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Abstract

Objective In this study, zebrafish was used as a biological model to induce type 2 diabetes mellitus through glucose. Then, the
effect of metformin and silibinin combination was examined on elevated blood glucose, intestinal tissues, liver enzymes, and
TNF-«, IFN-y, INL1[3 genes as inflammation marker genes.

Methods The liver enzymes (AST, ALT, and ALP) derived from fish viscera homogenate supernatants were assayed in an auto-
analyzer. The expression of target genes was quantified on RNA extracted from the tails by an in-house RT-PCR method, with
fine intestine tissue staining performed by hematoxylin and eosin protocol (H&E).

Result In the glucose-free treatments, metformin and silymarin decreased the levels of AST, ALT, and ALP enzymes in the
blood. The combination of these two drugs had also a significant role in reducing glucose levels. The body weight increased
significantly in the control group which was affected by glucose concentration, with the lowest body weight gain observed in the
metformin group. The expression of INL-13 gene was significantly enhanced in the control group and the highest IFN-y
expression was observed in both control groups with glucose (G + CTRL) and without glucose (G-CTRL) (p < 0.05). The lowest
level of TNF-x gene expression was observed in the control + glucose group (G + CTRL) (p < 0.05). Diabetic state causes weak
absorption whereby the fish body demands to increase absorption level by enhancing the amount of acidic goblet cells thereby
acidifying the environment in the gastric tracts.

Conclusion Collectively, this study indicated that treatment with metformin and Silibinin could improve metabolic-mediated
performances by reducing the expression of inflammatory genes and blood glucose, modulating liver enzymes, and ameliorating
the intestinal inflammation in type 2 diabetic zebrafish model.
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Introduction grown dramatically for decades globally [1, 2]. Nowadays, the

disease associated with obesity and high blood glucose are
Type 2 diabetes, obesity, and cardiovascular problems, linked ~ becoming a leading cause of death. Metformin is one of the
to unhealthy life styles and metabolic-driven disorders, have ~ popular medicines for patients with type 2 diabetes.
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Metformin is not insulin dependent and functions by lowering
glucose in blood [3, 4]. Metformin also affects the immune
system through infiltration of T-cells while reducing inflam-
mation [5]. Silymarin is a flavonoid; flavonoids are plant
chemicals of diverse phytonutrients, which can be found in
many fruits and vegetables. Silymarin has a structure called
silibinin which can protect the liver [6]. Silymarin has been
reported as an effective compound in patients with type 2dia-
betes [7]., such as lack of useful medication and side effects in
most of cases [8, 9]. Zebra fish has been established as a
suitable model among vertebrate for biomedical research with
more than 85% genetic similarity to humans [10]. Zebrafish
also established a powerful platform as a model in metabolic
diseases and hyperglycemia research, a cutting edge in diabe-
tes investigation [11]. Zebrafish as a model for T2DM has
already proved a promising platform to mechanistic, therapeu-
tic, and heath management research for diet-induced, blood
glucose level, and insulin resistance [12]. Zebrafish has been
observed as a promising underline model as hyperglycemic,
with significant response to high glucose treatment and insulin
response which can be used as anti-diabetic drugs research
[11, 13]. Regarding metformin and diabetes research, Wyett
et al. reported a new protocol which can be applied for en-
hancement of beta cell based on beta-cell ablation in zebrafish
using metformin. This study indicated that beta-cell number
could be significantly increased using metformin
[14].Inflammatory biomarker genes are found in diabetic
and obese individuals, and these biomarkers can predict the
progression of type 2 diabetes. In the present study, we inves-
tigate the possibility of tracking the inflammation in diabetes
type 2 induced model of Zebrafish in the intestine and expres-
sion of TNF-« [15], IFN-y [16] and IL-1[3 genes [17] by
chemical (metformin) and herbal (Silymarin) alone and as
combined drugs. Indeed, we intend to introduce a novel herbal
and chemical combination compound to reduce the effects the
possible inflammation caused by hyperglycemia due to high
concentration of glucose uptake in zebrafish. This novel com-
bination therapy could lead to diminished tissue damage by
inflammation and improve the blood glucose level for diabe-
tes type 2 management.

Materials and methods

Ethical statement All zebrafish research experiments were
performed according to the Endocrinology and Metabolism
Research Center (EMRI), Tehran university of Medical
Sciences, Tehran, Iran ethical guideline
(IR.IAU.Babol.REC.1398.046).

Zebrafish (Danio rerio) maintenance AB (wide type) Adult

zebrafish strain was used in our study provided by core facility
of Zebrafish research center, University of Tampere, Finland.

@ Springer

Fish were acclimatized for 10 days to the temperature and
photoperiod of our Zebrafish laboratory.

Experimental design and fish group definition

Seven-month-old adult fish were randomly chosen and divid-
ed into two main groups and four subgroups. Eight tanks were
used in which there were 15 fish per 2-1 water. All 8 fish tanks
were kept under constant dissolved oxygen and pH around 7
and temperature of 28 + 1 °C. The average weight per fish was
3 g. Each group was repeated as 3 duplicates. Two main ex-
perimental groups were evaluated as Induced glucose = G+)
and (without glucose = G-) with each main group containing 4
subgroups as (Control=CTRL), (Silymarin = Si),
(Metformin = Me), (Silymarin and Metformin = SiMe), mak-
ing a total of 8 incubators in this study. Fish were fed on
commercial Gemma micro (500) diet daily with 0.2 g per 10
fish twice a day. Water was replaced every other day (Fig. 1).

Preparing induced hyperglycemia zebrafish

In our present study, we induced zebrafish as a hyperglycemia
model with increasing the glucose concentration in their tank
water. After 5 days of acclimation (induction of glucose), the
group of fish were treated through adding glucose
monohydrate gradually into the tank. We started the initial
induction with a concentration of 50 mM glucose (Merck,
Germany). We kept the fish at this glucose concentration for
4 days, and monitored the health and mortality, followed by
changing the water each day. On day 5, we elevated the glu-
cose concentration up to 100 mM, and in order to prevent the
fatality, we kept the fish for another 3 days while constantly
monitoring the situation. The fish were adapted to the new
glucose concentration and then we again heightened the glu-
cose level (glucose-induced) to further treat the fish with
200 mM glucose.

Metformin and Silibinin treatments

Silymarin used in our present study was obtained from
Zarband Pharmaceuticals, Iran. Silymarin liquid stock was
prepared and stored at 4 °C. 10 drops (concentration
10 mM) were added to 2 L water tank containing 15 Fish
for the groups: (G+ Si), (G+ SiMe), (G-Si), (G-SiMe).

Me 500 mg tablet was purchased from Chemidarou, Iran.
To prepare the Me stock solution, we crashed 1 tablet of
500 mg Me to form a fine powder. The powder was gently
collected and dissolved in 10 mL of RO water using falcon
tube and vortex to reach fine mixers. 1 tablet equivalent to a
concentration of 20 uL in 2 L of water (250 ppm) Also, 2 ml
of the above stock solution was added to 2 L tank of 15 fish for
group (G+ Me), (G+ SiMe), (G-Me) and (G-SiMe).
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Fig. 1 Trail group preparation. Fish were divided in to 2 main groups
as (glucose induced) and (without glucose). Each of them contained four
subgroups as CTRL, Si, Me, SiMe. Each tank contained 15 fish in 2 L of

Zebrafish biometric analysis

In order measure the biometric parameters, we randomly col-
lected three fish from each tank. To avoid the stress effect, the
fish were then allowed to rest for 1 min after which they were
euthanized with 3 drops of Eugenol in 50 mL of RO water.
The fish length and weight were measured and recorded
followed by fin clipping for further gene analysis and then
immediately prepared for blood glucose measurement [18].
The fish length was measured from the anterior-most point
of the mouth, to the posterior-most region of the caudal pe-
duncle, using digital calipers. Next, the weight was measured
using a microbalance (Mettler MTS5, Mettler Toledo, Spain).

Blood glucose measurement and enzyme
determinations

We conducted the sample collection in duplicate. Prior to
blood collection experiment, three fish were randomly collect-
ed from each tank and kept fast in normal RO water for 12 h.
The temperature and dissolved oxygen remained the same as
other experimental tanks. The fish were euthanized in the
same procedures as mentioned above. The posterior tail was
cut and a drop of blood was directly applied to strip on
glucometer and then blood glucose was recorded. The fish
were then immediately dissected for the intestine sample col-
lection [19]. The fish organs were separated and homogenized
using a homogenizer and then placed into 0.15 M of NACL in
ice -filled boxes. The samples were then centrifuged in a
microtube at 2500 rpm (4 °C) for 15 min. After centrifugation,
the soluble supernatant was used to measure the enzymes:
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkannin phosphatase (ALP) [20].

Histopathological studies

After recording biometric data and blood glucose level, the
same fish were used for collecting intestine sample from all
groups. Intact intestine was extracted and immediately stored
in 10% formalin followed by storing in +4C° until further
histological analysis Fig. 2a. The intact intestine was removed

water. Tanks were kept under constant conditions and aerated with
oxygen plus filtration at a constant temperature of 28 =1 °C. Water was
replaced every other day

and kept in formalin. The middle part of intestine was then cut
and stained for histological analysis Fig. 2b. Intestine staining
experiments were performed by hematoxylin and eosin
methods (H&E) [21]. Tissue extraction was performed from
the middle part of intestine and fixed on 4% paraformaldehyde
followed by washing with PBS after 10 min and incubated in
to 0.5% periodic acid for 4-5 min. The tissue was stained with
Schiff’s reagent for 15 min, while counterstaining using he-
matoxylin solution for 2 min. The entire staining procedure
was performed at room temperature, with the tissue samples
rinsed with water after each staining step. For imaging the
histological sections, Olympus CX41 system microscope
(Olympus USA) was used, and then DS-5 M-L1 digital sight
camera (Nikon) captured the images.

Gene expression analysis and real time PCR

Total RNA extraction was performed from zebrafish tail using
(RNA XPLUS Sina Colon) according to manufacture proto-
col. RNA extract concentrations were determined using Nano
Drop_ 1000 Spectrophotometer (Thermo Scientific).
Specifically, 3 uL of RNA was used for cDNA synthesis
through reverse transcription Kit (Pars Toos, Iran). Prior to
real-time PCR, 1 pL of cDNA was used as template in reac-
tion to diluted with containing 100 uL PCR primers (Pars
Toos. Iran). Real-time polymerase chain reaction (RTPCRs)
were carried out with Fluo Cycle 2TM SYBR® method con-
taining master mix containing SYBR green fluorescent. Real-
Time PCR was performed using (StepOneTM, Applied
Biosystems). Triplicate RTPCRs reaction was applied in each
analysis. All reactions were set using a 96-well plate. The
mixture contained 2.5 mL ¢cDNA, 7 mL distilled water, and
12.5 mL of concentrated SYBR Fluo Cycle 2TM SYBR®.
Also, 1.5 mL of forward and 1.5 mL of reverse primer were
added in the reaction mixtures.

For all the reactions, we followed the thermal profile
consisting of 5 min 95 °C with 40 cycles of 15 s at 95 °C,
20 s at 55 °C, and 30 s at 72 °C. Fluorescence emission
occurred in each cycle followed by curve analysis. (3-actin
was considered as a housekeeping gene applied in our set of
experiments as an internal standard gene to standardize the
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Fig. 2 Fish dissection. a Fish a
dissected immediately after
biometric record and blood
glucose measurement. b The
intact intestine has been removed
and immediately stored in 10%
formalin and kept at +4C° for
histology

results to estimate the quantity and quality variations in
mRNA. The relative value of each mRNA expression was
then calculated from the threshold of 3-actin cycles’ values
with the values of each cycle presented by standard curves
[22].The obtained date were analyzed using iQ5 optical soft-
ware version 2.0. GeneEx Macro 1Q5 Conversion and files
were included (BioRad system). The primer sequences used
are listed in Table 1.

Statistical analysis

Data analysis was performed by ANOVA. p<0.05 was con-
sidered as statistically significant.

Results
Body weight

The use of metformin in obese non-diabetic adults leads to a
decrease in food intake and weight loss along with a reduction
in fasting blood glucose and insulin levels. The highest body
weight (BW) was observed in glucose containing control
group, while the lowest BW was seen in the metformin group.
The BW was significantly higher in the control group receiv-
ing glucose-containing treatment than in other groups

(» <0.05) (Fig. 3a).
Blood glucose measurement

Increased blood glucose leads to elevated body weight, blood
lipid levels, insulin resistance, and impaired insulin secretion.
Also, the release of some peptide hormones such as cytokines
from adipose tissue and other body tissues are involved in the
elevated blood glucose in patients with diabetes. Thus, lower
blood glucose with less side effects would be beneficial for
patients with diabetes type 2 [23]. Silymarin therapy reduces
both blood glucose and insulin secretion, and this has a ben-
eficial effect on the treatment of hyperglycemia together with
hyperinsulinemia in type 2 diabetes [24]. Silymarin, similar to
other herbal extracts, has many compounds, whose biological

@ Springer

b

impact cannot be linked to a single compound. Flavonoids are
a group of compounds present in silymarin that, in addition to
their very strong antioxidant properties, stabilize the cell
membrane and increase cellular glutathione, which has been
shown to lower the blood glucose and improve liver metabo-
lism [24]. Me had a significant effect on glycemic control with
lower plasma insulin levels without weight gain. Me and in-
sulin combination together help obese patients with type 2
diabetes and could improve glycemic control reducing the
need for exogenous insulin by approximately 30% [25]. In
our study, we observed the highest level of blood glucose at
the beginning and the end of experiment in the glucose-
containing control group which was significantly higher in
compared to other groups. At the end of the trail period (day
20), the lowest level of blood glucose was observed in the
glucose-containing group treated with metformin, Silymarin,
and metformin-Silymarin groups (p < 0.05) (Fig. 3b).

Enzyme analysis

Drug- induced changes in liver enzymes which occur rapidly
in a dose-dependent manner also play a major role in inflam-
mation of the liver in many disorders [26]. Blood parameters
are used as indicators of the physiological stress in fish as well,
in response to endogenous or exogenous changes. As physio-
logical characteristics of fish are very important in their rear-
ing and considering that blood is one of the most vital sub-
stances in the body, thus, knowing the blood condition of fish
plays an important role in advancing the goals of preserving,
reproducing, and breeding these fish. Different types of dia-
betes, especially type 2, are usually associated with lipopro-
tein and lipid plasma abnormalities. These lipid abnormalities
are linked with different enzymes such as aspartate amino
transferase (AST) and alanine amino transferase (ALT) which
are found in various tissues such as the liver, heart, skeletal
muscles kidney, pancreas, spleen, red blood cells, and fish
gills. These enzymes are also important in examining the
health status of fish. Thus, decreased activity of this enzyme
is a reason for proper liver function and suitable nutritional
conditions [20]. In our present study, the result indicated that
the highest level of liver enzyme AST was observed in the
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Table 1 List of primers used for

real-time PCR experiment; tumor Gene name forward primer (5-3) Seq (5-3) Gene bank accession number
necrosis factor (TNF-x),
Interferon gamma (IFN-y), TNF-« - F GCTGGATCTTCAAAGTCGGGTGTA AY427649
Interleukin-1f3 (IL-1/3), Beta ac- TNF- R TGTGAGTCTCAGCACACTTCCATC AY427649
tin (bACT) IFN-y F GAATGGCTTGGCCGATACAGGATA AB126869
IFN-y R TCCTCCACCTTTGACTTGTCCATC AB126869
IL-1p _F CATTTGCAGGCCGTCACA CU695198
IL-1p R GGACATGCTGAAGCGCACTT CU695198
bACT F ACAGGGAAAAGATGACACAGATCA AF057040
bACT R CAGCCTGGATGGCAACGTA AF057040

glucose-containing control group (p < 0.05). The highest level
of liver enzyme ALT at the beginning and the end of experi-
ment was seen in the both control groups with and without
glucose (p <0.05). At the end of the experiment, the lowest
level of (ALT) enzyme observed in the glucose-containing
metformin treated group (p < 0.05). The highest level of liver
enzyme Alkaline Phosphatase (ALP) at the beginning and the
end of experiment was also found in the control group con-
taining glucose (p <0.05). At the end of the experiment, the
lowest level of this enzyme was seen in the glucose-containing
metformin treated group and metformin group (p <0.05)

(Fig. 4).
Gene factors

The structure of genes involved in the metabolism may
be affected by different factors, causing changes in the
way calories are stored and consumed in the
body.Osteoblasts secrete cytokines such as IL-1{3, where
its inflammatory properties reduce cellular function and
induce inflammatory responses in body tissues [17]. As

a b
035
03 =
— (]
= 025 5
=
® 02 2
©
2 o1s @
-8 wv
8 o1 3
0.05 =

0
Q&fl,\@e@z@,)g\@z\&z
&G NS [ A\

& TP L C P

Fig. 3 a Body weight. a The highest body weight index (BWI) observed
in glucose-containing control group, while the lowest BWI was seen in
the metformin group. The BWI was significantly higher in the control
group receiving glucose-containing treatment than other groups (p <
0.05). b Blood glucose measurement. The highest level of blood glucose

a key cytokine, interferon-gamma plays an essential role
in innate immunity and adaptive immunity against vi-
ruses and intracellular bacteria. Interferon-gamma stimu-
lates phagocytosis by macrophages, regulates pro-
inflammatory cytokines, and induces proteins that bind
to iron and restrict iron availability to pathogens [27].
In fish, TNF- is a central and a cytokine that influ-
ences inflammatory and antimicrobial responses. Various
studies have shown that genetic and environmental fac-
tors are related to insulin resistance. The role of various
genes in insulin resistance has been investigated among
which TNF-« is prominent. Recent reports suggest that
TNF-o disrupts insulin signaling pathway through the
reduced kinase activity of insulin receptor [28] . The
highest expression rate of IL-13 gene was observed in
the control and glucose-containing control groups, and
there was a significant difference with the other groups
(p<0.05). The highest expression rate of IFN-y gene
was observed in the control and glucose-containing con-
trol groups (p<0.05). The lowest expression of this
gene was seen in the silymarin group and the glucose-

250

0O50(Mm)Glucose M 200(Mm) Glucose

at the beginning and the end of experiment found in the glucose-
containing control group, which was significantly higher compared to
other groups. At the end of the experiment (after 20 days), the lowest
level of blood glucose was seen in the glucose induced group treated with
metformin, silymarin, and metformin plus silymarin groups (p < 0.05)
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Fig. 4 Evaluation of enzyme analysis. Aspartate Aminotransferase
(AST), Alanine aminotransferase (ALT), Alkanine Phosphatase
(ALP), treatments with metformin and silymarin in glucose-free
and glucose-containing treated fish. a The highest level of liver
enzyme aspartate aminotransferase (AST) was observed in the glucose-
containing control group at the beginning and the end of the experimental
period (p<0.05). b The highest level of liver enzyme alanine amino
transferase (ALT). At the beginning and the end of experiment was seen

containing silymarin group (p <0.05). We observed the
highest expression rate of TNF-o in the control and
glucose-containing control groups (p <0.05). The lowest
expression rate of TNF-« gene was observed in the
silymarin group and the glucose-containing silymarin
treated group (p <0.05) (Fig. 5).

Intestinal tissue analysis

During development, the height of the villi in the intestine
increases after birth. Studies have shown that there is a direct
relationship between villus height and intestinal absorption
capacity in diabetes. The highest villus diameter was observed
in the silymarin-metformin combination group which was sig-
nificantly higher than in other groups (p < 0.05). One can con-
clude that silymarin and metformin have been implicated in
the improvement of blood supply through the mechanism de-
scribed in intestinal mucosal healing, and have been able to
bring mucosal adhesion to the former state. The highest villus
width was observed in the silymarin group, while the lowest
width was seen in the glucose-containing metformin treated
group. There was a significant difference in the group treated
with silymarin which was significantly higher than in other
groups (p <0.05). There were goblet cells within the tissue
cells with the mucosal layer containing the cylindrical cells.
Crypts of Lieberkiihn, responsible for mucus secretion and
epithelial cell production, are in the intestinal laminapropria
(Fig. 6).

Evaluation of Laminapropria diameter did not show any
significant difference across the various study groups
(p>0.05). The assessment of submucosa diameter did not
reveal any significant difference either between the study
group (p > 0.05). The type of mucus secreted differs according
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in in the glucose containing control group and the control group without
glucose (p < 0.05). At the end of the experiment, the lowest level of this
enzyme was observed in the glucose-containing metformin treated group
(p<0.05). ¢ The highest level of liver enzyme Alkaline Phosphatase
(ALP) at the beginning and the end of experiment was observed in the
glucose containing control group (p > 0.05). At the end of the experiment,
the lowest level of this enzyme was seen in the glucose-containing met-
formin treated group and metformin group (p <0.05)

to the species of fish and the different pathways of the gastro-
intestinal tract, and the quality of the intestinal mucosa is fully
correlated with environmental conditions as well as the type of
feeding channel functioning. The highest amount of muscle
diameter was observed in the glucose-containing silymarin
treated group with significant difference with than other
groups and was higher (p <0.05). The highest amount of
Passgoblet cells was observed in glucose containing treatment
with silymarin which revealed a significant difference com-
pared to other groups as well (p <0.05). The highest level of
Albgoblet cells was seen in the control group, while the lowest
was in the glucose-containing control group. The control
group had the highest level of Albgoblet cells with a signifi-
cant difference (p <0.05) (Fig. 7).

Discussion
Blood glucose analysis

According to the Fig. 3, increased glucose uptake led to ele-
vated glucose levels in (G + CTRL) treatment, but in the
silymarin (G-Si) and metformin (G + Me) treatments, blood
glucose levels dropped (p <0.05). The combination of the
two compounds had also a significant role in reducing glucose
levels as much as silymarin lowered blood sugar levels.
Metformin belongs to a class of medicines called Biguanide,
which work in a similar way. In this class, metformin in this
group reduces the amount of glucose produced by the liver,
thereby lowering the body’s absorption of glucose, and in-
creasing the effect of insulin on the body. With this in mind,
a proper blood glucose control alone is not sufficient to delay
the diabetic degenerative process. As shown by our findings in
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Fig. 5 Expression rate of inflammation genes in fish samples.
Interferon gamma gene (IFN-y), interleukin-1 beta, and (TNF-x). a
The highest expression rate of interferon gamma gene (IFN-y) was ob-
served in the control and glucose-containing control groups (p < 0.05).
The lowest expression of the same gene was seen in the silymarin group
and the glucose-containing silymarin group (p <0.05). b The highest
expression rate of interleukin-1 beta gene was found in the control and

the present study, metformin seems to be a suitable drug both
in terms of pharmaceutical composition as well as its hypo-
glycemic, anti-lipidemic, and antioxidant effects. Thus, the
administration of metformin in obese diabetic patients is very
useful.

BWI

As displayed in Fig. 3, the highest body weight index was
observed in the glucose control group (G + CTRL)
(P<0.05). The lowest body weight gain was seen in the
metformin (G-Me) group. There have been several studies
regarding the effect of metformin on insulin function and
insulin sensitivity in diabetes patients [29]. Meanwhile,
the effect of metformin has been more pronounced in type
2 diabetes patients. Types of diabetes, especially type 2,
are commonly associated with lipoprotein abnormalities
and lipid plasma. Numerous studies have shown that met-
formin is an anti-hyperglycemic agent that causes weight
loss, and is widely used in diabetic patients [30]. Studies
suggest that metformin treatment of obese adults with
type 2 diabetes could lead to weight loss and improved
glucose tolerance as well as fat reserves. Metformin main-
ly exerts its anti-hyperglycemic effect by reducing the
excretion of hepatic glucose through inhibiting gluconeo-
genesis causing reduced weight and blood glucose in type
2 diabetic patients [31]. Metformin appears to be effective
in blood glucose control, lipid status, and weight control
and can be a good therapy in obese type 2 diabetic pa-
tients. The mechanism of efficacy of silymarin adminis-
tration in the protection of pancreatic cells and prevention
of high glucose-induced metabolic disorders have been
reported in several studies before. The Silibinin available
in silymarin extract prevents the insulin release through
glucose stimulation [32].

glucose-containing control groups and there was a significant difference
with the other groups (p <0.05). ¢ Highest expression rate of (TNF-x)
was observed in the control and glucose-containing control groups
(p<0.05). The lowest expression rate of this gene was seen in the
silymarin group and the glucose-containing silymarin treated group (p
<0.05)

Enzyme

According to the Fig. 4, in the glucose-containing treatment,
metformin alone had the highest effect after which silymarin
alone was able to decrease these enzymes (P <0.05). The
combination of the two therapies also helped reduce the level
of enzymes. Metformin is one of the drugs used to control
blood glucose. Metformin reduces hepatic glucose production
through inhibition of glucogenesis and increases glucose up-
take by stimulating insulin in muscle and adipose tissue.
Silymarin-stimulated DNA polymerase increases ribosomal
RNA synthesis, resulting in liver cell regeneration. Increased
cellular glutathione concentrations also stabilize superoxide
dismutase and glutathione peroxidase. It has been confirmed
that silymarin can induce liver cell repair and liver cell remod-
eling by affecting the outer membrane of liver cells and
preventing the penetration of substances as well as enhancing
ribosomal protein synthesis. This, in turn, improves liver func-
tion, and effectively blocks fat absorption [33]. In general, it
can be concluded that silymarin reduces the liver enzymes
AST, ALT, ALP in fish receiving glucose-containing treat-
ment. In another study, addition of silymarin to the feed had
no significant effect on ALP levels (p > 0.05). Many experi-
ments have induced physiological stress responses in fish.
Further, the effects of nutrients and dietary supplements have
mechanisms that change serum cortisol concentration and
subsequently blood glucose so it does not have a clear and
regular pattern.

Gene factors
Myeloperoxidase, a marker for measuring the activity of
phagocytic cells and inflammatory cytokine IL-13, plays a

key role in mediating an acute inflammatory response to
infection-causing agents [34]. According to Fig. 5, the highest
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Fig. 6 Intestinal tissue analysis, means of villus diameter, means of
villus width, means of laminapropria diameter, means of submocusa
diameter, means of muscle diameter, means of passgoblet cells,
means of albgoblet cells, in experimental treatments with
metformin and silymarin in glucose-free and glucose-containing
treated fish. a The highest villus diameter was observed in the
silymarin and metformin combination group which was significantly
higher than in the other groups (p <0.05). b The highest villus width
was observed in the silymarin group, while the lowest amount was seen
in the glucose-containing metformin treated group. There was a signifi-
cant difference in the group treated with silymarin which was significant-
ly higher than in other groups (p < 0.05). ¢ Evaluation of Laminapropria
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diameter did not have a significant difference between the various study
groups(p > 0.05).d Evacuation of Submocusa diameter did not reveal a
significant difference between the study group (p > 0.05). e The highest
muscle diameter was observed in the glucose-containing silymarin treated
group which was significantly higher than in other groups. (p <0.05). f
The highest amount of Passgoblet Cells was observed in glucose contain-
ing treatment with silymarin which revealed a significant difference com-
pared to other groups (p <0.05).g The highest level of Albgoblet cells
was observed in the control group, while the lowest was in the glucose-
containing control group. The control group had the highest level of
Albgoblet Cells with a significant difference (p < 0.05)
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expression of interleukin-1 beta gene was observed in the
control group (G-CTRL) and the control group (G + CTRL)
(p <0.05). Different expressions of cytokines in the body de-
termine the type of Th1 or Th2 immune responses. Despite the
many chemical drugs used to treat inflammation, inflamma-
tion is still incompletely treated, especially its chronic type,
and the widespread side effects of synthetic drugs further com-
plicate it. Flavonoids decrease intracellular calcium by
inhibiting N-methyl-D aspartate receptor activity. The expres-
sion rate of cytokines and their secretion from immune cells
depends on various factors, including treatment of infectious
agents, hormonal status, genetic polymorphisms in cytokine
genes, etc. [35]. The protective effect of Salvia officinalis
extract not only conjugates with harmful free radicals but also
suppresses pro-inflammatory responses induced by increased
levels of TGF B1 and TNF-a [36]. The function of interferon-
gamma in the cell can be independent of other cytokines such
as interleukin-12 (IL-12) and may produce and increase TH1
levels. Thl (interferon-gamma) also suppresses specific anti-
gen response by blocking the inflammatory response induced
by cytokines such as inter-leukine-10 (IL-10) [37]. It seems
that by suppressing IFN-y production, the suppression of this
cytokine on TH17 cells also diminishes, resulting in an in-
crease in IL17 production [16].As shown by Fig. 5, the highest
expression of interferon gamma gene was observed in the
control and glucose-containing control groups (G-CTRL,
G+ CTRL) (p<0.05). The lowest was observed in
silymarin-containing (G-Si) treatment.It has also been report-
ed that the anti-inflammatory effects of flavonoids are due to
the inhibition of inflammatory cytokines such as tumor necro-
sis factor, which are secreted by macrophages that are active in
inflammation and increase prostaglandins. Through their inhi-
bition of catechol O-methyl transferase and maintaining cate-
cholamines, some flavonoids exert their antioxidant and anti-
inflammatory properties [38]. Silibinin stimulates RNA pro-
duction in hepatocytes. It acts as a radical scavenger and in-
hibits proliferation of HSC cells and inhibits collagen produc-
tion. In vivo studies have shown that silymarin reduces colla-
gen accumulation in animal models of secondary biliary fibro-
sis [39]. Cytokines are divided into several classes, including
interferons, interleukins, chemokines, and tumor necrosis
factor-alpha [40]. TNF- o is capable of inducing fever, inflam-
mation, and tumor inhibition, viral proliferation and response
to infection through the production of IL1 and IL6 cells.
Disruption of the regulation of TNF production has been im-
plicated in a variety of human diseases, including Alzheimer’s
disease; however, the association between depression as well
as inflammatory bowel disease and TNF levels has remained
under dispute [41]. According to Fig. 5, the highest expression
of TNF- « gene was observed in the G+ CTRL group (p <
0.05), which was significant. The expression of adipose
tissue-derived TNF-x gene in obese insulin-resistant individ-
uals reported an unusually increasing pattern [42]. Decreased

expression of TNF- « gene may eliminate insulin signaling
pathway. Taken together, our findings suggest TNF- « as a
suitable therapeutic candidate for the treatment of patients
with insulin resistance, type 2 diabetes, obesity, blood lipid
disorders, and metabolic syndrome [43]. The most important
physiological action of TNF-« is related to the immune sys-
tem; in the presence of microbial agents such as lipopolysac-
charides, TNF- « is produced and causes vascular endothelial
cells to express adherent molecules such as selectins at the site
of infection. Thus, leukocytes such as neutrophils and mono-
cytes can attach to the surface of these vessels and enter the
site of infection [44]. It also enhances phagocytic activity of
neutrophils and macrophages and stimulates endothelial cells
and macrophages to secrete chemokines, which increase the
binding affinity of leukocyte integrins for their ligand and
leukocyte chemotaxis. They also affect single phagocytes
and stimulate the secretion of interleukin-1 (IL-1), which acts
similar to TNF- o«. With this in mind, it can be concluded that
the primary role of TNF-« is to induce local inflammatory
responses to microbes [45]. TNF-«x is involved in the onset
of acute response as it affects the liver cells to produce specific
serum proteins such as C-reactive protein, fibrinogen, and
amyloid A, which are responsible for the acute phase response
to germs [45]. When TNF-« levels rise in the blood, the con-
traction of the heart muscle and vascular smooth muscle is
inhibited leading to a lower blood pressure which ends up to
sepsis [46].

Intestinal tissue analysis

By appropriately lowering blood glucose levels, silymarin and
metformin prevent the increase of glucose within the cell
which leads to advanced glycation products thereby
preventing ascites and thus improving blood supply and repair
of damaged tissues. Meanwhile, it prevents the accumulation
of glucose and thus sorbitol in the nerve cells that damage
these cells thereby preventing neuropathy. As a result, the
function of the nerve cells injected into the villi improved
and their atrophy slightly increased. The rise of the villi can
be justified by both of these mechanisms. The mucosal surface
of the gastrointestinal tract is protected by a continuous epi-
thelium that prevents the germs from entering. The destruction
of this epithelium activates inflammatory factors [47]. This
prevents the entry of pathogenic agents that activate the im-
mune system, thereby reducing the activity of inflammatory
agents and their complications, such as exudate, destruction,
bleeding, and necrosis. According to Fig. 6, the results of
tissue work revealed that the highest villi height was observed
in the glucose containing-treatment with silibinin (G + Si).
Fish treated with glucose, silibinin, and metformin were ob-
served to have increased height of villi and to somehow ele-
vated level of absorption, and had the lowest levels in the
control group since becoming a diabetic. The greatest villus
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width was found in the silibinin group (G-Si) and metformin
(G-Si), respectively, where the difference was statistically sig-
nificant in the silibinin group (p < 0.05). There was no signif-
icant difference between the groups regarding
laminapropriaparin, mucus, and muscle. In the case of the
intestinal muscles, a trivial fluctuation was observed. It ap-
pears that in response to the loss of function and fluctuation
in this group, the muscles do not have a proper contraction
state and take a more relaxed state causing a minor difference

@ Springer
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due to the immobility triggered in the gut. Regarding goblet
cells, the highest levels of goblet cells were observed in the
glucose-containing treatment with silibinin group containing
glucose (G + Si) and the silibinin group without glucose (G-
Si), but there was no significant difference between the
groups. The lowest level of neutral goblet cells was observed
in the glucose—containing treatment with metformin (G +
Me(. As mentioned earlier, goblet cells augment food solubil-
ity, and subsequently increase food absorption levels with no
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<« Fig. 7 H&E staining in fish treatment. Midgut intestinal tissue. (Al1—
3): control, (B1-3): control + glucose,(C1-3): metformin, (D1-3):
metformin + glucose, (E1-3): silibinin, (F1-3): silibinin + glucose,
(G1-3): silibinin + metformin,(H1-3): silibinin + metformin + glucose
.red arrow: Neutral goblet cells. Blue arrow: Acidic goblet cells. (G1-3)
The highest villus diameter was observed in the silymarin and metformin
combination group (p <0.05).(E1-3) The highest villus width observed
in the silymarin group.(D1-3), while the lowest was seen in the glucose-
containing metformin treated group. (F1-3) The highest muscle diameter
was observed in the glucose-containing silymarin treated group (p <
0.05). (F1-3) Also, the highest amount of Passgoblet Cells was observed
in glucose containing treatment with silymarin which revealed a signifi-
cant difference (p <0.05). (A1-3) The highest level of Albgoblet cells
was observed in the control group, (B1-3), while the lowest was in the
glucose-containing control group. (A1-3) The control group had the
highest level of Albgoblet cells with a significant difference (p <0.05).
(F1-F3) The highest villi height was observed in the glucose containing-
treatment with silibinin. The height of the villi increased the level of
absorption and have the lowest levels in the control group since becoming
a diabetic. (G1-3) The greatest villus width was in the silibinin group and
metformin, respectively, (E1-3) and the difference was statistically sig-
nificant in the silibinin group (p < 0.05). (F1-3) Highest levels of goblet
cells were observed in glucose-containing treatment with silibinin group
and (E1-3) the silibinin group. (D1-3) The lowest level of neutral goblet
cells observed in the glucose—containing treatment with metformin. (Al-
3). The highest amount of Alcine blocking goblet cells was observed in
the control group

significant difference between the groups. Goblet cells, which
have a higher acidic environment, boosted nutrient uptake, but
the difference was not significant. The highest amount of
Alcine blocking goblet cells was observed in the control group
(G-Si.(.The lowest amount of Alcine blocking goblet cells
was observed in the glucose-containing control group (G +
Si). It seems that the diabetic state causes a weak absorption,
and that the fish’s body has been able to heighten the absorp-
tion level by enhancing acidic goblet cells and acidifying the
environment.

Conclusion

In this study, fasting blood glucose (FBG) and insulin resis-
tance increased among fish. Zebrafish proved to be a promis-
ing model to investigate the inflammation, toxicity, and gene
expression under the effect of type 2 diabetes. Our research
result during 20 days of treatment with metformin and
silymarin indicated a significant improvement in blood glu-
cose, inflammation caused by high concentration of glucose.
Our zebrafish model provides rapid model of T2DM com-
pared to other models among mammals. The new combina-
tion therapy for T2DM we developed here was effective and
fast, and can be used for the early phase of T2DM research.
Our findings provide a new and useful tool for further research
on drug discovery and toxicity research against diabetes.
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