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Abstract

Background and aims comparative animal study of effectiveness of intermittent administration of lyophilized single-, three- and
alive multistrain probiotic in short courses on insulin resistance (IR) in rats with experimental obesity.

Methods 70 rats were divided into 7 groups (7 = 10 in each). Rats of group I were left intact. Newborn rats in groups II-VII were
administered monosodium glutamate (MSG) (4 mg/g) by injection. Rats in group II (MSG-obesity group) were left untreated.
The rats in groups III-V received lyophilized mono-probiotics B.animalis VKL, B.animalis VKB, L.casei IMVB-7280 respective-
ly. The rats in group VI received all three of these probiotic strains mixed together. Group VII was treated with multi-probiotic
“Symbiter”, containing 14 different live probiotic strains (Lactobacillus, Bifidobacterium, Propionibacterium, Acetobacter
genera).

Results Treatment of newborn rats with MSG lead to the development of obesity in all MSG-obesity rats and up to 20-70% after
probiotic administration. Additions to probiotic composition, with preference to alive strains (group VII), led to significantly
lower rates of obesity, decrease in HOMA-IR (p < 0.001), proinflammatory cytokines levels — IL-13 (p = 0.003), IL-12Bp40 (p
<0.001) and elevation of adiponectin (p = 0.003), TGF-{ (p = 0.010) in comparison with MSG-obesity group. Analysis of results
in groups treated with single-strain probiotics (groups III-V) shows significant decrease in HOMA-IR, but changes were less
pronounced as compared to mixture groups and did not achieve intact rats level. Other metabolic parameters were not affected
significantly by single strains.

Conclusion Our findings provide major clues for how to design and use probiotics with more efficient compositions in obesity
and IR management and may bring new insights into how host-microbe interactions contribute to such protective effects.

Keywords Obesity - Insulin resistance - Lyophilized and alive probiotic strains - Lactobacillus - Bifidobacterium - Multistrain
probiotics

Introduction one-third of them are obese [1]. Obesity and insulin resistance

(IR) are the major predisposing factors that increase risks of
As reported by The World Health Organization (WHO) in comorbidities, such as type 2 diabetes (T2D), metabolic syn-
2014, over 1.9 billion adults are overweight, and more than ~ drome, hypertension, hyperlipidemia, nonalcoholic fatty liver
disease (NAFLD), cardiovascular diseases, and several types
of cancer [2], which inevitably brings a heavy financial burden
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microbiota and pathogenesis of IR and are related to lipopoly-
saccharide (LPS), short chain fatty acids (SCFA) and bile
acids metabolism [5, 7]. By increasing production of SCFAs
such as acetate, propionate and butyrate, gut microbiota acti-
vates free fatty acids receptors (FFAR) in intestine
enteroendocrine cells can stimulate the secretion of incretin
hormones such as glucagon-like peptide (GLP)-1 and GLP-
2. Incretins directly stimulated insulin releasing and
adiponectin gene expression, which contribute to pancreatic
B-cells proliferation and improvement of insulin sensitivity [8,
9]. Another mechanism by which the microbiome may con-
tribute to IR is significant alterations in the intestinal barrier
which lead to increased intestinal permeability, with subse-
quent translocation of microbiome-derived LPS to the
bloodflow [6]. Up to threefold increase in serum LPS concen-
trations named metabolic endotoxemia which interacts with
CD14 TLR-4 (toll-like receptor-4) receptor complex and acts
as a trigger factor that induces low-grade systemic inflamma-
tion and initiates pro-oxidative stress status [10]. Finally, gut
microbiota via modulation of bile salt hydrolase enzyme
(BSH) activity, can directly increase the levels of primary bile
acid which in turn binds and activates the farnesoid X receptor
(FXR) [11]. Activation of FXR leads to increased storage of
glucose, decreased production of glucose from non-glucose
nutrients, increases synthesis and secretion of insulin [11, 12].

Probiotics are defined as live microorganisms that are ben-
eficial to the health of the host when administered in adequate
amounts [13]. Strains of lactic acid bacteria belonging to the
genera Lactobacillus and Bifidobacterium are commonly used
as probiotics and are the most studied strains in the treatment
and prevention of obesity-associated disorders [14—16].
Moreover, several potential bacterial candidates, such as
Akkermansia muciniphila, Parabacteroides goldsteinii,
Enterobacter halii or Saccharomyces cerevisiae var.
boulardii, have been identified and novel mechanisms of ac-
tion intervening their positive effects for IR/obesity were dis-
covered [17-19].

The background of current study, were previously re-
ported by our group findings that probiotic composition,
with preference to alive strains, led to a significantly low-
er prevalence of obesity, reduction of visceral adipose
tissue weight and serum lipid levels as compared to
single-strain probiotic in rats with monosodium glutamate
(MSG)-induced obesity [20]. Based on this suggestion
and according to well known fact that obesity contributes
to IR and associated with low-grade systemic chronic in-
flammation it was interesting to investigate strain-specific
impact of probiotic on these parameters.

So, aim of the current study was to conduct comparative
effectiveness analysis of intermittent administration of lyoph-
ilized single-, three- and live multi-strain probiotic in short
courses on IR and chronic inflammatory markers in rats with
experimental MSG-obesity.
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Methods
Ethics statement

All procedures performed in animals were in accordance with
general ethical principles of animal experiments, approved by
the First National Congress on Bioethics Ukraine (September
2001). The protocol was approved by the Committee on the
Ethics of Animal Experiments of the Taras Shevchenko
National University of Kyiv (Protocol number: 2/2017).

Study design

The study was conducted using 70 newborn Wistar male rats,
which were divided into 7 groups of 10 animals each. In group
I (intact animals) saline was administered subcutaneously (s/c)
at 2nd, 4th, 6th, 8th and 10th postnatal days. All newborn rats
of the II-VIII groups for experimental obesity induction were
injected with MSG at the same timeslot as previously de-
scribed [21-25]. The volume of both saline and MSG for
injection was the same for all groups (I-VIII) and calculated
as follow — 4 mg/g body weight per day.

All animals selected for the experiment were standardized
six pups per mother to ensure better lactation and subjected to
veterinary examination, acclimatization for five days, and then
randomly divided into one of 6 treatment groups, numbered
and appropriately labeled. We started administration of probi-
otic strains to rats at the age of 30 days and continued for
3 months in 2 two-week courses (1 course per month) [23,
24]. From weaning (1 month) to 4 month of age, rats had
unrestricted access to standard rodent chow (PurinaW) and
water during the entire experimental period [20].

Group II (MSG-obesity) received 2.5 ml / kg of water
(intragastrically). Group III-VII were administrated with dif-
ferent probiotic mixtures. The groups III-V were
monocomponent and received single-strain lyophilized
probiotics Bifidobacterium animalis VKL (group III),
Bifidobacterium animalis VKB (group 1V) and Lactobacillus
casei IMVB-7280 (group V) respectively. The probiotics were
administrated at an average total daily dose of 50 mg/kg (5 x
10° CFU/kg).

The group VI-VII were classified as poliprobiotic groups
as rats received mixture of alived or lyophilized strains. The
group VI received 2.5 ml/kg of an aqueous solution of a mix-
ture of the three probiotic strains (2:1:1 Lactobacillus casei
IMVB-7280, Bifidobacterium animalis VKL, Bifidobacterium
animalis VKB) at a dose of 50 mg/kg (5 x 10° CFU/kg) (g)
(intragastrically) [20]. The group VII was treated with
“Symbiter” at a dose of 140 mg/kg (1.4 x 10'° CFU/kg),
which was supplied by Scientific and Production Company
“0.D. Prolisok” (Ukraine). This multiprobiotic mixture con-
tains biomass of 14 alive strains — Lactobacillus +
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Lactococcus (6 x 10'° CFU/g), Bifidobacterium (1 x 10'%/g),
Propionibacterium (3 x 10'%/g), Acetobacter (1 x 10°/g) [20].

Anthropometric measurements and obesity
parameter assessment

After 3 months, rats of all groups were analyzed for changes in
body weight. One day before the experiment, the animals did
not receive food but had free access to water. To determine
presence of obesity Lee index was used, which was calculated
by the following formula: cube root of body weight (g) / naso-
anal size (cm). Animals with Lee index greater than 0.300
were classified as obese, equal to or less than 0.300 as normal
[26].

Sample collection and blood biochemistry analysis

All animals were fasted for about 12 h prior sacrifice which
was performed by cervical dislocation under urethane anes-
thesia. Blood was gathered into a microtube which contained a
mixture of EDTA with NaF in a 1:2 ratios. Then blood fasting
glucose (FPG) was determined using the Trinder’s glucose
oxidase method. The rest of the blood from the sample was
transferred into a sterile tube, centrifuged at 3500 rpm for
15 min and stored at —80 °C. For further analysis, serum
supernatant aliquoted into microcentrifuge tubes was used.
Fasting insulin (FPI) was measured with the
electrochemiluminescence immunoassay (ECLIA) method
using the Rat/Mouse Insulin Kit (Linco Research, USA). For
assessment of IR widespread HOMA equation (FPG x FPI/
22.5) was used [27]. ELISA was used to determine serum
adiponectin by commercial kits «BioVendor»
(Czech Republic).

Cytokines measurement

The level of serum cytokines such as IL-1[3, IL-4, IL-10, IL-
12B p40, transforming growth factor (TGF)-f3 and interferon
(INF)—y were measured using enzyme-linked immunosorbent
assay (ELISA) with specific mice-produced (for IL-4, IL-10,
TGF-3) monoclonal antibodies (Sigma). For IL-13 and
INF-y determination specific goat origin polyclonal antibod-
ies were used. The IL-12B p40 polyclonal antibodies were of
rabbit origin. Cytokines were immobilized in 96-well plates
with a sorption surface. For this purpose, 100 ul of standards
were added to the corresponding wells to construct the cali-
bration curve. Other wells were filled with 100 pl of serum. To
each well 50 ul of appropriate antibodies was added. Then
mixture was incubated at room temperature for 2 h, washed 5
times with buffer and fluid was removed. In next step, 100 ul
of the conjugate (streptavidin peroxidase) was added to each
well, including a null sample. The samples were then incubat-
ed at room temperature for 30 min. After incubation, the

enzyme-substrate reaction was stopped by adding 100 pl of
H2S04 to each well. At the end of the reaction, the optical
density of the standards and samples of the test serum with a
wavelength of 450 nm was determined. The content was
expressed as absorbance units of optical density.

Statistical analysis

The SPSS statistical package, version 21.0 (SPSS, Inc.,
Chicago, Illinois) and GraphPad Prism version 6.0 were used
for all statistical analyses and a P value less than 0.05 was
considered statistically significant. All data were expressed as
mean + SD. Data distribution was analyzed using the
Kolmogorov-Smirnov normality test. Variables with paramet-
ric distribution were then analyzed using one-way Analysis of
Variance (ANOVA) and if the results were significant, a
Tuckey Post Hoc test was performed. Data with non-
parametric distribution was analyzed using Kruskall-Wallis
test. Designations of significant inter-group differences on di-
agrams were made using letters a, b, ¢, d. The same letter over
two diagram columns indicates the absence of differences be-
tween two corresponding data groups. Different letters over
two diagram columns reflect significant differences between
two corresponding data groups [7].

Results

In Table 1 presented weight gain dynamics of different exper-
imental groups. Initials assessment was done at 30-days of life
before intervention started. Baseline measurement stated sig-
nificantly lowest body weight in intact rats as compared to all
other groups. At day 60 and after 1-month of probiotic admin-
istration there were no significant changes in body weight
between intact and both lyophilized (VI) and alive (VII)
poliprobiotic groups. However, we observed significantly
lower weight in these 3 groups as compared to MSG-obesity
but not against single-strain (III-V) groups respectively. Later
in terms 0f 90 and 120 days body weight flatten and at the end
of experiment the weight of all rats did not differ significantly,
however was highest in MSG-obesity rats (Table 1).

The analysis of the HOMA-IR and serum insulin level
demonstrates that under condition of MSG-induced obesity
rats became IR. In MSG-obesity rats we marked 3-fold sig-
nificant increase of HOMA-IR (3.07 0.3 versus 1.18 +0.07;
»<0.001) and 2-fold higher insulin concentration (13.4+
1.14 versus 6.32+£0.42 ulU/ml; p<0.001) as compared to
intact animals (Fig. 1B, C). Probiotic therapy lead to signifi-
cant decrease of serum insulin in all intervention groups (III-
VII) as compared to MSG-obesity with achievement of intact
rats level (Fig. 1B). However, the HOMA-IR analysis, in
terms of viability and strain dependence of probiotic compo-
sition, demonstrates that only multi-component mixture with
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Table 1 Weight gain dynamics in experimental animals
Weight, Intact rats MSG-induced B. animalis B. animalis L. casei IMVB-7280 Poliprobiotics ~Symbiter P
g (n=10) obesity (n=10) VKL VKB (n=10) (n=10) n=10)

(n=10) (n=10)
30 days  59.5+8.92*  76.4 + 10.57° 720 £561° 709 +£842° 727 +6.63° 72,6 £629° 705 +7.39°  0.001
60 days 148.0 + 13.16° 171.7 + 15.78° 156.0 £ 16.25% 155.6 + 17.66® 150.5 + 18.62%° 1459 + 15.93* 148.8 £ 14.67* 0.013
90 days 2012+ 11.41 217.4 +24.48 2033 £27.08 1967 £27.68 195.3 + 25.64 194.8 £ 2552 200.0 + 25.85 0.427
120 days 2455 +12.7 2745 +38.61 253.6 £32.76 2448 +33.67° 244.1 + 38.95 235.5 + 3448 237.5+32.57 0.168

Data are presented as the M + SD. One-way ANOVA with post hoc Tukeys test for multiple comparisons were performed for data analysis. * > © ¢ Values
at the same row with different superscript letters shows significant differences in p < 0.05

preference on live strains more pronounced improves IR as
compared to other intervention groups, since only the VII
group has not shown a significant difference compared to
intact animals (p = 0.098) (Fig. 1C).

Changes of IR markers in agreement with adiponectin
levels, which is known to be one of the major regulators, that
improves peripheral tissue sensitivity to insulin. In rats with
MSG-obesity significant reduction of adiponectin by 3.5
times (2.27+0.36 versus 7.92+0.69 ng/ml, p<0.001) as
compared to intact animals were observed (Fig. 1D). On the
other hand, we stated that both alive or lyophilized
policomponent probiotic mixtures (group VI-VII) at least par-
tially increase insulin sensitivity, which is manifested by a 2-
fold significant restoration of serum adiponectin in contrast to
MSG-obesity rats (Fig. 1D). However, it should be noted that
its level does not increase to the level of intact rats. For mono-
strain groups (III-V), there were insignificant differences un-
like to MSG-obesity rats (Fig. 1D).

Cytokines profile analysis has shown the development of
low-grade chronic systemic inflammation under condition of
MSG-induced obesity. We noted significant increase of proin-
flammatory cytokines IL-13 (0.73+0.11 vs 0.53+0.09;
p<0.001), IL-12B p40 (1.28+0.18 vs 0.77+0.10; p<
0.001) and INF-y (0.36+0.09 vs 0.26£0.05; p=0.017) as
compared with intact rats (Fig. 2A-C). Probiotic therapy is
associated with significant decrease of IL-13 and IL-12B
p40 levels, but certain features were observed depending on

©
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Fig. 1 Glucose metabolism parameters in 4-month old rats (n=10 in
each group) in the condition of MSG-induced obesity and after probiotic
administration (A — glucose; B — insulin; C — HOMA-IR; D —
adiponectin). Data are presented as the M + SD. One-way ANOVA with
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the composition. The most pronounced anti-inflammatory ef-
fect in relation to IL-13 was exhibited at the same extent for
both poliprobiotic mixtures (groups VI-VII). Monostrain pro-
biotic therapy, characterized by less pronounced effect. In
general, the IL-1f3 level after the mono-strain (groups III-V)
probiotic administration changes insignificant, but L. casei
strain IMVB-7280 in comparison with B. animalis VKL and
VKB was associated with a minimal effect (Fig. 2A). The most
pronounced decrease of IL-12B p40 was mentioned for alive
multiprobiotic mixture in comparison to other interventional
groups, since only for group VII we did not find significant
difference matched to intact rats (p = 0.993). In monotherapy
with probiotics (group III-V), the decrease of IL-12B p40 was
almost identical (Fig. 2B). The INF~y level after probiotics
administration, regardless of the viability and activity of the
composition, was significantly comparable to intact and
MSG-obesity rats (Fig. 2C).

We also demonstrated significant reduction of anti-
inflammatory cytokines such as IL-4 (0.28 £0.06 vs 0.41 £
0.07; p=0.001) and TGF-p (0.27+0.08 vs 0.49+0.16;
»<0.001) in MSG-obesity rats matched to intact animals
(Fig. 3A, B). Interestingly, that concentration of IL-10, one
of the most important anti-inflammatory cytokines, changes
insignificant among all experimental groups (Fig. 3C). The
increase of IL-4 was most pronounced in both poliprobiotic
groups, but significantly not differ from monostrain therapy
(groups 11I-V) (Fig. 3B). The TGF-{ significantly increased

C D

HOMA-IR
adiponectin, pg/ml

post hoc Tukeys test for multiple comparisons were performed for data
analysis. * 5 ¢ Values on the same row with different superscript letters
show significant differences in p < 0.05
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Fig.2 Serum pro-inflammatory cytokines levels in 4-month old rats (n =
10 in each group) in the condition of MSG-induced obesity and after
probiotic administration (A — IL-13; B — IL-12B p40; C — INF-y). Data
are presented as the M + SD. One-way ANOVA with post hoc Tukeys test

as compared to MSG-obesity and restored up to intact animal
level only after multiprobiotic (group VII) administration (Fig.
3A).

Discussion

Regulation of gut microbiota with pro- and/or prebiotics sup-
plementation against obesity has attracted attention, although
results were inconsistent. It has been shown that certain pro-
biotic strains, including Bifidobacteria and Lactobacilli or
mixtures of the two reduce IR in different animal models in
obesity or T2D, whereas other probiotics have had no effect.
We established a well-controlled animal model which is an
early-onset obesity resulting from MSG induced lesions in
arcuate nucleus to neonatal animals [28, 29]. This model char-
acterized with increased fat to body weight ratio according to
accumulation of visceral adipose tissue, severe
hyperleptinemia, hyperinsulinemia and an extremely high
HOMA index that pointed to development of IR [30]. The
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Fig.3 Serum anti-inflammatory cytokines levels in 4-month old rats (n =
10 in each group) in the condition of MSG-induced obesity and after
probiotic administration (A — TGF-3; B — IL-4; C — IL-10). Data are
presented as the M+ SD. One-way ANOVA with post hoc Tukeys test
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for multiple comparisons were performed for data analysis. > ® ¢ 4 Values
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strain-specific probiotic impact on these metabolic parameters
was the main aim of our study. In our previous study, we noted
the development of obesity in all MSG-obesity rats and up to
20-70% after probiotics. Moreover, supplementation of pro-
biotic composition, with preference to alive strains, led to a
significantly lower prevalence of obesity, reduction of VAT
weight and serum lipid levels as compared to single-strain
probiotic [20].

Li et al. studied the anti-diabetic effects of L. casei
CCFM419 in mice with high-fat diet (HFD) and low dose
streptozotocin-induced T2D. In 4 weeks, the probiotic group
improved insulin sensitivity by insulin tolerance test, lowered
fasting insulin level and decreased HOMA-IR value com-
pared to the diabetic control. The positive effects on IR may
be due to amelioration of systemic inflammation as indicated
by improved TNF-«, IL-6 and IL-10 level and SCFA/gut mi-
crobiota pathways [31]. Another study on high fructose-
induced T2D in Wistar rats, demonstrated that low-fat
(2.5%) yogurt dahi containing probiotic Lactobacillus
acidophilus and Lactobacillus casei after 8§ weeks
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for multiple comparisons were performed for data analysis. ® > ¢ Values
on the same row with different superscript letters show significant differ-
ences in p <0.05

@ Springer



294

J Diabetes Metab Disord (2020) 19:289-296

significantly delayed the onset of glucose intolerance, hyper-
glycemia, hyperinsulinemia, dyslipidemia, and oxidative
stress [32]. Diet-induced obese C57BL/6 J mice treated with
probiotics (Lactobacillus curvatus HY7601 and Lactobacillus
plantarum KY1032) gained less in body weight, showed
lowered plasma insulin, leptin, total-cholesterol and in adipose
tissue down-regulated pro-inflammatory genes (TNF«x, IL6,
IL1{3 and MCP1) [33]. Similar to our results, oral administra-
tion of Bifidobacterium animalis subsp. lactis CECT 8145
strain (10'® CFU/day) suspended in skim milk in Ziicker fatty
rats significantly increased plasma adiponectin (an insulin-
sensitising adipokine), however did not result in significant
changes in triglyceride levels [34].

Several recent studies, in agreement with our findings,
demonstrated that probiotic multistrain mixture can produce
better results than single strain in obesity and related disorders
management. Roselli et al., investigated that mixture of
Bifidobacterium lactis Bil, B. breve Bbr8 and B. breve BLI1()
(B. mix) when administered before and together with HFD, as
well as after for 12 weeks of HFD was able to both prevent
and ameliorate already existing obesity by reducing weight
gain, adipose tissue fat accumulation, adipocyte size, and
macrophage and CD4+ T cell infiltration, improving lipid
profile and regulating leptin and cytokine secretion. From
the other side mixture containing Lactobacillus rhamnosus
GG, L. acidophilus LAI/KS, or a mixture of L. bulgaricus
Lb2 and S. termophilus Z57 were not effective [35]. Alard
et al., reported that multi-strain mixture (L. rhamnosus LMG
S-28148 and B. animalis subsp. lactis LMG P-28149) improve
adiposity, insulin resistance and dyslipidemia through adipose
tissue immune cell-remodelling HFD-induced obese mice. At
the gut level, the mixture modified the uptake of fatty acids
and restored the expression level of the SCFA receptor
GPR43, abundance of Akkermansia muciniphila and
Rikenellaceae [36]. A multispecies Lactobacillus- and
Bifidobacterium-containing probiotic mixture (B. lactis LA
303, B. lactis LA 304, L. acidophilus LA 201, L. plantarum
LA 301 and L. salivarius LA 302) significantly reduced the
increase in body weight, serum glucose concentration and
insulin resistance induced by the HFD in C57/BL6J mice
[37]. We suggested that when in mixtures multi-strain
probiotics formed mutualistic relationships and, therefore,
were able to share with different metabolites, affect different
receptors, and, as a result, synergistically produce the en-
hanced overall effect greater than the sum of the single effects.
In contrast to our data, recent study [38] reported effects of
single species versus dual species on markers of obesity in
HFD-induced obese rats. Intervention groups were HFD sup-
plemented with Lactobacillus casei strain Shirota, HFD sup-
plemented with Bifidobacterium longum and HFD supple-
mented with a mixture of these two bacterial species. After
15 weeks of supplementation, B. longum showed better results
in terms of modulating leptin level, fat mass, adipocyte size
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and lipoprotein lipase expression, as well as increasing
adiponectin and PPAR~y expression compared to dual species
[38].

Sometimes it is unknown whether the ingested microbial
cells are viable- or killed. Our study demonstrates that from
the two poliprobiotic mixtures that were investigated, the
more effective one contained alive strains. Recent study com-
pared the effects of heat-killed (HK) and live Lactobacillus
reuteri GMNL-263 (Lr263) on insulin resistance in high-fat
diet (HFD)-induced rats. It was suggested that similar to live
Lr263, HK L1263 caused significant decrease in the weight
gain, serum glucose, insulin, and lipid profiles in the serum
and liver [39]. However, even sterilized bacterial cells are
functional. Current study demonstrates that in mice on a
HFD, sterilized Bifidobacteria suppressed fat accumulation,
improved IR, and lowered blood glucose levels [40].

Conclusion

Additions to probiotic composition, with preference to alive
strains, led to significantly lower levels of obesity, decrease in
HOMA-IR, proinflammatory cytokines levels (IL-1f3, IL-
12Bp40) and elevation of adiponectin and TGF-f3 in compar-
ison with MSG-obesity. Single-strain analysis (group I1I-V)
shows significant decreasing of HOMA-IR, but changes were
less pronounced as compared to mixture groups and did not
achieved intact rats level. Other metabolic parameters were
not affected significantly by single strains.

The insulin sensitizing effect of probiotics thus appears to
be dependent on strain or dose, though underlying mecha-
nisms are still largely unknown. Our findings provide major
clues for how to design and use probiotics with more efficient
compositions in obesity and IR management and may bring
new insights into how host-microbe interactions contribute to
such protective effects.
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