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Abstract
Objective: Type 2 diabetes mellitus (T2DM) is still a challenge for physicians to manage patient’s
circumstances. It is assumed that alterations in the normal �ora may be involved in the pathogenesis of
T2DM through inducing chronic in�ammation. To investigate the effect of Lactobacillus rhamnosus as a
common probiotic on T2DM, we induced an experimental model of T2DM in adult male Zebra�sh by
gradient hyper-glucose accumulation methodology.

Results: In this trial three-month old mail adult Zebra�sh were divided in to four groups including two
control groups and T2DM induced groups with or without probiotic treatment. After �ve days of
acclimation, T2DM was induced by a gradient hyper-glucose accumulation methodology. Diabetic �shes
had statistically abnormal blood glucose and pro-in�ammatory cytokine levels compared to control group
(p=0.0001). This results suggest that probiotic intervention hindered the blood glucose level in the T2DM
group by decreasing pro-in�ammatory cytokines responsible for signaling in T2DM therapeutic
modalities. 

Introduction
Metabolic syndrome has steadily increased globally and many etiological factors including altered
in�ammatory states, adipose abnormalities and insulin resistance, contribute to their pathogenesis and
thus should be considered in related basic studies [1–3]. Diabetes mellitus (DM) which is known by
glycemic disturbances is usually categorized to various categories. Type 1 DM patients are characterized
by destruction of insulin-producing pancreatic beta-cells and type 2 diabetes mellitus (T2DM) patients
with lowered response to insulin. The individual lifestyle and genetic code are usually co-risked in T2DM
[4, 5]. In obese T2DM patients, it was shown that losing weight reduces the glucose-lowering condition
and can also improve glycemic control [6, 7]. However, there are still multiple challenges for physicians to
manage patients’ condition, including side effects and toxicity of current therapeutics and medication
failures [8]. Recently, several studies have reported that both T2DM and obesity are associated with gut
microbiota composition [1, 9]. Furthermore, nowadays it is useful to realize the effects of probiotics on
management diabetes.

Probiotics are de�ned as live microorganisms with healthy bene�cial to host if up taken in adequate
amounts [10, 11]. Recent advances have highlighted the bene�cial outcome of gastrointestinal bacteria in
the pathology of in�ammatory disorders [12]. Much evidence suggests that probiotic uptake has
bene�cial effects on blood glucose through different mechanisms [13–16]. Since intestinal microbiota
and their metabolites directly contribute in insulin resistance; probiotic could have a strong effect on
physiological function by altering gastrointestinal bacterial community [17, 18]. Consumption of a
su�cient amount of probiotic is considered a therapeutic method for weight reduction and control of
T2DM [19]. Furthermore, there is a direct correlation between the anti-diabetic drugs and gut microbiome
community [9] .
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T2DM and obesity in the context of epidemiological data provide a solid platform for in vivo investigation
of the disease. Nowadays, zebra�sh (Danio rerio) has emerged as a powerful tool for scienti�c
community among vertebrates. In the beginning of embryogenesis, zebra�sh has transparent embryos
with more than 85% of genetic similarity with human activity and thus as an attractive model organism
for biomedical research [20]. Besides, it is also widely used for investigations on probiotics and host
interaction with different gut microbiota and infectious diseases [21, 22].

Here in, we have developed a diet-induced zebra�sh model for diabetes, to investigate the potential effect
of oral administration of probiotic Lactobacillus rhamnosus ATCC® 53103™ as a diet supplement for
in�ammation caused by T2DM. If probiotic intervention could hinder the blood glucose elevation in the
T2DM model via impact on cytokine levels, it might be considered a novel therapeutic approach in T2DM
treatment.

Materials And Methods

Animals
Adult Danio rerio AB strain was primarily received as a gift from Zebra�sh core facility, University of
Tampere, Finland. Fish were acclimated and subjected to cycles of breeding onward, under standard re-
circulating sump tank conditions for further applications at Zebra�sh Core Facility, Endocrinology and
Metabolism Research Institute (EMRI), Tehran University of Medical Sciences, Tehran, Iran. Fish were kept
in aerated water with a pH around 7.5, oxygen content around 6.5 ± 0.5 mg/L, water temperature around
28 ± 1°C and hardness of 250 mg/L CaCO3. Fish adjusted to a 14:10 hour light:dark cycle and water were
replaced every other day [23]. The procedures used in this study adhered to the tenets of the Declaration
of Helsinki. Random designated adult-bred males were transferred to speci�c incubators �ve days prior to
experiments for acclimation. Fish fed with 20 mg/�sh of commercial food containing 48% protein, 8% fat,
and 2% �ber and freshly hatched Artemia every morning after light up. In this trial, 3 months old adult
male �sh were divided into four groups (two control group and two T2DM diabetic group) each one
contained 15 �sh. The experiments were performed in duplicate manner and duplicate grouping system.
Each group was kept in 2-liter tanks under optimal conditions. The �rst healthy control group received no
probiotic treatment (HC), the second healthy control group treated with probiotic (HC-P), the �rst T2DM
group received no probiotic supplement (T2DM) and the second T2DM group received probiotic
supplements (T2DM-P). Diabetic condition was induced in both T2DM groups by gradient hyper-glucose
accumulation methodology, starting from 50 mM glucose concentration. Three days later, the glucose
concentration raised to 100 mM, and at the end of the week it was increased to 200 mM. This gradual
increasing of the glucose prevents �sh fatality during conditioning period [24]. For biometric analysis,
three �shes were randomly chosen from each group and allowed to reach a steady state within few
minutes in a separate beaker and euthanized by Eugenol (Sigma-Aldrich, St. Louis, MO) using 3 drops in
50 ml of RO water. Biometric parameters including �sh length (from the head to the end of tail) and
weight were measured and recorded and immediate blood glucose measurement was performed.
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Furthermore, body mass index (BMI) was measured based on dividing body weight (g) to the square of
the body length (cm).

Probiotic administration
Lactbacillus rhamnosus GG (ATCC: 53103) capsule was purchased from Culturelle Probiotics Co.,
Canada. To reach the adequate amount of probiotic consumption, �nal concentration of 106 colony-
forming units (CFU)/ml of the bacteria was dissolved in RO water, and used for treatments designated for
CP and DP groups. The water in CP and DP tanks were gently replaced by fresh probiotic-rich water and
used for incubation and further experimental steps.

Blood glucose measurements
To collect the blood, tail posterior was cut toward the anal with sterile seizure along with light pressure on
tail, one drop of blood directly applied to strip on a commercial glucometer in duplicate manner, Match™
(OK Biotech Co, Taiwan). Results were recorded and �sh were then dissected to collect and preserve the
intestinal tissue for histological analysis.

Histological staining
After collecting biometric results the same �sh used for collecting intestinal sample. Intact intestine was
removed and immediately stored in 10% formalin at + 4°C. Following para�n embedding, 10 µm sections
were prepared from the middle part of intestine and applied in hematoxylin and eosin (H&E) as well as
Albert’s staining procedures [25, 26] .

Quantitative real-time polymerase chain reaction analysis
To detect gene expression, total RNA was extracted from homogenized small intestine tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA). Reverse transcription was carried out with Gene Amp RNA PCR.
Quantitative PCR (Applied Biosystems, Foster City, CA) was performed for each gene by a FluoCycle II TM
Sybr Green master mix PCR kit using a standardized program (5' initial denaturing step at 95°C; 40 cycles
of 15'' at 95°C, 20'' at 55°C, and 30'' at 72°C; melting point analysis in 0.1°C steps; �nal cooling step). All
data were normalized to the expression of beta actin as housekeeping internal control gene. The primer
sequences of IL-1β and TNF-α used for real-time PCR are summarized in table S1 (Supplementary
Material). Relative quanti�cation of target gene relative expression levels were calculated using ΔΔCt
method [27].

Statistical analysis
Data are presented as mean ± standard error. Student’s t-test was used for comparison between the two
experimental groups using the statistical software package SPSS Statistics version 16 (IBM Corp.,
Armonk, NY) with signi�cance accepted at p < 0.001.

Results
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Zebra�sh biometric analysis

As summarized in Table S 2 (Supplementary Material), a signi�cant decrease in the length of the diabetic
group (T2DM) and probiotic-treated diabetics (T2DM-P) was observed compared to controls (HC).
Moreover, we observed a slight increase in the length of the probiotic-treated controls (HC-P) (P = 0.013,).
Although both diabetic groups (T2DM and T2DM-P) showed lower weight compared to controls; the
statistical analysis showed a signi�cant difference between T2DM and HC (P = 0.0001). As shown in
Table 2, a signi�cant increase in the BMI of the HC-P group (1.255-fold) and a signi�cant decrease in the
T2DM group (0.343-fold) compared with HC (p < 0.05) was observed.

Impact of probiotics on blood glucose

We observed signi�cant blood glucose elevation in the T2DM group compared with HC and HC-P groups
(P < 0.0001, Fig. 1). Blood glucose has been decreased in the HC-P group in correlation with the
supplemented probiotic (P = 0.011).

In�uence of probiotics on zebra�sh intestine

Histological analysis revealed some visible changes in the villus width and length during the probiotic
treatment. Villus length has increased slightly in the T2DM-P group compared to T2DM, conversely, villus
width has slightly increased in the T2DM group compared with the T2DM-P (Fig. 2). Histological analysis
of the intestinal tissues indicated a wide hyperplasia in the goblet cells located in microvilli’s of the T2DM
and T2DM-P groups.

In�uence of probiotics on zebra�sh pro-in�ammatory cytokine expression

The relative expression of pro-in�ammatory cytokines, IL-1β and TNF-α was depicted in Fig. 3A and B.
Compared to the control group, both IL-1β and TNF-α were over-expressed in the T2DM group (P < 
0.0001). The expression levels of IL-1β and TNF-α increased by 2.75 and 3.77-fold respectively, in the
T2DM group compared with HC. We found that probiotic supplementation resulted in a signi�cant
decrease in the expression levels of pro-in�ammatory cytokines in T2DM-P group compare to T2DM (P < 
0.001).

Correlation between Blood Glucose and pro-in�ammatory cytokine

The correlation between blood glucose in various groups of zebra�sh and pro-in�ammatory cytokines (IL-
1β and TNF-α) expression was r = − 0.966, p = 0.001 and r = − 0.984, p = 0.001, respectively (Fig. 3C &D).

Discussion
A variety of genetic and feeding models of diabetes have been established, nevertheless, the majority of
them have shown an inconsistency in pathological defects compared to human disease. Therefore,
among creatures, zebra�sh gained a growing platform for developmental research on diseases modeling,
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based on high similarity of digestive tract and comparable microbial and gut colonization with human
[28–30]. Although, adult zebra�sh has not been generally applied as an experimental model to study
diabetes; here, we have well established it by overfeeding at adult stage, to study the effects of probiotic
supplements on T2DM in vivo model.

To generate this model, we used a gradient hyper-glucose accumulation methodology. Physiologically,
adult zebra�sh absorb molecules from water to make a hyperosmotical internal environment, therefore,
immersing them in a glucose containing solution (starting from 50 mM) and rising to �nal 200 mM could
be bene�cial [31]. According to our �ndings, this protocol increases blood glucose up to 300 mg/dL in
T2DM Zebra�sh which is in accordance to Gleeson et al. who showed a up to 400 mg/dL increase in
blood glucose of adult zebra�sh immersed in a 1% glucose solution [32]. Moreover, this method provides
micro-environment stability and prevents �sh fatality.

In the biometric result, probiotic-supplemented diet improved �sh weight compared with the standard diet
in both T2DM and HC groups similar to observations of Valcarce et al. [30]. Although, we did not expect
to see signi�cant changes on the length of the �sh during the treatment periods, our data indicated a
slight increase in the length and calculated body mass index (BMI) of HC-P group. This �nding
remarkably points out to the strong value of probiotic and contributes with the physiological conditions
which enhances effective �sh development and growth [14, 19].

Our histological analysis clearly showed some visible changes in the villus length and width during the
probiotic treatment. Since the T2DM �sh groups were under harsh condition due to high concentration of
glucose, their homeostasis tries to adapt the condition to survive by extension of the villus diameter to
increase the absorption. Additionally, result of intestinal staining speci�ed hyperplasia in goblet cells
located in microvillis’ in the T2DM group. As, one of the primary characteristic sign of obesity is
hyperplasia and hypertrophy; administration of probiotic had such an ability to prevent goblet cells
disruption due to high glucose in digestion system of our zebra�sh diabetic model [33, 34] .

Alterations in the intestinal homoeostasis may play a major role in the development of systemic
in�ammatory diseases including diabetes [35, 36]. One of the main challenges in T2DM patients is blood
glucose management. In parallel with previous research, we showed that the consumption of probiotic
based foods had signi�cantly decreased blood glucose [37, 38]. Moreover, we identi�ed the blood glucose
level slightly lower in the HC-P group than the others. Since probiotic can strongly affect the growth,
development and immune system improvement; thus, current results speci�ed the probiotic Lactobacillus
rhamnosus capability to improve tolerance in high glucose concentration [37].

Recently, the contribution of the mucosal immune system and the gut microbiome in metabolic disease
including T2DM has been highly concerned [35, 39]. Our �ndings showed that relative mRNA expression
levels of IL1-β and TNF-α were down-regulated in �sh with probiotic supplementation despite the
induction of innate immune-related cytokine genes by probiotic Chromobacterium aquaticum reported by
Yi et al. [40]. This apparent inconsistency in cytokine pro�le was seen among the genus of Lactobacillus
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whereas L. sakei induced pro-in�ammatory cytokines including IL-1𝛽 and TNF-𝛼; and L. johnsonii
promoted the production of TGF-𝛽 in cellular models [41].

Moreover, there was a robust positive correlation between both IL1-β and TNF-α and blood glucose levels
(Fig. 4C & D). Delgadillo-Silva et al. showed that altered composition of the gut microbiome stimulate the
intestinal residing innate and adaptive immune cells and induce a cytokine-mediated in�ammation which
is accompanied by hyperglycemia [42]. TNF as an inhibitor of insulin signaling is a major contributor
towards obesity-related diseases. Indeed, it has been demonstrated that cytokines such as IL1-β and TNF-
α may play role in the in�ammatory destruction of insulin-producing β-cells in human T2DM [36, 43, 44].
Due to their synergistic effect, pharmacological blockage of mentioned cytokines has been clinically
modulating in�ammatory diseases; however, a therapeutic gap for managing islet in�ammation and
cytokine production in T2DM is present [45].

Finally, we assumed that probiotic bacteria, like L. rhamnosus, through their pathogen associated
molecular pattern signaling pathway and bioactive components might reduce the immune-cell in�ltration,
decreased pro-in�ammatory cytokines and ameliorate the hyperglycemic phenotype n �sh models.
Consumption of su�cient amount of probiotic could be a therapeutic goal for weight reduction to control
T2DM [19]. We might highlighte these results as one of the valuable e�ciency of probiotics not only in
blood glucose management in T2DM patients but also as an advantage of probiotic supplement for
overall health improvement

Conclusion
In summary, this study elucidates that probiotics such as Lactobacillus rhamnosus may hinder the blood
glucose elevation in the T2DM group by their immunemodulatory effects. Thereby development of a
probiotic based therapeutic formulation could promote healthiness in patients with T2DM.

Limitations
The limitation of this study includes lack of data on time dependent changes in blood glucose levels,
cytokines levels and comparing different type of probiotics. Therefore, the effectiveness of various
probiotic and their long-term impact on glucose levels should be investigated in this useful experimental
model.

Abbreviations
ATCC: American Type Culture Collection;BMI: body mass index;BP: Base pair; CFU: colony forming
unit;EMRI: Endocrinology and Metabolism Research Institute;HC: healthy control group received no
probiotic treatment; HC-P: healthy control group treated with probiotic; H&E: hematoxylin and eosin ; IL-1β:
Interleukin 1 beta;Real-time PCR: real-time polymerase chain reaction SE: standard error;T2DM: type 2
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diabetes mellitus;T2DM: T2DM group received no probiotic supplement;T2DM-P: T2DM group received
probiotic supplements; TGF-𝛽 : Transforming growth factor beta; TNF-α: tumor necrosis factor alpha.
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Figure 1

This diagram represents the result of blood glucose from all trail groups. Data represents the mean+ SE
of the results for three independent assays. Statistical analysis compares difference of the mean of
results between T2DM-P and HC, HC-P and T2DM. Difference with p < 0.001 was considered signi�cant.
Each group contained 6 zebra�sh.
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Figure 2

Histopathology evaluation of zebra�sh small intestine. Intestinal tissues were stained with H&E and
studied by microscopy (×400 resolution). Healthy control group (HC), Healthy control group
supplemented with probiotics (HC-P), Diabetic group (T2DM), Diabetic group supplemented with probiotic
(T2DM-P). (A) Villus length increased slightly in the T2DM-P group following probiotic supplementation
compared to T2DM group. (B). Villus width was slightly higher in the T2DM group compared to T2DM-P
group. Data shows mean + SE for three independent assays.
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Figure 3

The relative expression of the intestinal pro-in�ammatory cytokines. A) The effects of probiotic on mRNA
expression of IL-1β were determined by PCR. B) The relative expression of TNF-α from all trail groups
represent. The expression levels of β-actin were used as a loading control. C) The Correlation of IL-1β to
blood glucose; D) The Correlation of TNF-α vs. blood glucose. Control group(HC), Control + Probiotic (HC-
P), Diabetic group (T2DM) , Diabetic group with probiotic(T2DM-P) groups. a Signi�cance vs. HC; b
Signi�cance vs. HC-P; c Signi�cance vs. T2DM-P, The mean difference is signi�cant at p < 0.001.
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