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Abstract

Amyloid fibrils are characteristic of several disorders including Alzheimer’s disease (AD), with no cure or preventive therapy.
Diminishing amyloid deposits using aromatic compounds is an interesting approach toward AD treatment. The present study
examined the anti-fibrillogenic effects of silibinin and trans-chalcone in vitro, in vivo, and in silico on insulin amyloids. In vitro
incubation of insulin at 37°C for 24 h induced amyloid formation. Addition of trans-chalcone and silibinin to insulin led to reduced
amounts of fibrils as shown by thioflavin S fluorescence and Congo red absorption spectroscopy, with a better effect observed
for silibinin. In vivo bilateral injection of fibrils formed by incubation of insulin in the presence or absence of silibinin and trans-
chalcone or insulin fibrils plus the compounds in rats’ hippocampus was performed to obtain AD characteristics. Passive
avoidance (PA) test showed that treatment with both compounds efficiently increased latency compared with the model group.
Histological investigation of the hippocampus in the cornu ammonis (CA1) and dentate gyrus (DG) regions of the rat’s brain
stained with hematoxylin-eosin and thioflavin S showed an inhibitory effect on amyloid aggregation and markedly reduced
amyloid plaques. In silico, a docking experiment on native and fibrillar forms of insulin provided an insight onto the possible
binding site of the compounds. In conclusion, these small aromatic compounds are suggested to have a protective effect on AD.
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Introduction

Incorrect folding and protein aggregation are directly
related to a large number of degenerative diseases of the
nervous system such as Alzheimer’s, Parkinson’s, and
Huntington’s diseases as well as peripheral diseases
such as systemic amyloidosis and type 2 diabetes.
Alzheimer’s disease (AD) is the major cause of dementia
and is associated with progressive impairment of intelli-
gence, memory, and thinking skills (1).

The incorrect folding and aggregation of various sorts
of proteins (and peptides) occurs in the form of filamen-
tous structures called amyloid fibrils. Studies in recent
years have reported that the instability of the natural
spatial structure of proteins, which leads to their aggrega-
tion, is a very important factor in functional disorders
related to protein aggregation (1). Amyloid-forming pro-
teins are not limited to disease-related proteins. Many
other proteins have the potential to create amyloid
aggregates under denaturation conditions in vitro and
insulin is one of them. In laboratory studies, it has been

demonstrated that under denaturation conditions such
as acidic pH and high temperature, insulin monomeric
molecules accumulate to form amyloid fibrils (2).

Inhibition of this process is considered a potential
therapeutic solution in the treatment of amyloid-related
diseases. The most important strategies to inhibit protein
aggregation and amyloid fibril formation are to stabilize the
natural folding state of proteins, act on the monomer
protein population, inhibit the formation of amyloid fibrils,
and finally direct amyloid species to pathways causing the
formation of amorphous and non-toxic protein aggregates
(3). Thus, various studies have been performed to identify
compounds that inhibit amyloid structures, particularly on
proteins linked to degenerative disorders of the nervous
system (4). Several small natural molecules, especially
natural polyphenols, have been reported to inhibit protein
aggregation (1), since herbal medicine has received
extensive focus compared with chemical drugs because
of their fewer side effects (5). In the current study, two
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aromatic natural compounds were studied in a model of
AD generated by insulin amyloid fibrils.

One such compound is the trans-chalcone (1,3-
diphenyl-2-propen-1-one), the biphenolic core structure
of flavonoid precursors. Studies on trans-chalcone have
shown different properties such as antioxidant and
acetylcholinesterase inhibitory effects as well as anti-
amyloid effects on amyloid-b (Ab) formation for this
compound (6). The second compound is silibinin, a
natural polyphenolic flavonoid isolated from seed extracts
of the herb milk thistle (Silybum marianum), which is the
major active constituent of silymarin. The curative effects
of silymarin have been known for over two thousand years
(7).

Silibinin has many therapeutic properties, the most
prominent of which is the treatment of liver disorders.
Due to its antioxidant properties, this compound is also
effective in reducing oxidative stress in liver cells,
macrophages, and neuronal cells. In recent years, silibinin
has been shown to be effective in treating various types
of cancer (8). Regarding degenerative diseases of the
nervous system, Urata et al. (9) reported that silymarin
could inhibit the aggregation of amyloid beta peptide and
reduce the toxicity of the resulting protein aggregates on
PC12 cells.

In the present study, similar to the usual experiments
involving Ab peptide, insulin fibrils were first produced
in vitro and then injected bilaterally into Wistar rats’
hippocampus in order to obtain a rat model with
Alzheimer’s-like symptoms. Subsequent to injection,
memory impairment and plaque formation in the brain
tissue were studied via shuttle box test and amyloid
plaque staining, respectively. Fibrils formed in the pres-
ence of trans-chalcone and silibinin were then tested in
the model in order to assess the potential of these
compounds as generic anti-amyloids.

Material and Methods

Chemicals
Silibinin, trans-chalcone (benzylideneacetophenone),

thioflavin S, and Congo red were purchased from Sigma
(USA). Regular insulin was purchased from EXIR

Pharmaceutical Company (Iran). Chloroform, monopotas-
sium phosphate (KH2PO4), potassium phosphate
(KH2PO), and dimethyl sulfoxide (DMSO) were purchased
from Merck (Germany).

In vitro methods (insulin amyloid formation)
Initially, insulin solution was prepared with a final

concentration of 0.5 mg/mL in phosphate buffer (50 mM,
pH 7.4) in the presence or absence of 1 mM concentration
of silibinin and trans-chalcone. The vials containing the
insulin samples were then incubated for 24 h at 37°C on a
stirrer rotating at 100 rpm (10). Since the Congo red
marker binds specifically to amyloid fibrils, resulting in an
increase in lm as well as in absorbance levels, Congo red
absorption rate of incubated protein samples was assayed
in the absence and presence of silibinin and trans-
chalcone (1 mM). To do so, 500 mL of Congo red solution
(20 mM in 5 mM potassium phosphate and 150 mM
sodium chloride, pH 7.4) plus 25 mL of the sample was
poured into a 0.5 mL microtube and filtered using a 2-mM
pore syringe filter, then stirred and placed in the laboratory
for 10 min until color stabilization. The Congo red
absorption spectrum was then recorded at 600–400 nm
using the Shimadzu UV-1800 spectrophotometer (11).

Experimental groups
In this study, adult male Wistar rats weighing 250–300 g

were purchased from the Pasteur Institute of Iran. They
were kept under suitable environmental conditions with a
temperature of 22±2°C, 50% humidity, and a 12-h light/
dark cycle with free access to water and food. After a one-
week adaptation period, the rats were randomly divided into
5 groups of six rats each (control, model, EXP1, EXP2, and
EXP3) (Table 1).

For stereotactic surgery, the rats were first weighed
and then anesthetized by intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (20 mg/kg). The
animal was fixed to the device and then a longitudinal
incision was made in the posterior part of the skull,
according to the Paxinos and Watson Rat Brain Atlas
(AP=–4.2, ML=3, DV=3.5) (12). A mixture of insulin fibril
and trans-chalcone was injected according to Table 1 with
a Hamilton syringe. The injection rate was 0.5 mg/min (13).

Table 1. Description of the experimental groups with Wistar rats.

Groups Definition

Control Healthy rats

Model Injection of 4 mL of 24-h incubated insulin into hippocampus

EXP1 Silibinin and trans-chalcone (1 mM) added to insulin and incubated for 24 h,

then injection of 4 mL of this solution into the hippocampus

EXP2 Silibinin and trans-chalcone added to 12-h incubated insulin then continued incubation

for 12 h, followed by injection of 4 mL of this solution into the hippocampus

EXP3 Silibinin and trans-chalcone added at the moment of injection to 24-h incubated insulin

followed by injection of 4 mL of this solution into the hippocampus
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At the end of the third week after surgery, all groups
underwent behavioral tests related to learning and
memory.

The experimental protocol was approved by the
Animal Ethics Committee of the Science and Research
Branch at the Islamic Azad University (Tehran, Iran). The
research was performed according to Guidelines of the
National Institutes of Health on the principles of laboratory
animal care (NIH Publication No. 80–23, revised in 1980).

Avoidance learning behavioral test
Passive avoidance memory was evaluated with the

Shuttle box instrument. This test was performed on two
consecutive days.

Adaptation session: on the 21st day after the injection
of fibrils or fibrils plus compounds (Table 1), while the
space between the light and dark chambers was open, the
rats were placed in the light chamber and allowed to stay
for two minutes to adapt to the device and find the opening
between the dark and light chambers. Then, the rat was
taken out of the device and transferred to a solitary cage.
Training session: 30 min after the adaptation period, each
rat was placed in a light chamber while the guillotine door
was closed. Ten seconds later, the guillotine door was
opened; once the rat went into the dark chamber, the door
was closed immediately. An electric shock was applied for
2 s with a current of 1 mA at a frequency of 50 Hz from the
metal rods on the sole of the rat’s feet, and 20 s later the
rat was taken out of the dark chamber. To assess if the rat
had learned that it should not enter the dark chamber, two
minutes after removing the rat from the dark chamber, the
rat was placed again in the light chamber and given two
minutes to see if it would enter the dark chamber or if it
had learned from the initial shock that it should not enter it.
If the rat entered the dark chamber a second time after the
shock, the guillotine door was closed again, and the shock
was applied again. Memory retention session: 24 h after
the training phase, each rat was placed in the light
chamber (while the guillotine door was closed) and 10 s
later, the guillotine door was opened and the delay time for
entering the dark chamber was recorded as ‘‘step-through
latency time’’. The maximum time delay for entering the
dark chamber was 300 s (14).

Histological studies
The brain was removed for histological examination

and placed in fixative formalin for 24 h. Next, during the
dehydration and clarification steps, the samples were
embedded into molten paraffin. Using a microtome
(Cambridge Medical Instruments, United Kingdom),
6-micron-thick sections were prepared. The samples were
placed on a slide, and then half of the samples were
stained with hematoxylin-eosin and the other half with
thioflavin S.

The main goal of preparing sections of the hippocam-
pus and staining them was to investigate possible

changes in brain tissue and to quantitatively examine
the amyloid fibrils formed in the absence and presence of
silibinin and trans-chalcone in each section. Five tissue
sections in each group were randomly examined micro-
scopically. Since we observed that silibinin performed
better than trans-chalcone in the initial tests, both DG and
CA1 regions were checked for the former and DG for the
latter.

Docking
Molecular docking was performed using the Autodock

Vina software (USA). The molecular structure of silibinin
and trans-chalcone was prepared from pubchem (https://
pubchem.ncbi.nlm.nih.gov/) (Figure 1). Then, energy
minimization was performed using Avogadro software
(https://avogadro.cc) to provide a stable 3D structure. For
insulin, two natural (3I40) and denatured (1SF1) structures
were fetched from the RCSB protein database (https://
www.rcsb.org). First, water molecules in the crystal
structure were removed manually. Then, polar hydrogens
and Gasteiger charges were added for both ligands and
proteins using Autodock Tools software. All rotating bands
of the active ligand were considered. Docking was
performed blindly, and the search space was considered
large enough for the entire protein, as all the protein
surface was available to the ligand. The 2D protein-ligand
interactions were demonstrated using LIGPLOT software
(https://bio.tools). 3D images were also drawn using VMD
software (https://www.ks.uiuc.edu).

Statistical analysis
Data were statistically analyzed by SPSS software

(IBM, USA) using one-way analysis of variance (ANOVA),
followed by post hoc Tukey test. The results are reported
as means±SE. Po0.05 was considered significant. The
diagrams were drawn using GraphPad Prism 5 software
(USA).

Results

In vitro amyloid formation by Congo red and thioflavin
S testing

Significant and gradual increase in Congo red absorb-
ance associated with a red shift was detected in the
amyloidogenic conditions over time (from 4 to 24 h),
indicating the presence of a considerable amount of amyloid
fibrils formed as a result of insulin incubation (Figure 2).

Figure 1. 2D structure of (A) silibinin and (B) trans-chalcone.
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However, in the presence of trans-chalcone and silibinin,
decreased absorbance and shift was observed, while
adding trans-chalcone and silibinin from the beginning of
the process to the medium showed a better inhibition of
fibril formation. The lower absorbance observed after
addition of the compound at mid-process (compared with
no additives) is also indicative of the inhibitory potential of
trans-chalcone and silibinin in the very formation of
amyloid structures (Figure 3).

During the experiment, various concentrations of
trans-chalcone and silibinin were added to the incubation
medium during fibrillation (results not shown), and the
1 mM concentration was found to be effective in
attenuating insulin fibril formation, with silibinin showing

a superior effect compared with trans-chalcone. Further
studies were thus performed with this concentration.

As an additional test to detect amyloid fibril formation,
thioflavin S staining, which is amyloid-specific, was also
performed. The insulin group showed a significant amount
of amyloid deposits (Figure 4A), which was significantly
higher than the two other groups (30% stain intensity in
Figure 5A). In insulin + trans-chalcone and insulin +
silibinin groups, staining intensity was about 10%
(Figure 4B and C and Figure 5A). The number of fibril
aggregates per unit area was also higher in the insulin
group, and it seemed that with this rise, the context became
more suitable for the development of insulin-amyloid
plaques. On the other hand, in insulin + trans-chalcone

Figure 2. Congo red absorption spectrum of incubated insulin at 4, 8, 12, 16, 20, and 24 h.

Figure 3. Congo red binding adsorption spectra of regular insulin in the absence and presence of trans-chalcone and silibinin.
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and insulin + silibinin groups, the number of these
aggregates was much lower (Figure 4B and C and
Figure 5B). It should be noted that aggregate diameters in
these two groups were also significantly reduced compared
to the those in the insulin group (Figure 5C). The size of
aggregate cluster was remarkably greater n the insulin
group (reaching about 10,000 mm).

Passive avoidance test for learning and memory
Findings from the passive avoidance test (shuttle box)

on the training day indicated no significant difference
between the model group, which received injections of

insulin fibrils and phosphate buffer in the hippocampus,
and the EXP3 group, which received injections of silibinin
or trans-chalcone with insulin fibril in the hippocampus.
Moreover, statistical analysis showed a significant differ-
ence between the model group and EXP1 and EXP2
groups, that is, when compounds were added at the
beginning and middle of the fibrillation process. These
groups (EXP1 and EXP2) showed better memory than the
model group (induced AD group) (Po0.001) (Figures 6A
and 7A).

The mean duration of the delay in entering the dark
room between the model and experimental groups was

Figure 4. Fluorescence microscopy results, revealing amyloid fibril deposits by thioflavin S staining. A, insulin amyloid images; B, insulin
amyloid images in the presence of trans-chalcone; C, insulin amyloid images in the presence of silibinin. Scale bar 100 mm.

Figure 5. Quantitative analysis of Figure 4 data. Data are reported as the mean and standard error. Different letters indicate statistically
significant differences (ANOVA). A, Intensity of thioflavin S (%) in the presence and absence of trans-chalcone and silibinin, (B) number
of fibril aggregates in the presence and absence of trans-chalcone and silibinin, (C) amyloid aggregation diameter (mm) in the presence
and absence of trans-chalcone and silibinin.

Figure 6. Effect of bilateral microinjection of insulin amyloid fibrils in the presence and absence of trans-chalcone. A, Step-through
latency in the acquisition (STLA) trial in rats of the passive avoidance test. B, Step-through latency in the retention (STLR) test after 24 h
of the passive avoidance test. Data are reported as means±SE. ***Po0.001 compared with model group (ANOVA). ns: not significant.
See Table 1 for group description.
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evaluated on the day of the test, which was performed
24 h after the training day. Statistical analysis showed
a significant difference between the model group and
the other treatment groups (Po0.001) (Figures 6B and
7B).

Histological findings
Hematoxylin and eosin (H&E) staining. Insulin amyloid

effects in the presence and absence of trans-chalcone in
the DG region are shown in Figure 8A. In the control
group, most neurons in the DG were alive, with 5 to 10%
of dead neurons, which is significantly lower than in other
the groups. On the other hand, in the AD model group,
different areas of the hippocampus showed impaired
cohesion and structure. Due to tissue destruction, the cell
population was reduced in the model group compared to
the healthy control group. Overall, the percentage of dead
neurons was about 20 to 30%, significantly higher than the
control group (Figure 9A).

In the EXP1 and EXP2 groups, the DG tissue was
relatively improved and the quality of the neuronal cell
population was significantly increased compared to the
AD model group.

In the EXP3 group, the number of neurons was still
higher compared to the AD model group, but lower than
EXP1 and EXP2. When comparing the treatment groups,
neurons in the DG region in the EXP1 group appeared to
be improved compared to the other two experimental
groups. However, the percentage of neurons with cell
death in this group was about 10 to 15%, which was not
significantly different than the EXP2 group (Figure 9A).

The coronal section of the rat’s DG stained with
hematoxylin and eosin is shown in Figure 8B. In the
control group, the population of neurons in the DG area
were mostly alive, and the rate of cell death was lower
(6.46±1.21%) than in the model (25.57±0.76%), EXP2
(12.09±1.66%), and EXP3 (18.69±0.93%) groups
(Po0.05). In the model group, the tissue showed no clear
cohesion and order, and this tissue disruption was more
common in the DG than in CA1 (Figure 8). Cell death in
the model group (25.57±0.76%) was higher than in the

EXP1 (9.06±1.53%), EXP2 (12.09±1.66%), and EXP3
(18.69±0.93%) groups (Po0.05). On the other hand, this
region was markedly improved in the EXP1 and EXP2
groups, which were similar [EXP2 (12.09±1.66%) and
EXP1 (9.06±1.53%), with no statistical significance],
and interestingly, there was no significant difference
between the control group and the EXP1 group. In the
EXP3 group, the number of neurons was higher compared
to the model group, and improvement was observed in
this area, although not as much as the other EXP groups
[EXP3 (18.69±0.93%) was higher than EXP2 (12.09±
1.66%) and EXP1 groups (9.06±1.53%), (Po0.05)]
(Figure 9B).

Hippocampus sections of the CA1 region are shown in
Figure 8C. Cell death in the control group (6.44±0.973%)
was lower than in the model (29.50±1.062%), EXP3
(24.57±0.878%), and EXP2 (12.40± 0.885%) groups
(Po0.05), but interestingly, not significantly different from
the EXP1 group (9.38±2.05%). Cell death rate was still
higher in the model group (29.50±1.06%) than in the
other groups: EXP3 (24.57±0.87%), EXP2 (12.40±
0.88%), and EXP1 group (9.38±2.05%) (Po0.05). Again,
cell death improvement of the EXP3 group was between
that of the model group and the other EXP groups
(Figure 9C).

Microscopic analysis indicated that there was no
change in the DG and CA1 of the hippocampus tissue in
the control group, which showed normal histological
architecture of Pyramidal cells, while in the AD model
group, cell separation due to necrosis and lack of
cohesion were observed in these areas. The findings of
this study showed that insulin fibrils increased tissue
damage, necrosis, and neuronal destruction in DG and
CA1 areas. Furthermore, the number of pyramidal cells
was reduced, and the number of dead cells was increased
in these areas.

In the EXP1 and EXP2 groups, a significant reduction
in tissue damage and an increase in tissue cohesion, as
well as an increase in the number of pyramidal cells were
observed, which indicated the effectiveness of the trans-
chalcone/silibinin treatment.

Figure 7. Effect of bilateral microinjection of insulin amyloid fibrils in the presence and absence of silibinin. A, Step-through latency in the
acquisition (STLA) trial in rats of the passive avoidance test. B, Step-through latency in the retention (STLR) test after 24 h of the passive
avoidance test. Data are reported as means±SE. ***Po0.001 compared with model group (ANOVA). ns: not significant. See Table 1 for
group description.
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In the EXP3 group, tissue damage and necrosis were
similar to the model group, and there was no significant
effect on damage improvement by insulin fibrils.

Thioflavin S staining. Thioflavin S staining was used
on DG slides as a specific probe for amyloid structures. As
shown in Figure 10, significant histological changes
occurred in the hippocampus upon injection of insulin
amyloids.

The model group showed a significant increase in
plaques compared with control (Po0.001) (Figures 10A
and 11A). Compared with the model group, the EXP1
(Po0.001), EXP2 (Po0.001), and EXP3 (Po0.01)
groups showed significantly reduced numbers of
amyloid plaques in the hippocampus, with the highest
reduction in the EXP1 group. The number of plaques
in the EXP1 and EXP2 groups was significantly lower

Figure 8. Light microscopic results of hippocampus (dentate gyrus (DG) and cornu ammonis (CA1)) samples stained by hematoxylin
and eosin. First image in each box is at � 40 magnification (scale bar 200 mm) and the other images are at �400 magnification (scale
bar 50 mm). Please refer to the Table 1 for group definitions. PC: pyramidal cells. A, Insulin amyloid effects in the presence and absence
of trans-chalcone in the dentate gyrus region, (B) presence and absence of silibinin in the dentate gyrus region, and (C) presence and
absence of silibinin in the CA1 region.
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than in the EXP3 group (P=0.01) (Figures 10A and
11A).

As shown in Figures 10B and 11B, in the model group
and in EXP3, accumulation of plaques (green dots) in the
DG was higher compared to the other groups. The percent
of plaques in the model group (32.61±6.34%) was also
higher than in the EXP3 group (30.91±1.96%) (Po0.05).
EXP1 (17.03±1.18%) and EXP2 (22.69±2.59%) groups
showed no statistical difference (Figure 11B).

Figures 10C and 11C show amyloid plaque results for
the CA1 region of the hippocampus. The observed trend

was similar to that of DG: the number plaques in the
model group (34±3.915%) was higher than in the EXP1
(13.95±1.915%), EXP2 (21.57±1.92%), and EXP3
(25.10±2.45%) groups (Po0.05), and EXP3 was even
higher than the other EXP groups. However, the EXP1
group showed significantly lower levels of plaque com-
pared with EXP3 and EXP2 (Po0.05) (Figure 11C).

In silico test: docking
The results of silibinin and trans-chalcone docking on

natural and denatured insulin (amyloid structure) are

Figure 9. Quantitative analysis of Figure 8 data. Control group represents healthy neurons, model group represents neuronal damage,
and treated groups represent mild neuronal injury. In all groups, data were obtained from 5 different animal specimens with 5 random
slides and are reported as means±SE. Different letters indicate a statistically significant difference (ANOVA). A, Rate of cell death in the
presence and absence of trans-chalcone in the dentate gyrus region, (B) in the presence and absence of silibinin in the dentate gyrus
region, and (C) in the presence and absence of silibinin in the cornu ammonis region. See Table 1 for group description.

Figure 10. Fluorescence microscopy results of hippocampus samples, showing amyloid fibril deposits highlighted by thioflavin S
staining (�40 and �100, scale bars 100 and 50 mm). Green dots indicate amyloid insulin plaques. White arrows indicate amyloid
plaques in the model group. A, Insulin amyloid plaques in the presence and absence of trans-chalcone in the dentate gyrus region, (B) in
the presence and absence of silibinin in the dentate gyrus region, and (C) in the presence and absence of silibinin in the CA1 region.
See Table 1 for group description.
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shown in Figure 12. Both compounds bound to the two
forms of the protein, with interaction energy of trans-
chalcone with the denatured protein being –7.0 and with
the natural form, –6.4 kcal/mol, indicating a stronger
ligand interaction with the denatured state of the protein.
The interaction energy of trans-chalcone was weaker
compared to silibinin, which had a –9.1 kcal/mol interac-
tion energy with the denatured form and –7.4 kcal/mol with
the native form. Silibinin also bound to both protein chains
(A and B) in the denatured state, whereas the natural

protein only interacted with the insulin A chain (Figure 12).
The results indicated the appropriate interaction of silibinin
with both forms of the protein.

Discussion

Animal disease models have limitations in the sense
that they can reproduce the disease only to some extent,
and as such, results will also be interpreted within that
same framework (15). In this study, our AD animal model

Figure 11. Quantitative analysis of Figure 10 data. Control group had healthy neurons, model group showed neuronal damage, and
treated groups had mild neuronal injury. In all groups, data were obtained from 5 different animal specimens with 5 random slides and
are reported as means±SE. Different letters indicate statistically significant differences (ANOVA). A, Percentage of insulin amyloid
fibrils in the presence and absence of trans-chalcone in the dentate gyrus region, (B) in the presence and absence of silibinin in the
dentate gyrus region, and (C) in the presence and absence of silibinin in the cornu ammonis region. See Table 1 for group description.

Figure 12. 3D representations of trans-chalcone interactions with (A) native and (B) denatured insulin and 3D representations of silibinin
interactions with (C) native and (D) denatured insulin.
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was generated by intra-hippocampal injection of amyloid
fibrils that were formed in vitro. This method resulted in
plaque formation in the brain of the model animals, as well
as memory impairment, which are two hallmarks of AD,
and our results focused on those two aspects. One
limitation of this model, when used in our time period,
could be that in AD patients, AD plaques could be more
numerous and extend to other brain regions (16). On the
other hand, peptide injections can cause inflammation,
which is also a hallmark of AD. However, this method can
emphasize the deleterious effects of inflammation,
whereas in a more authentic context, inflammation per
se can have a beneficial side. Injection of a peptide also
causes AD symptoms in a relatively short period of time,
while in reality, the disease is a slowly developing one,
and may involve other processes such as cerebrovascular
pathology and other ageing-related manifestations (17).
Despite these limitations, peptide injection-based models
can be used to assess the anti-amyloid effects of
compounds in vivo, including in brain tissue, and they
provide some hints towards potential lead compounds in
this regard.

Our study evaluated the effects of trans-chalcone and
silibinin on AD model animals and revealed that simulta-
neous intra-hippocampal injection of trans-chalcone or
silibinin with insulin fibril was effective in improving the
symptoms of induced AD, although both compounds were
more effective if present at the time of insulin fibril
formation.

Protein assemblies have been extensively studied in
recent years in biotechnology and medicine, since they
may cause problems in therapeutic protein production and
are involved in the development of various diseases (18).
The main causes of protein accumulation are very
complex and not fully understood, but one of the main
strategies proposed as prevention and treatment of
protein-related diseases, including neurodegenerative
ones, is the use of compounds, usually small molecules
that inhibit the fibrillation process. Studies on amyloid
aggregations show that all proteins, regardless of being
pathogenic or not, should be able to form amyloid fibrils if
placed under appropriate conditions. Furthermore, since
they all use the same intermolecular mechanisms and
interactions in the process of forming amyloid aggregates,
fibrils produced by these proteins are structurally similar to
the fibrils formed by the Ab protein in AD. Thus, model
proteins can be used for follow-up on amyloid studies. As
an example, much research has been carried out on egg
white lysozyme, where the inhibitory properties of several
aromatic compounds in the formation of lysozyme fibrils
have been investigated (19).

AD signs can be induced in rats by driving model
proteins such as insulin into amyloid state and injecting
them into the rat’s brain. Use of regular insulin amyloid
fibrils instead of the Ab peptide is an easier way to obtain
an AD model, since insulin is more accessible, available,

and cost-effective than the Ab peptide. In addition to
behaving similar to Ab, model proteins have other
advantages such as high stability and high reproducibility
(20). From our previous study, we knew that bilateral
injection of insulin amyloid fibrils into the hippocampus
can generate formation of AD plaques in male rats, which
also show reduced memory (13). Our present results in
the model group are in good agreement with these
studies, both behaviorally and histologically.

Although insulin amyloids are generally considered
non-pathogenic, they can be problematic in diabetic
patients who regularly inject insulin, especially if they do
so repeatedly at the same location. The first case of
insulin-induced amyloidosis was presented in 1983;
Störkel et al. (21) showed that after 5 weeks of continuous
administration, insulin amyloid fibrils were detected.

Weids et al. (22) suggested that stress conditions such
as heat lead to protein misfolding and subsequent
aggregation. Insulin is the tenth protein and the first
extracellular protein found to have a high ability for the
creation of amyloid aggregation in humans. In several
studies, the formation of insulin amyloid fibrils has been
observed under various conditions; for example, at pH 2
and temperature of 57°C (23) or pH 7 and temperature of
37°C (10). If insulin has a hexameric form, a chelator like
EDTA can be added to the medium to facilitate the
availability of monomeric form at 37°C and pH 7.5, which
can then be driven toward amyloid fibril formation (24).
The B-chain of insulin plays an important role in amyloid
formation, since under certain conditions, the B-chain
isolated from bovine insulin has potential to form fibril
aggregation. It has also been shown that the C-terminal
part of this chain has the highest tendency to form protein
aggregates (25).

Herbal medicines have been used for a long time to
treat various diseases, including AD. They are now
gaining more attention due to their availability and lower
cost and are sometimes found to have fewer side effects
compared to chemical drugs, to which they are considered
a good alternative worldwide (5). Research on inhibiting
the formation of amyloid deposits has found that tiny
aromatic molecules are very effective in inhibiting inter-
protein bindings (26). Some of the inhibitor ligands bind
specifically to the natural form of proteins and stabilize
proteins against structural changes, while others can
directly affect the formation of amyloid fibers by interfering
with stacking between beta strands, showing potential
therapeutic effect toward misfolding diseases such as AD
(27). Accordingly, research into finding new aromatic
molecules with inhibitory effects is of considerable
interest.

During recent years, particular attention has been
paid to trans-chalcone, a precursor of flavonoids, because
of this simple molecule’s wide range of properties.
For example, Craggs et al. (28) showed that trans-
chalcone has neuroprotective effects, especially through
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antioxidative properties. In another study, we investigated
the effect of oral administration of trans-chalcone in an AD
rat model generated by Ab injection and found that trans-
chalcone inhibited amyloid plaque formation in these
animals (6).

Silibinin (silybin), a flavonolignans derived from the
herbal medicine milk thistle (Silybum marianum), is one
of the major ingredients of silymarin. In addition to its
anti-inflammatory and strong antioxidant features, it is
also beneficial in the treatment of cancer, diabetes, and
liver disease (7) and has shown anti-amyloidogenic
properties (29). Now, silibinin is frequently used to
clinically treat cirrhosis, hepatitis, liver poisoning, and
fatty liver (7).

This study examined the potential of trans-chalcone
and silibinin to inhibit the formation of amyloid aggrega-
tions of insulin in vitro. Besides the fact that the presence
of these compounds at the beginning of insulin incubation
attenuated the amyloid formation process, adding trans-
chalcone or silibinin at mid-process of fibril formation still
decreased fibril amounts, so the compounds are probably
acting at various levels of the aggregation process. Based
on the Congo red spectra, silibinin appeared to maintain
the protein’s native structure while changes in the spectra
in the presence of silibinin were much less pronounced
compared with trans-chalcone (Figure 3). However, at the
end of the process, thioflavin S staining in vitro did not
show a significant difference between the two compounds,
although in visual inspection, amyloids that were formed
in the presence of silibinin had a more diffuse nature
(Figures 4 and 5).

The role of the hippocampus is well known in many
memory formation processes. Dentate gyrus is a part of
the hippocampus and plays a vital role in learning and
memory (30). The results of this study showed that
hippocampal injection of fibril insulin caused cognitive
impairments associated with learning and memory and
reduced CA1 as well as DG neurons. Both compounds
have either stimulated neurogenesis in the hippocam-
pus or inhibited the deleterious effects of amyloid
structures and improved learning and memory perfor-
mance of the treated animals, as observed in the
behavioral test. Since the pathological nature of insulin
fibrils was attenuated when those fibrils were formed in
the presence of trans-chalcone and silibinin, these
compounds may have a potential disintegrating effect
on the fibrils. Between the two compounds, silibinin
seemed to have a more pronounced effect (Figures 6
and 7).

In histological examination, a lower number of amyloid
deposits with markedly smaller diameter were observed
upon administration of fibrils formed in the presence of
the compounds and, in a less effective manner, when
fibrils were injected simultaneously with the compounds
(Figures 10 and 11). These results are in good agreement
with a study by Urata et al. (9) showing the inhibitory effect

of silymarin on fibril formation and subsequently on the
number of amyloid plaques formed in the mice brains; this
is suggestive of a generalized effect of silibinin on amyloid
structure formation. Accordingly, various aromatic com-
pounds have been tested on Ab amyloid formation and
improvement of behavioral tests: Hartmann et al. exam-
ined the role of pomegranate juice in reducing the
formation of amyloid aggregates (31). Another research
has investigated the effect of green tea in reducing
amyloid beta aggregation due to the presence of
polyphenols (32). Azizi et al. (33) also showed that
effective compounds of safflower extract (carvacrol and
thymol) also play an effective role in boosting the memory
of AD mice. Siahmard et al. (34) have investigated the
effect of grape juice. Hosseinzadeh et al. (35) explored the
effect of saffron extract, while the effect of water extract of
Elaeagnus angustifolia was examined by Tamtaji et al.
(36). In the same way, Ramshini et al. (37) investigated
the direct effect of cinnamon extract and green tea. The
results of all these studies indicated that those com-
pounds have the potential to inhibit the formation of
amyloid fibrils and improve the memory of rats. This study
also agrees with the studies published by Rabiee et al.
(38) on the effect of curcumin on amyloid fibrillation of
bovine insulin protein. Curcumin exerted its inhibitory
effect through interaction with native states, intermediate
states, and insulin fibrils. This compound inhibited fibril
formation and disrupted pre-formed fibrils. Also, benzofur-
anone derivatives, which have an aromatic ring possibly
located between b-sheet plates, would cause disruption of
their aggregation. Yang et al. (39) and Garcia-Alloza et al.
(40) in two separate studies reported that curcumin
improved spatial memory by inhibiting the formation of
amyloid fibrils and had anti-Alzheimer’s effects. The
overall trend in those studies was an in vitro effect of
amyloid formation inhibition or disruption of formed
aggregates, both of which were observed with our two
compounds.

In some of our experiments, silibinin seemed more
effective than trans-chalcone. The in silico results also
showed that compared with trans-chalcone, silibinin
could bind to larger areas of insulin structure, interacting
with an important segment of the protein sequence
(Figure 12).

It could be suggested that the two compounds are
able to inhibit the formation of primary nuclei prone to
aggregation by disrupting the interactions between the
aromatic amino acids of insulin, thus inhibiting the
formation of amyloid fibers. Similarly, they would interact
with formed fibrils and disaggregate them to some
extent, since the late addition of compounds to fibrils
was less successful than adding them at the beginning of
the process. In summary, both compounds are interest-
ing with regard to therapeutic potential in amyloid-related
diseases and may possess a generic anti-amyloid
property.

Braz J Med Biol Res | doi: 10.1590/1414-431X2023e12443

Silibinin and chalcone in AD model 11/13

https://doi.org/10.1590/1414-431X2023e12443


Acknowledgments

This article reports part of the results obtained from
the PhD thesis project of M. Omidi-Shahsavandi, which
was supported by Department of Biology, Science and

Research Branch, Islamic Azad University, Tehran, Iran
and the Endocrinology and Metabolism Research Institute
of Tehran University of Medical Sciences.

References

1. Pagano K, Tomaselli S, Molinari H, Ragona L. Natural
compounds as inhibitors of Ab peptide aggregation:
chemical requirements and molecular mechanisms. Front
Neurosci 2020; 14: 619667, doi: 10.3389/fnins.2020.
619667.

2. Hua QX, Weiss MA. Mechanism of insulin fibrillation: the
structure of insulin under amyloidogenic conditions resem-
bles a protein-folding intermediate. J Biol Chem 2004; 279:
21449–21460, doi: 10.1074/jbc.M314141200.

3. Nevone A, Merlini G, Nuvolone M. Treating protein misfold-
ing diseases: therapeutic successes against systemic
amyloidoses. Front Pharmacol 2020; 11: 1024, doi:
10.3389/fphar.2020.01024.

4. Salahuddin P, Khan RH, Furkan M, Uversky VN, Islam Z,
Fatima MT. Mechanisms of amyloid proteins aggregation
and their inhibition by antibodies, small molecule inhibitors,
nano-particles and nano-bodies. Int J Biol Macromol 2021;
186: 580–590, doi: 10.1016/j.ijbiomac.2021.07.056.

5. Ekor M. The growing use of herbal medicines: issues
relating to adverse reactions and challenges in monitoring
safety. Front Pharmacol 2014; 4: 177, doi: 10.3389/
fphar.2013.00177.

6. Yaghmaei P, Kheirbakhsh R, Dezfulian M, Haeri-Rohani A,
Larijani B, Ebrahim-Habibi A Indole and trans-chalcone
attenuate amyloid b plaque accumulation in male wistar rat:
in vivo effectiveness of two anti-amyloid scaffolds. Arch Ital
Biol 2013; 151: 106–113, doi: 10.4449/aib.v151i3.1479.

7. Xu F, Han C, Li Y, Zheng M, Xi X, Hu C, et al. The chemical
constituents and pharmacological actions of silybum mar-
ianum. Curr Nutr Food Sci 2018; 15: 430–440, doi: 10.2174/
1573401314666180327155745.

8. Polachi N, Bai G, Li T, Chu Y, Wang Y, Li S, et al. Modulatory
effects of silibinin in various cell signaling pathways against
liver disorders and cancer - a comprehensive review. Eur J
Med Chem 2016; 123: 577–595, doi: 10.1016/j.ejmech.
2016.07.070.

9. Urata NM, Urakami KM, Zawa YO, Inoshita NK, Rie KI,
Shirasawa T, et al. Silymarin attenuated the amyloid b
plaque burden and improved behavioral abnormalities in an
Alzheimer’s disease mouse model. Biosci Biotechnol
Biochem 2010; 74: 2299–2306, doi: 10.1271/bbb.100524.

10. Yoshihara H, Saito J, Tanabe A, Amada T, Asakura T,
Kitagawa K, et al. Characterization of novel insulin fibrils that
show strong cytotoxicity under physiological pH. J Pharm
Sci 2016; 105: 1419–1426, doi: 10.1016/j.xphs.2016.
01.025.

11. Waterhouse SH, Gerrard JA. Amyloid fibrils in bionanotech-
nology. Aust J Chem 2004; 57: 519–523, doi: 10.1071/
CH04070.

12. Paxinos G, Watson C. The rat brain in stereotaxic
coordinates: Hard cover edition. 7th edition. Amsterdam:
Elsevier; 2013. ISBN: 9780123919496

13. Kheirbakhsh R, Chinisaz M, Khodayari S, Amanpour S,
Dehpour AR, Muhammadnejad A, et al. Injection of insulin
amyloid fibrils in the hippocampus of male Wistar rats: report
on memory impairment and formation of amyloid plaques.
Neurol Sci 2015; 36: 1411–1416, doi: 10.1007/s10072-015-
2169-2.

14. Quillfeldt JA. Behavioral methods to study learning and
memory in rats. In: Anderson M, Tufik S (Eds). Rodent
model as tools in ethical biomedical research. New York:
Springer; 2016. p 271–311

15. Hartung T. Thoughts on limitations of animal models.
Parkinsonism Relat Disord 2008; 14: S81–S83, doi:
10.1016/j.parkreldis.2008.04.003.

16. Malin DH, Crothers MK, Lake JR, Goyarzu P, Plotner RE,
Garcia SA, et al. Hippocampal injections of amyloid
b-peptide 1–40 impair subsequent one-trial/day reward
learning. Neurobiol Learn Mem 2001; 76: 125–137, doi:
10.1006/nlme.2000.3991.

17. McLarnon JG, Ryu JK. Relevance of Ab 1-42 intrahippo-
campal injection as an animal model of inflamed Alzhei-
mer’s disease brain. Curr Alzheimer Res 2008; 5: 475–480,
doi: 10.2174/156720508785908874.

18. Chiti F, Dobson CM. Protein misfolding, amyloid formation,
and human disease: a summary of progress over the last
decade. Annu Rev Biochem 2017; 86: 27–68, doi: 10.1146/
annurev-biochem-061516-045115.

19. Mohammadi F, Moeeni M, Mahmudian A, Hassani L.
Inhibition of amyloid fibrillation of lysozyme by bisdemethox-
ycurcumin and diacetylbisdemethoxycurcumin. Biophys
Chem 2018; 235: 56–65, doi: 10.1016/j.bpc.2018.02.005.

20. Tatini F, Pugliese AM, Traini C, Niccoli S, Maraula G, Ed
Dami T, et al. Amyloid-b oligomer synaptotoxicity is
mimicked by oligomers of the model protein HypF-N.
Neurobiol Aging 2013; 34: 2100–2109, doi: 10.1016/j.
neurobiolaging.2013.03.020.

21. Störkel S, Schneider HM, Muntefering H, Kashiwagi S.
Iatrogenic, insulin-dependent, local amyloidosis. Lab Inves-
tig 1983; 48: 108–111

22. Weids AJ, Ibstedt S, Tamás MJ, Grant CM. Distinct
stress conditions result in aggregation of proteins with
similar properties. Sci Rep 2016; 6: 24554, doi: 10.1038/
srep24554.

23. Sirangelo I, Borriello M, Vilasi S, Iannuzzi C. Hydroxytyrosol
inhibits protein oligomerization and amyloid aggregation in
human insulin. Int J Mol Sci 2020; 21: 4636, doi: 10.3390/
ijms21134636.

24. Xu Y, Yan Y, Seeman D, Sun L, Dubin PL. Multimerization
and aggregation of native-state insulin: effect of zinc.
Langmuir 2012; 28: 579–586, doi: 10.1021/la202902a.

25. Liu M, Wan ZI, Chu YC, Aladdin H, Klaproth B, Choquette M,
et al. Crystal structure of a ‘‘nonfoldable’’ insulin. J Biol Chem
2009; 284: 35259–35272, doi: 10.1074/jbc.M109.046888.

Braz J Med Biol Res | doi: 10.1590/1414-431X2023e12443

Silibinin and chalcone in AD model 12/13

http://dx.doi.org/10.3389/fnins.2020.619667
http://dx.doi.org/10.3389/fnins.2020.619667
http://dx.doi.org/10.1074/jbc.M314141200
http://dx.doi.org/10.3389/fphar.2020.01024
http://dx.doi.org/10.1016/j.ijbiomac.2021.07.056
http://dx.doi.org/10.3389/fphar.2013.00177
http://dx.doi.org/10.3389/fphar.2013.00177
http://dx.doi.org/10.4449/aib.v151i3.1479
http://dx.doi.org/10.2174/1573401314666180327155745
http://dx.doi.org/10.2174/1573401314666180327155745
http://dx.doi.org/10.1016/j.ejmech.2016.07.070
http://dx.doi.org/10.1016/j.ejmech.2016.07.070
http://dx.doi.org/10.1271/bbb.100524
http://dx.doi.org/10.1016/j.xphs.2016.01.025
http://dx.doi.org/10.1016/j.xphs.2016.01.025
http://dx.doi.org/10.1071/CH04070
http://dx.doi.org/10.1071/CH04070
http://dx.doi.org/10.1007/s10072-015-2169-2
http://dx.doi.org/10.1007/s10072-015-2169-2
http://dx.doi.org/10.1016/j.parkreldis.2008.04.003
http://dx.doi.org/10.1006/nlme.2000.3991
http://dx.doi.org/10.2174/156720508785908874
http://dx.doi.org/10.1146/annurev-biochem-061516-045115
http://dx.doi.org/10.1146/annurev-biochem-061516-045115
http://dx.doi.org/10.1016/j.bpc.2018.02.005
http://dx.doi.org/10.1016/j.neurobiolaging.2013.03.020
http://dx.doi.org/10.1016/j.neurobiolaging.2013.03.020
http://dx.doi.org/10.1038/srep24554
http://dx.doi.org/10.1038/srep24554
http://dx.doi.org/10.3390/ijms21134636
http://dx.doi.org/10.3390/ijms21134636
http://dx.doi.org/10.1021/la202902a
http://dx.doi.org/10.1074/jbc.M109.046888
https://doi.org/10.1590/1414-431X2023e12443


26. Jahić A, Tušek Žnidarič M, Pintar S, Berbić S, Žerovnik E.
The effect of three polyphenols and some other antioxidant
substances on amyloid fibril formation by Human cystatin C.
Neurochem Int 2020; 140: 104806, doi: 10.1016/j.neuint.
2020.104806.

27. Chiti F, Taddei N, Stefani M, Dobson CM, Ramponi G.
Reduction of the amyloidogenicity of a protein by specific
binding of ligands to the native conformation. Protein Sci
2001; 10: 879–886, doi: 10.1110/ps.42401.

28. Craggs L, Kalaria RN. Revisiting dietary antioxidants,
neurodegeneration and dementia. Neuroreport 2011; 22:
1–3, doi: 10.1097/WNR.0b013e328342741c.

29. Zeng HJ, Miao M, Yang R, Qu LB. Effect of silybin on the
fibrillation of hen egg-white lysozyme. J Mol Recognit 2017;
30, doi: 10.1002/jmr.2566.

30. Kim WR, Lee JW, Sun W, Lee SH, Choi JS, Jung MW. Effect
of dentate gyrus disruption on remembering what happened
where. Front Behav Neurosci 2015; 9: 170, doi: 10.3389/
fnbeh.2015.00170.

31. Hartman RE, Shah A, Fagan AM, Schwetye KE, Parsada-
nian M, Schulman RN, et al. Pomegranate juice decreases
amyloid load and improves behavior in a mouse model
of Alzheimer’s disease. Neurobiol Dis 2006; 24: 506–515,
doi: 10.1016/j.nbd.2006.08.006.

32. Rezai-Zadeh K, Arendash GW, Hou H, Fernandez F, Jensen
M, Runfeldt M, et al. Green tea epigallocatechin-3-gallate
(EGCG) reduces beta-amyloid mediated cognitive impair-
ment and modulates tau pathology in Alzheimer transgenic
mice. Brain Res 2008; 1214: 177–187, doi: 10.1016/
j.brainres.2008.02.107.

33. Azizi Z, Ebrahimi S, Saadatfar E, Kamalinejad M, Majlessi
N. Cognitive-enhancing activity of thymol and carvacrol in

two rat models of dementia. Behav Pharmacol 2012; 23:
241–249, doi: 10.1097/FBP.0b013e3283534301.

34. Siahmard Z, Alaei H, Reisi P, Pilehvarian AA. The effect of
red grape juice on Alzheimer’s disease in rats. Adv Biomed
Res 2012; 1: 63, doi: 10.4103/2277-9175.100188.

35. Hosseinzadeh H, Ziaei T. Effects of crocus sativus stigma
extract and its constituents, crocin and safranal, on intact
memory and scopolamine-induced learning deficits in rats
performing the morris water maze task. J Med Plants 2006;
5: 40–50+60.

36. Tamtaji OR, Taghizadeh M, Takhtfiroozeh SM, Talaei SAR.
The effect of elaeagnus angustifolia water extract on
Scopolamine-Induced memory impairment in rats. J Adv
Med Biomed Res 2014; 22: 101–111.

37. Ramshini H, Ayoubi F. Inhibitory Effect Of Cinnamomum
Zeylanicum And Camellia Sinensis Extracts On The Hen
Egg-White Lysozyme Fibrillation. J Kerman Univ Med Sci
2014; 21: 290–301.

38. Rabiee A, Ebrahim-Habibi A, Ghasemi A, Nemat-Gorgani M.
How curcumin affords effective protection against amyloid
fibrillation in insulin. Food Funct 2013; 4: 1474–1480, doi:
10.1039/c3fo00019b.

39. Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR,
Ambegaokar SS, et al. Curcumin inhibits formation of
amyloid b oligomers and fibrils, binds plaques, and reduces
amyloid in vivo. J Biol Chem 2005; 280: 5892–5901, doi:
10.1074/jbc.M404751200.

40. Garcia-Alloza M, Borrelli LA, Rozkalne A, Hyman BT,
Bacskai BJ. Curcumin labels amyloid pathology in vivo,
disrupts existing plaques, and partially restores distorted
neurites in an Alzheimer mouse model. J Neurochem 2007;
102: 1095–1104, doi: 10.1111/j.1471-4159.2007.04613.x.

Braz J Med Biol Res | doi: 10.1590/1414-431X2023e12443

Silibinin and chalcone in AD model 13/13

http://dx.doi.org/10.1016/j.neuint.2020.104806
http://dx.doi.org/10.1016/j.neuint.2020.104806
http://dx.doi.org/10.1110/ps.42401
http://dx.doi.org/10.1097/WNR.0b013e328342741c
http://dx.doi.org/10.1002/jmr.2566
http://dx.doi.org/10.3389/fnbeh.2015.00170
http://dx.doi.org/10.3389/fnbeh.2015.00170
http://dx.doi.org/10.1016/j.nbd.2006.08.006
http://dx.doi.org/10.1016/j.brainres.2008.02.107
http://dx.doi.org/10.1016/j.brainres.2008.02.107
http://dx.doi.org/10.1097/FBP.0b013e3283534301
http://dx.doi.org/10.4103/2277-9175.100188
http://dx.doi.org/10.1039/c3fo00019b
http://dx.doi.org/10.1074/jbc.M404751200
http://dx.doi.org/10.1111/j.1471-4159.2007.04613.x
https://doi.org/10.1590/1414-431X2023e12443

	title_link
	Introduction
	Material and Methods
	Chemicals
	In vitro methods lparinsulin amyloid formationrpar
	Experimental groups

	Table  Table 1. Description of the experimental groups with Wistar rats
	Avoidance learning behavioral test
	Histological studies
	Docking
	Statistical analysis

	Results
	In vitro amyloid formation by Congo red and thioflavin S testing

	Figure 1.
	Figure 2.
	Figure 3.
	Passive avoidance test for learning and memory

	Figure 4.
	Figure 5.
	Figure 6.
	Histological findings

	Figure 7.
	Figure 8.
	In silico testcolon docking

	Figure 9.
	Figure 10.
	Discussion
	Figure 11.
	Figure 12.
	Acknowledgments

	REFERENCES
	References


