microbes. 9 (2018) 441-452.

C.N. Almada, C.N. Almada-Erix, W.K.A. Costa, J.S. Graga, L. Cabral,
M.F. Noronha, et al., Wheat-durum pasta added of inactivated
Bifidobacterium animalis decreases glucose and total cholesterol levels
and modulates gut microbiota in healthy rats, Int. J. Food Sci. Nutr. 72
(2021) 781-793.

J. de Abreu Ribeiro Pereira, M. de Fatima Piccolo Barcelos, E. Valério
Villas Boas, R.H. Piccoli, J. de S. Guilarducci, R.C. Pereira, et al.,
Combined effects of yacon flour and probiotic yogurt on the metabolic
parameters and inflammatory and insulin signaling proteins in high-
fat-diet-induced obese mice, J. Sci. Food Agric. 102 (2022)
7293-7300.

Y.N. Yin, Q.F. Yu, N. Fu, X.W. Liu, F.G. Lu, Effects of four Bifidobacteria
on obesity in high-fat diet induced rats, World J. Gastroenterol. 16
(2010) 3394-3401.

G.S. Zhu, F.L. Ma, G. Wang, Y.Y. Wang, J.X. Zhao, H. Zhang, et al.,
Bifidobacteria attenuate the development of metabolic disorders, with
inter- and intra-species differences, Food Funct 9 (2018) 3509-3522.
N.L. Carreras, P. Martorell, E. Chenoll, S. Genovés, D. Ramén,

A. Aleixandre, Anti-obesity properties of the strain Bifidobacterium
animalis subsp. lactis CECT 8145 in Ziicker fatty rats, Benef. Microbes. 9
(2018) 629-641.

L. Mounts, R. Sunkara, L. Shackelford, S. Ogutu, L.T. Walker,

M. Verghese, Feeding soy with probiotic attenuates obesity-related

13

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Advances in Nutrition 15 (2024) 100137

metabolic syndrome traits in obese Zucker rats, Food Nutr. Sci. 6 (2015)
780-789.

J. Plaza-Diaz, C. Gomez-Llorente, F. Abadia-Molina, M.J. Saez-Lara,

L. Campana-Martin, S. Munoz-Quezada, et al., Effects of Lactobacillus
paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 and
Lactobacillus rhamnosus CNCM 1-4036 on hepatic steatosis in Zucker
rats, PLOS ONE 9 (2014) e98401.

J.J. Chen, R. Wang, X.-F. Li, R.-L. Wang, Bifidobacterium longum
supplementation improved high-fat-fed-induced metabolic syndrome
and promoted intestinal Reg I gene expression, Exp. Biol. Med. 236
(2011) 823-831.

J.Y. Hao, Y.L. Zhang, T. Wu, R. Liu, W.J. Sui, J.G. Zhu, et al., The
antidiabetic effects of Bifidobacterium longum subsp. longum BL21
through regulating gut microbiota structure in type 2 diabetic mice,
Food Funct 13 (2022) 9947-9958.

J. Zhang, S. Wang, Z. Zeng, Y. Qin, Q. Shen, P. Li, Anti-diabetic effects
of Bifidobacterium animalis 01 through improving hepatic insulin
sensitivity in type 2 diabetic rat model, J. Funct. Foods. 67 (2020)
103843.

X. Qian, Q. Si, G. Lin, M. Zhu, J. Lu, H. Zhang, et al., Bifidobacterium
adolescentis is effective in relieving type 2 diabetes and may be related
to its dominant core genome and gut microbiota modulation capacity,
Nutrients 14 (2022) 2479, https://doi.org/10.3390/nul14122479.

G. Wang, Q. Si, S. Yang, T. Jiao, H. Zhu, P. Tian, et al., Lactic acid
bacteria reduce diabetes symptoms in mice by alleviating gut
microbiota dysbiosis and inflammation in different manners, Food
Funct 11 (2020) 5898-5914.

M. Ben Othman, K. Sakamoto, Effect of inactivated Bifidobacterium
longum intake on obese diabetes model mice (TSOD), Food Res. Int.
129 (2020) 108792, https://doi.org/10.1016/j.foodres.2019.108792.
S.H. Kim, C.S. Huh, L.D. Choi, J.W. Jeong, H.K. Ku, J.H. Ra, et al., The
anti-diabetic activity of Bifidobacterium lactis HY8101 in vitro and in
vivo, J. Appl. Microbiol. 117 (2014) 834-845.

H. Ohno, Y. Ishihara, T. Arai, H. Yamamura, N. Totani, T. Ueda, Effects
of Bifidobacterium bifidum G9-1 on hypercholesterolemic and obese
diabetic animal models, Biosci. Microflora. 23 (2004) 109-117.

D. Zhao, H. Zhu, F. Gao, Z. Qian, W. Mao, Y. Yin, et al., Antidiabetic
effects of selenium-enriched Bifidobacterium longum DD98 in type 2
diabetes model of mice, Food Funct 11 (2020) 6528-6541.

Y.J. Hsu, M.F. Wu, M.C. Lee, C.C. Huang, Exercise training combined
with Bifidobacterium longum OLP-01 treatment regulates insulin
resistance and physical performance in db/db mice, Food Funct 12
(2021) 7728-7740.

T. Culpepper, C.C. Rowe, C.T. Rusch, A.M. Burns, A.P. Federico,

S.A. Girard, et al., Three probiotic strains exert different effects on
plasma bile acid profiles in healthy obese adults: randomised, double-
blind placebo-controlled crossover study, Benef. Microbes. 10 (2019)
497-509.

L.K. Stenman, M.J. Lehtinen, N. Meland, J.E. Christensen, N. Yeung,
M.T. Saarinen, et al., Probiotic with or without fiber controls body fat
mass, associated with serum zonulin, in overweight and obese
adults—randomized controlled trial, eBioMedicine 13 (2016) 190-200.
L.J. Bernini, A.N.C. Simao, D.F. Alfieri, M.A.B. Lozovoy, N.L. Mari,
C.H.B. de Souza, et al., Beneficial effects of Bifidobacterium lactis on lipid
profile and cytokines in patients with metabolic syndrome: a
randomized trial. Effects of probiotics on metabolic syndrome,
Nutrition 32 (2016) 716-719.

J.-I. Minami, S. Kondo, N. Yanagisawa, T. Odamaki, J.-Z. Xiao, F. Abe,
et al., Oral administration of Bifidobacterium breve B-3 modifies
metabolic functions in adults with obese tendencies in a randomised
controlled trial, J. Nutr. Sci. 4 (2015) el7.

J. Ming, X. Yu, X. Xu, L. Wang, C. Ding, Z. Wang, et al., Effectiveness
and safety of Bifidobacterium and berberine in human hyperglycemia
and their regulatory effect on the gut microbiota: a multi-center,
double-blind, randomized, parallel-controlled study, Genome. Med. 13
(2021) 125.

N. Naumova, T. Alikina, A. Tupikin, A. Kalmykova, G. Soldatova,

V. Vlassov, et al., Human gut microbiome response to short-term
Bifidobacterium-based probiotic treatment, Indian J. Microbiol. 60
(2020) 451-457.

K. Wang, X. Yu, Y. Li, Y. Guo, L. Ge, F. Pu, et al., Bifidobacterium bifidum
TMC3115 can characteristically influence glucose and lipid profile and
intestinal microbiota in the middle-aged and elderly, Probiotics
Antimicrob. Proteins 11 (2019) 1182-1194.

P. Paul, R. Kaul, M. Harfouche, M. Arabi, Y. Al-Najjar, A. Sarkar, et al.,
The effect of microbiome-modulating probiotics, prebiotics and


https://doi.org/10.1038/s41598-020-60984-6
https://doi.org/10.1038/s41598-020-60984-6
https://doi.org/10.3390/nu14194050
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref51
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref51
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref51
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref51
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref51
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref52
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref53
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref53
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref53
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref53
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref53
https://doi.org/10.1186/s13098-015-0075-7
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref55
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref55
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref55
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref55
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref56
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref57
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref57
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref57
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref57
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref57
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref58
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref58
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref58
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref59
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref59
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref59
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref59
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref60
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref60
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref60
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref60
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref60
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref61
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref61
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref61
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref61
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref61
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref62
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref63
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref64
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref64
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref64
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref64
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref65
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref65
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref65
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref65
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref66
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref67
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref67
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref67
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref67
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref67
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref68
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref69
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref69
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref69
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref69
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref69
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref70
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref70
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref70
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref70
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref70
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref71
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref71
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref71
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref71
https://doi.org/10.3390/nu14122479
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref73
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref73
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref73
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref73
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref73
https://doi.org/10.1016/j.foodres.2019.108792
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref75
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref75
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref75
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref75
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref76
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref76
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref76
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref76
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref77
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref77
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref77
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref77
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref78
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref78
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref78
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref78
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref78
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref79
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref80
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref81
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref82
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref82
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref82
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref82
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref83
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref83
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref83
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref83
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref83
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref84
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref84
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref84
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref84
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref84
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref85
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref85
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref85
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref85
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref85
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref86
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref86

E.P. Van Syoc et al.

[87]

[88]

[89]

[90]

synbiotics on glucose homeostasis in type 2 diabetes: a systematic
review, meta-analysis, and meta-regression of clinical trials, Pharmacol.
Res. 185 (2022) 106520.

K.A. Tiderencel, D.A. Hutcheon, J. Ziegler, Probiotics for the treatment
of type 2 diabetes: a review of randomized controlled trials, Diabetes
Metab. Res. Rev. 36 (2020) e3213, https://doi.org/10.1002/
dmrr.3213.

P.D. Cani, A.M. Neyrinck, F. Fava, C. Knauf, R.G. Burcelin, K.M. Tuohy,
et al., Selective increases of bifidobacteria in gut microflora improve
high-fat-diet-induced diabetes in mice through a mechanism associated
with endotoxaemia, Diabetologia 50 (2007) 2374-2383.

H. Meng, Z. Ba, Y. Lee, J. Peng, J. Lin, J.A. Fleming, et al., Consumption of
Bifidobacterium animalis subsp. lactis BB-12 in yogurt reduced expression
of TLR-2 on peripheral blood-derived monocytes and pro-inflammatory
cytokine secretion in young adults, Eur. J. Nutr. 56 (2017) 649-661.
M.E. Arnegard, L.A. Whitten, C. Hunter, J.A. Clayton, Sex as a biological
variable: a 5-year progress report and call to action, J. Womens Health
(Larchmt). 29 (2020) 858-864.

14

[91]

[92]
[931

[94]

[95]

Advances in Nutrition 15 (2024) 100137

A. Mattia, R. Merker, Regulation of probiotic substances as ingredients
in foods: premarket approval or “generally recognized as safe”
notification, Clin. Infect. Dis. 46 (2008) S115-S118.

E.M.M. Quigley, Prebiotics and probiotics in digestive health, Clin.
Gastroenterol. Hepatol. 17 (2019) 333-344.

A.J.F. King, The use of animal models in diabetes research, Br. J.
Pharmacol. 166 (2012) 877-894.

J.E. Flores, L.M. McFarland, A. Vanderbilt, A.K. Ogasawara,

S.P. Williams, The effects of anesthetic agent and carrier gas on blood
glucose and tissue uptake in mice undergoing dynamic FDG-PET
imaging: sevoflurane and isoflurane compared in air and in oxygen,
Mol. Imaging Biol. 10 (2008) 192-200.

R. Tabrizi, V. Ostadmohammadi, M. Akbari, K.B. Lankarani, S. Vakili,

P. Peymani, et al., The effects of probiotic supplementation on clinical
symptom, weight loss, glycemic control, lipid and hormonal profiles,
biomarkers of inflammation, and oxidative stress in women with polycystic
ovary syndrome: a systematic review and meta-analysis of randomized
controlled trials, Probiotics Antimicrob, Proteins 14 (2022) 1-14.


http://refhub.elsevier.com/S2161-8313(23)01398-4/sref86
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref86
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref86
https://doi.org/10.1002/dmrr.3213
https://doi.org/10.1002/dmrr.3213
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref88
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref88
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref88
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref88
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref88
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref89
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref89
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref89
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref89
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref89
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref90
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref90
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref90
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref90
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref91
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref91
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref91
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref91
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref92
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref92
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref92
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref93
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref93
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref93
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref94
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95
http://refhub.elsevier.com/S2161-8313(23)01398-4/sref95

	Statement of Significance
	Introduction
	Methods
	Protocol registration and search strategy
	Inclusion and exclusion criteria
	Study selection, data extraction, and analysis
	Quality assessment
	Statistical analyses of meta-analysis

	Results
	Quality assessments
	Review of animal studies
	Search summary.
	BF supplementation in healthy animals.
	BF supplementation in models of metabolic disease.
	BF supplementation in models of metabolic disease compared with healthy animals.

	Meta-analysis using data from animal studies
	BF supplementation in healthy animals
	BF supplementation in models of metabolic disease
	BF supplementation in models of metabolic disease compared with healthy animals
	Systematic review of clinical data
	Search summary.

	Systematic review using clinical trial data
	Meta-analysis using clinical trial data

	Discussion
	Author contributions
	Conflict of interest
	Funding
	Data availability

	Appendix A. Supplementary data
	References


