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Abstract

Depression is one of the most common mental illnesses globally, and unfortunately, current medications as a treatment, in this
case, have a wide range of side effects. Therefore, finding new drugs is a valuable step in the treatment of depressive disorders. Ber-
berine and Silymarin have many biological therapeutic properties like antioxidant, anti-inflammatory, and anti-cancer, while their
bioavailability is not strong.

In order to increase the effectiveness and improve the bioavailability of drugs, new tools like nano micelles are suggested. There-
fore, we aimed to investigate the effect of Berberine and Silymarin nanomicelles (NB+ NS) on the model of depression induced by

Lipopolysaccharides (LPS) in mice.

LPS (1 mg/kg, i.p.) was injected to induce depression-like behavior, then, 24 h later, the treatment began, and behavioral tests like
forced swimming test (FST), open field test (OFT), and tail suspension test (TST) were carried out. Also, the brain level of Tumor Ne-
crosis Factor- a (TNF-a) and Interleukin-1 Beta (1L-13) were measured as well. In this study, the mice were divided into different groups

including, control, LPS, Nanomicelle, Fluoxetine, Berberine, Silymarin, and NB 5+ NS 25.
All data were analyzed by Graph pad prism (version 5), and SPSS (P < 0.05 was considered significant).

This study showed that FST immobility time, TST immobilization time, brain levels of TNF-a and IL-1f3 significantly decreased in
NS 25+ NB 5 and fluoxetine groups compared to LPS and control groups (P < 0.05).
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Introduction ease is characterized by persistent sad, anxious or “empty” mood,

Depression is one of the most common mental illnesses that  feelings of hopelessness or pessimism, irritability, feelings of guilt,

has involved a large number of people in the world [1,2]. This dis-  worthlessness or helplessness, loss of interest or pleasure in hob-
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bies and activities, decreased energy or fatigue, moving or talking
more slowly, feeling restless, difficult concentrating or making de-
cisions, difficult sleeping, early-morning awakening or oversleep-
ing, appetite and/or weight changes, thoughts of death, and suicide

or suicide attempts [3].

Causes of depression are usually due to neurochemical changes
that can occur on account of physical and psychological trauma,
social factors, unpleasant events, genetic factors, and the use of
certain medications. Antidepressants, like fluoxetine, are one of the
main methods in treating depression [2,4]. However, about one-
third of patients do not respond to existing medications or experi-
ence multiple side effects; Therefore, finding new drugs that do not
have the problems of existing drugs is a valuable step in the treat-

ment of depressive disorders [1,2,5].

Changes in the interactions of neurotransmitters in the seroto-
nergic, dopaminergic, and adrenergic nerve pathways by decreased
secretion of serotonin and catecholamines at synapses, lead to im-
pairing the uptake and reabsorption of presynaptic and postsyn-
aptic signals in the neurons system. These complicated changes
clinically manifest themselves in the form of depressive symptoms.
Antidepressants with various mechanisms are prescribed to bal-
ance the levels of neurotransmitters in synaptic spaces and com-
pensate for the lack of brain amines, especially norepinephrine
(NE) and serotonin (5 HT). However, in more than half of the cases,
the lack of proper response and the occurrence of annoying side
effects will cause the patient to stop taking the drugs [4,6,7]. De-
spite extensive research, the neurobiological processes that lead to
depression are still poorly understood, and recent treatments for
depression have not provided complete recovery and have made

unwanted side effects [8].

The bacterial toxins and lipopolysaccharide (LPS) cause de-
pression by activating microglia and producing pro-inflammatory
factors such as nitric oxide, eicosanoids, and other inflamma-
tory cytokines in the brain. Following depression, inflammatory
pathways get activated, and some factors such as TNFa and IL13
would increase [4,7]. Berberine is an alkaloid plant that is abun-
dant in the roots and bark of the barberry stem and is found in
many plants such as Hydrastis canadensis, Coptidis Rhizoma, Ber-
beris aquifolium, Berberis aristata and Berberis vulgaris [9]. Berber-

ine has shown several effects, for instance, anti-anxiety, analgesic,
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anti-inflammatory, antidepressant, anti-amnesia effects, anti-viral,
anti-cancer, and antioxidant effects [10-12]. Although Berberine
has many biological therapeutic properties and its bioavailability
and productivity are limited because of poor aqueous solubility.
Many studies using nanotechnology to increase the effectiveness
and improve the bioavailability of Berberine have been shown. The
nano-drug preparation methods are used to increase the solubility
and bioavailability of water-soluble drugs [13-15]. Today, nanosci-
ence researchers are looking for drug delivery tools with suitable
properties for the drugs to enter the body. One of these applicable
and new tools for drug delivery is micelles [15,16]. Micelles create
systems that physically trap the drug inside the nucleus, optimizing
the accommodation between the drug and the dissolution medium.
It can mainly improve drug loading, drug barriers, and consequent-
ly the chemical stability of the compound [13,14,16].

Micelles affect its stability during drug storage and subsequent
in-body performance. However, some studies indicate that various
drugs have loaded successfully into micelles with different tech-
niques [13-16].

Silymarin is a flavonolignan derived from the seeds of the sage
(Silybum marianum) [17,18]. Silymarin is a plant extract that con-
sists of approximately 70-80% of Silymarins flavonolignan-like
(Silybin, Isosilybin, Silydianin, Silychristin), and the rest parts of it
include polyphenolic and polymeric oxidized compounds [17,18].
Properties such as antioxidant, anti-inflammatory, anti-fibrotic,
multiple protection, anti-viral and anti-cancer are found in the use
of the Silymarin [18-20].

The extraordinary effectiveness of sage seed extract on improv-
ing liver function has been confirmed in various sources [21-23].
According to studies, inflammation of nerve cells is an essential fac-
tor in aggravating brain cell damage [17,18]. Silymarin effectively
prevents brain damage by inhibiting inflammation of brain cells
[17,18,24]. Silymarin's aqueous solubility limits its medical appli-
cations; therefore, to improve the biosorption and bioavailability of
Silymarin, many methods have been studied to change its physical
and chemical nature [25,26]. Nanotechnology is a powerful tool to
be used in the development of a new drug delivery system; more-
over, this technology is useful for compounds with weak aqueous
solubility, as this system can provide an increase in the level of

available area and increase the dissolution process [25,26]. Be-
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cause of the low solubility of Silymarin compounds in water and its
low bioavailability, researchers are trying to synthesize improved
formulations [27,28].

Considering the anti-inflammatory effects of these compounds,
in this study, we aimed to investigate the effect of Silymarin nano-
micelles with Berberine nanomicelles on the model of depression
in mice induced by LPS [29].

Results
Results of FST immobility time in control, LPS, nanomicelles,
fluoxetine, Berberine NB 5 and NB 10 groups

The effects of NB 5, NB 10, Berberine, and fluoxetine on depres-
sion induced by LPS injection in the FST test are shown in figure
1A. The graph showed that immobility time significantly increased
in the LPS group compared to the control group that indicates the
induction of depression (P < 0.05). As it shows, immobility time
has no difference between LPS and nano micelles groups. Based
on the results, inactivity duration significantly reduced in NB 5, NB
10, Berberine, and fluoxetine groups compared to the LPS group
(P < 0.05). The difference between NB 5 and fluoxetine was signifi-
cant (P < 0.05). Fluoxetine and Berberine both reduced immobility
more than different doses of NB (P < 0.05).

Results of OFT crossings number in control, LPS, nanomicelles,
fluoxetine, Berberine NB 5 and NB 10 groups

According to figure 1B, the LPS group showed a significantly
lower number of crossing than the control group (P < 0.05). Also,
in the fluoxetine group, the number of crossings significantly in-
creased rather to the LPS group (P < 0.05). However, none of the NB
5, NB 10, and Berberine doses significantly increased or decreased

the number of crossings compared to the control group.

Results of TST immobility time in control, LPS, nanomicelles,

fluoxetine, Berberine NB 5 and NB 10 groups

According to figure 1C, the duration of immobility in the tail sus-
pension test increased significantly in the LPS group compared to
the control group, which indicates the induction of depression (P
< 0.05). Also, NB 5, NB 10, Berberine, and fluoxetine significantly
reduced the duration of immobility in the tail suspension test com-
pared to the LPS group (P < 0.05).
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Results of brain TNF-a level in control, LPS, nanomicelles,

fluoxetine, Berberine NB 5 and NB 10 groups

As shown in figure 1D, the level of TNF-« in the brain was in-
creased significantly in the LPS group compared to the control
group (P < 0.05). Brain TNF-a levels significantly decreased in NB
5, NB 10, Berberine, and fluoxetine groups compared to the LPS
group (P < 0.05). The Fluoxetine group showed a significant reduc-

tion compared to NB 5, NB 10, Berberine groups (P < 0.05).

Results of brain IL-1f8 level in control, LPS, nanomicelles,
fluoxetine, Berberine NB 5 and NB 10 groups

As it was shown in figure 1E, brain IL-1f3 levels in the LPS group
increased significantly compared to the control group (P < 0.05).
Also, the level of IL-1f in the groups of NB 10, Berberine, and
fluoxetine significantly decreased compared to the LPS group (P
< 0.05). In NB 10 and fluoxetine groups, the amount of brain IL-113
decreased significantly compared to the NB 5group (P < 0.05).
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Figure 1: Comparison results in control, LPS, nanomicelles,

fluoxetine, berberine NB 5 and NB 10 groups.
A. Immobility time in FST for 6 minutes.
B. Number of crossing in OFT
C. Immobility time in TST
D. Brain TNF-a levels
E. Brain IL-183 levels

# Comparison between control and LPS, * Comparison between
fluoxetine and berberine and NB with LPS, & Comparison be-
tween NB and fluoxetine, $ Comparison between berberine and
NB
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Results of FST immobility time in control, LPS, nanomicelles,
fluoxetine, Silymarin, NS 25 and NS 50 groups

The results showed that the duration of immobility in LPS na-
nomicelle groups increased significantly compared to the control
group (P < 0.05). Also, the duration of immobilization Silymarin,
fluoxetine, NS 25, and NS 50groups compared to the control group
(P < 0.05). Also, the time of immobility in the fluoxetine group was
significantly reduced compared to the NS 25 and NS 50 groups
(Figure 24A).

Results of OFT crossing number in control, LPS, nanomicelles,

fluoxetine, Silymarin, NS 25 and NS 50 groups

The results showed that there was no significant difference in
the number of movements in different groups with control and LPS

groups (Figure 2B).

Results of TST immobility time in control, LPS, nanomicelles,
fluoxetine, Silymarin, NS 25 and NS 50 groups

The results showed that the duration of immobility in LPS and
nanomicelle groups increased significantly compared to the con-
trol group (P < 0.05). Also, the duration of immobilization in Sily-
marin and fluoxetine groups was significantly reduced compared
to the control group (P < 0.05). Duration of immobilization showed
a significant decrease in Silymarin NS 25, NS 50, and fluoxetine
groups in comparison to the LPS group (P < 0.05). Also, the time of
immobility in the Silymarin group was significantly reduced com-
pared to NS 25 group (Figure 2C). On the other hand, the duration
of immobility in the group treated with NS 50 showed a significant
decrease compared to NS 25 group (P < 0.05).

Results of brain TNF-a level in control, LPS, nanomicelles,
fluoxetine, Silymarin, NS 25 and NS 50 groups

According to the graph (Figure 2D), the amount of TNF-a in the
brain tissue in the LPS group showed a large increase compared
to the control group, indicating the induction of depression (P <
0.05). The amount of TNF-a in the fluoxetine group was signifi-
cantly lower than that in NS 50 and Silymarin groups (P < 0.05).
This inflammatory factor showed a more significant decrease in
fluoxetine, Silymarin, NS 25, and NS 50 groups than the nanomi-
celle group (P < 0.05).

Results of brain IL-1f8 level in control, LPS, nanomicelles,
fluoxetine, Silymarin, NS 25 and NS 50 groups

According to figure 2E, the level of IL-1f in brain tissue in-
creased in the LPS group compared to the control group, which
indicates the induction of inflammation (P < 0.05). The brain IL-1f3
level was significantly lower in fluoxetine, Silymarin, NS 25, and NS

50 groups in comparison to the LPS group (P < 0.05).
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Figure 2: Comparison results in control, LPS, nanomicelles,

fluoxetine, silymarin, NS 25 and NS 50 groups.
A. Immobility time in FST for 6 minutes.
B. Number of crossing in OFT
C. Immobility time in TST
D. Brain TNF-a levels
E. Brain IL-1f3 levels
# Comparison between different groups and control
* Comparison between different groups and LPS
& Comparison between NS 25 and fluoxetine
$ Comparison between silymarin and NS 25
@ Comparison between NS 25 and NS 50

The meaning of a star is * P < 0.05, ** p < 0.01, *** p < 0.001 and
k% p < 0.0001.

Results of FST immobility time in control, LPS, fluoxetine, and
NS 25+ NB 5 groups

The results of this study showed that NS 25+ NB 5 and fluox-
etine groups significantly decreased immobility compared with
LPS and control groups (P < 0.05). The duration of immobility in
fluoxetine showed a significant decrease compared to NS 25+ NB 5
group (P < 0.05) (Figure 3A).

Results of TST immobilization time in control, LPS, fluoxetine,
and NS 25+ NB 5 groups

As shown in figure 3B, immobilization time in fluoxetine and NS

25+ NB 5 groups significantly reduced in comparison to the LPS
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group (P < 0.05). Also, the fluoxetine group showed a significant re-
duction in immobility time in TST compared to NS 25+ NB 5 group
(P <0.05).

Results of brain TNF-a level in control, LPS, fluoxetine and NS
25+ NB 5 groups

According to figure 3C, the brain level of TNF-a factor in the LPS
group increased compared to the control group, which indicates
inflammation in the brain tissue (P < 0.05). Both fluoxetine and NS
25+ NB 5 groups significantly reduced TNF-« in brain tissue com-
pared to the LPS group (P < 0.05).

Results of brain IL-113 level in control, LPS, fluoxetine, and NS
25+ NB 5 groups

Based on figure 3D, the level of IL-1f3 in the LPS group increased
compared to the control group (P < 0.05). Both fluoxetine and
NS 25+ NB 5 groups reduced IL-1f in brain tissue compared LPS
group (P < 0.05).
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Figure 3: Comparison results in control, LPS, fluoxetine and NS

25+ NB 5 groups.
A. Immobility time in FST for 6 minutes.
B. Immobility time in TST
C. Brain TNF-a levels
D. Brain IL-113 levels
# Comparison between LPS and control group
* Comparison between different groups and LPS and

Comparison between NS 25+ NB 5 and fluoxetine.

Discussion
This study aimed to investigate the effects of Silymarin nano-
micelles with Berberine nanomicelles on the model of depression

induced by LPS in mice.

One of the behavioral methods in psychopharmacology is to
use the forced swimming test (FST), OFT, and TST tests to measure

the effect of drugs on depression. The Swimming test is one of the
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most valid and common animal tests for depression. According to
the theory of helplessness by Mr. Martin Seligman, if the animal is
exposed to constant stress and has no way out of it, they gradually
lose hope of escaping from this condition and stop their movement
and activity, and become completely motionless and helpless. As
already mentioned, the open field test (OFT) has been used as a
model to study and evaluate depression. The OFT makes it possible
to measure the movement, exploration, and anxiety of the animals
simultaneously. In this method, the number of lines that the animal
crosses are considered as an indicator of exploratory and emer-
gency behavioral activities. In other words, the high frequency of

such behaviors indicates high activity and exploratory behaviors.

As it was shown, LPS was significantly increased immobility
time in FST, duration of immobility in TST, brain TNF-a and IL-113
levels, moreover, decreased the number of crossing in OFT in com-
parison to the control group that indicated the induction of depres-
sion by LPS.

In line with our data, a strong relationship between depression
and increased level of brain TNF-a in animal, human, and in vitro
studies [30,31].

Also, it is reported that fluoxetine reduces TNF-a in depressed

patients and inhibits its production [32].

As mentioned earlier, Silymarin has an anti-inflammatory effect.
It is demonstrated in previous studies that Silymarin decreases

TNF-a levels in the serum considerably [33].

In this context, it is showing that Silymarin enhances depres-
sive-related behavior and reduces TNF-a levels in the hippocampus

and cerebral cortex of rats as well [19].

Also, it is reported that Silymarin is effective to reduce the im-
mobility time and reduce symptoms that are related to depression
in FST and TST tests [34,35].

On the other hand, it is documenting that Berberine has an
antidepressant-like effect as it inhibits MAO action [36]. It is re-
ported that monoamine oxidase (MAO) inhibitors have antidepres-
sant effects by increasing brain norepinephrine, serotonin (5-HT),
and dopamine concentration [37]. Also, Kulkarni et al. conducted a

study that showed Berberine modulates brain biogenic amines and
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is involved in the nitric oxide pathway that leads to antidepressant
effects [10].

Our findings in this study suggested that Berberine, Silymarin,

and fluoxetine attenuated the IL-1 and TNF-a in the brain.

Recently, some methods such as nano-based approaches have
been used to enhance the bioavailability of drugs. Based on these
studies, nanostructured biomaterials showed various advantages
over conventional biomaterials. Nanostructured biomaterials are
applicable and lead to cellular interaction and bioavailability im-
provement [27,38,39].

Simoes et al. reported that micelles improve the water solubil-
ity of hydrophobic drugs, increased absorption of free drugs, and
release the drug in the target site of the gastrointestinal tract to-

gether with a high concentration gradient near the epithelium [40].

Azadi et al. conducted a study to investigate the efficacy and
effects of Berberine micelle on inflammatory cytokines secretion
in cerebral ischemia in an animal model. Their study showed that
Berberine micelle decreased inflammatory factors level in cerebral

ischemia [41].

In line with past studies, fluoxetine improves depression be-
havior, and in this context, fluoxetine showed better antidepres-
sant activity than Berberine and Silymarin. On the other hand, it
illustrated that fluoxetine has multiple side effects like tremors and
hyperactivity and exhibits a delayed onset of action [42].

As Berberine and Silymarin have an herbal origin, they are pos-
sibly safe. As mentioned earlier, nanomicelle can increase its ef-
fectiveness and improve bioavailability. Hence it can improve drug
loading and barriers, and consequently, the chemical stability of
the compound [13-16].

Methods
Chemicals

LPS from Escherichia coli, serotype 0127:B8 was purchased
from Sigma-Aldrich, St. Louis, MO, USA. Also, Berberine hydro-
chloride, Fluoxetine, and Silymarin were purchased from Sigma-
Aldrich (USA). Berberine nano micelle has been developed in the
Nanotechnology Research Center of Mashhad University of Medical

Sciences, Mashhad, Iran, that contained 5% Berberine. Berberine
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nanomicelles have an average diameter of 2.7 nm. Berberine (BBR)
hydrochloride and Silymarin (Sigma, St. Louis, MO, USA) were di-
luted freshly in saline (0.9%) and Carboxymethyl cellulose (CMC,
03%) before using in this project. Silymarin nanomicelle was pre-

pared from Exir Nano Sina Co., Tehran, Iran.

Animals and experimental groups

In this study, 88 male NMRI mice weighing 25 + 5 g (Tehran Uni-
versity of Medical Sciences, Tehran, Iran) were used all over the
study. Animals were kept at standard temperatures and environ-
mental conditions and had free access to normal food and water;
12 hours of light - 12 hours of darkness; the temperature was 23
+ 1°C throughout the study. They were kept in the laboratory for
about a week before the experiment to adapt to environmental
conditions, then all the experiments were conducted between 9:00
and 12:00 A.M each day. The minimum number of samples was
considered and tested according to the protocol of working with
laboratory animals of Tehran University of Medical Sciences based
on animal ethics. Also, animals were handled according to the cri-
teria proposed by the Guide for the Care and Use of Laboratory Ani-
mals (NIH US publication, no. 23-86, revised 1985).

Drug-treated animals with Berberine nanomicelles (5 and 10
mg/kg), Berberine hydrochloride (20 mg/kg), Silymarin nanomi-
celles (25 and 50 mg/kg), Silymarin (100 mg/kg), and fluoxetine
(20 mg/kg) after 14 days drugs administration as pretreatment in
a volume of 10 ml/kg of the mice’s body weight (b.w.), to induce
depression-like behavior, LPS (1 mg/kg) soluble in isotonic saline
was injected intraperitoneally (i.p) 22.5 hours before the last dose
of the studied drugs (on 13" day). Then, on the 14" day, 1 hour
after the last dose of drugs administrations, the depression tests,
including the Open-field test (OFT), Forced swimming test (FST),
and Tail suspension test (TST), were implemented on them [43].
Also, the brain level of TNF-a and IL-118 was measured after finish-
ing the behavior tests on the supernatant of whole brain tissue of

mice in all groups [43].

The mice were divided into 11 groups including:
e Control group
¢ LPS(1mg/kg) group
¢ Nanomicelle with LPS (Nano micelle)

¢ Fluoxetine (20mg/kg) with LPS (Fluoxetine)
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Figure a

e Berberine hydrochloride (20mg/kg) with LPS (Berber-
ine)

e Berberine nanomicelle (5mg/kg) with LPS (NB 5)

e Berberine nanomicelle (10mg/kg) with LPS (NB 10)

e Silymarin (100mg/kg) with LPS (Silymarin)

¢ Silymarin nanomicelle (50mg/kg) with LPS (NS 50)

¢ Silymarin nanomicelle (25mg/kg) with LPS (NS 25)

¢ Berberine nanomicelle (5mg/kg) and Silymarin nanomi-
celle (25mg/kg) with LPS (NB 5+ NS 25).

Behavioral tests

In the force swimming test, we use a 25 cm high glass cylinder
containing 19 cm of water according to the room temperature.
Then we put the mouse in it for 6 minutes, and to adapt to the con-
ditions after 2 minutes, the movement and immobility time of the

mouse was recorded in the last 4 minutes.

In the open field test, the number of lines that the animal cross-
es during 10 minutes were recorded then counted, and it was com-
pared in each group to measure and show the differences. Between
each mouse test, we used 95% Ethanol to wipe the chamber prior
to use and before subsequent tests to remove any scent clues left by

the previous subject mouse.

To perform the TST, we hung the mice from the end of the tail
using glue at the height of 50 cm above the ground and recorded a

time of inactivity of 6 minutes.
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Tissue preparation for biochemical assays

To evaluate the levels of TNF-a and IL-1f3, animals were anes-
thetized (complete analgesia) with ketamine 10% at a dose of 50
mg/kg and xylazine 2% at a dose of 10 mg/kg by intraperitoneal
injection [44]. They underwent surgery and used buprenorphine at
a dose of 0.05 mg/kg subcutaneously (SC) to reduce pain. Also, to
collect brain tissue, animals under complete anesthesia, the spinal
cord was amputated, and after death, the animal's head was cut off
with scissors, followed by a craniotomy and the whole brain exci-
sion. Finally, the collected brain samples were homogenized, and
the supernatant was used to measure the levels of TNF-a and IL-113
to evaluate the anti-inflammatory effects by enzyme-linked immu-
noassay (ELISA) and its protocol. It was performed according to the
instructions of the ELISA kit (Sigma-Aldrich, St. Louis, MO, USA).

Statistical analysis

All data were analyzed with a two-way analysis of variance for
the drug interactions followed by Tukey’s posttest (Graph pad
prism, version 5), except for the main effect of Berberine and Sily-
marin nanomicelles which was performed with One-Way ANOVA.

The value of P < 0.05 was considered significant.

Conclusion

Our clinical data indicated that the combination of berberine
and silymarin nanomicelles showed significant reduction in brain
TNF-a and IL-1f2 levels, immobility time in FST, duration of immo-
bility in TST which indicate decreased depression- related symp-

toms in mice.

Also, the results of the study suggest that using nanomicelle can
increase the effectiveness and improve the bioavailability and con-

sequently the chemical stability of the compound.
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