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Abstract
Objective: The present study aims to investigate the role of breast cancer-susceptibility gene 1 (BRCA1) protein in the 
β-Glucan (βG) molecule mediated regulation of lipopolysaccharide (LPS)-induced liver genotoxicity.  
Materials and Methods: In this experimental study, totally, 32 male Swiss Albino mice were randomly divided into 4 
equal groups: control (C), LPS-administered (LPS), βG-administered (βG) and βG-pre-administered/LPS-administered 
(βG+LPS). The βG was injected at the dose of 150 mg/kg/day intraperitoneally (i.p.) for 3 days. A single dose of 4 mg/
kg (i.p.) LPS was administered 24 hours after the last βG injection. BRCA1 expression was determined by western 
blot analysis and confirmed by quantitative immunofluorescence. Proliferating cell nuclear antigen (PCNA), nuclear 
factor erythroid 2–related factor (Nrf2) and 8-OHdG protein levels were also determined by the immunofluorescence 
analysis. The alkaline comet assay was performed. superoxide dismutase (SOD), catalase (CAT) and membrane lipid 
peroxidation were biochemically measured, and light microscopic histology was evaluated.   
Results: The BRCA1 expression level was significantly decreased in the LPS group. However, in the βG+LPS 
group, expression of BRCA1 protein was over 2 folds higher than the control. After the LPS induction, the DNA strand 
breaks, oxidative DNA lesions and abnormal proliferation of the liver cells were almost entirely suppressed in βG pre-
administrated animals, indicating the BRCA1 mediated ubiquitination of PCNA and activation of the DNA damage repair 
pathways. Activation of Nrf2 in the βG+LPS group resulted in an increase in the levels of Nrf2 pathway dependent 
antioxidant enzymes SOD and CAT, prevented the peroxidation of membrane lipids and maintained the histological 
architecture of the liver.   
Conclusion: The results manifested that the βG is a strong inducer of the BRCA1 protein expression in the LPS-
induced hepatic stress and the protein constitutes the key component of a βG mediated liver protection against an 
LPS-induced genotoxic and pathological damage. 
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Introduction
The lipopolysaccharide (LPS) is the major surface 

membrane component of the gram-negative bacterial 
cell wall and the main pathogenic factor of endotoxemia. 
The liver is particularly susceptible to an LPS-induced 
damage since hepatocytes are the main players in the 
elimination of the endotoxin (1, 2). LPS-induced damage 
to the liver is a result of the dysregulated immune response 
to the pathogenic factor, and the following induction of 
oxygen free radicals such as superoxide anion radical 
(O2•-), and non-radical but highly reactive molecules like 
hydrogen peroxide (H2O2). The resulting oxidative stress 
(OS) leads to the depletion of an intracellular storage of 
endogenous antioxidants, while inducing a damage to 
protein, membrane lipid and DNA (3, 4). LPS-induced 
single (SSB) and double (DSB) strand breaks can 
cause malfunctions in the cell cycle. These changes can 
constitute the potential cause of carcinogenesis after 

severe infections (5, 6). Compounds of anti-oxidative 
and anti-genotoxic are considered a potent agent can 
prevent the LPS-induced hepatic injury and the risk of 
developing a subsequent cancer (7, 8). 

Beta-glucans (βGs) are a group of biologically 
active natural compounds that commonly are found 
in the cell walls of fungi, yeast, algae, and cereals. 
They are well-known for their immune-modulator 
and anti-oxidative functions (9). The anti-genotoxic 
potential of βGs have been subjected to previous 
studies, their controversial results led to need a better 
understanding of the mechanism of βGs (10, 11). The 
βGs have been shown to have an anti-proliferative action 
on different cancer cell types (12-14). As a suitable 
target for cancer prevention, breast cancer susceptibility 
gene 1 (BRCA1) gene has potentially associated with 
DNA replication, damage, repair, cell proliferation and 
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antioxidant pathways. The effects of dietary compounds 
on the expression of BRCA1 protein have been subjected 
to some of the recent studies.  The necessity of further 
investigation on the role of dietary compounds involved 
in the regulation of the expression of the gene has been 
pointed out (15-17).

To the best of our knowledge, an anti-genotoxic 
mechanism of the βG has not been evaluated in association 
with the functions of BRCA1 protein. Besides, an anti-
genotoxic potential of the βG against the LPS-induced 
hepatic damage has not been subjected to previous 
studies. Hence, the present study aims to investigate the 
multifunctional role of the BRCA1 protein on the βG 
mediated regulation of genotoxic damage. For this aim, 
LPS-induced liver is chosen as the organ that can firstly 
reflect the effects of toxic compounds, and due to the risk 
of subsequent carcinogenesis development.

Materials and Methods
Ethics approval code

The present experiments were approved by the 
Local Ethical Committee at Animal Experimentation 
of the Anadolu University, Eskisehir, Turkey (2018-
1) in accordance with the National Institutes of Health 
Guidelines for the use of Laboratory Animals.

Materials
In this experimental study, LPS (L2630) and Saccharomyces 

cerevisiae β-glucan (from baker’s yeast) (9012-72-0) were 
both purchased from Sigma (St Louis, MO, USA). Primary 
antibodies for BRCA1 (9010S) and proliferating cell nuclear 
antigen (PCNA, 2586S) were purchased from Cell Signaling 
Technology (Danvers, MA, USA) and Nrf-2 (NBP1-32822) 
was from Novus Biologicals (Littleton, CO, USA). The 
8-oxoguanine (8- oxoG) antibody was obtained from Santa 
Cruz Biotechnology (CA, USA).

Animals and treatment
Totally, 32 Male Swiss Albino mice were obtained from the 

Experimental Animals Research Center, Anadolu University, 
Eskişehir, Turkey. Animals with a weight between 30-40 g 
were acclimatized to the laboratory conditions for 3 days 
before the experiments onset. During this period, all animals 
were kept at the 25 ± 3˚C with a 12 hours light-dark cycle 
condition and fed ad libitum with Purina Chow pellets 
(022-5022 Nestlé Purina. PetCare, St Louis. MO, USA). In 
succession, all animals were randomly divided into four equal 
groups (n=8); including control (C), LPS-administered (LPS), 
β-Glucan-administered (βG) and βG-pre-administered/LPS-
administered (βG+LPS). The total treatment period lasted 
for 6 days. The control group received vehicle, 0.9% saline 
(S0817 Merck, Darmstadt, Germany) intraperitoneally (i.p.). 
The prophylactic βG (9012-72-0, Sigma, St Louis, MO, USA) 
was injected to both groups, βG and βG+LPS, at the dose 
of 150 mg/kg/day intraperitoneally (i.p.) for 3 days. A single 
dose of LPS (4 mg/kg i.p.) (Cat No: L2630, Sigma, St Louis, 
MO, USA) was injected into the animals in the LPS group 

and βG+LPS group on the fourth day of the experimental 
period (The βG+LPS group received its LPS dose 24 
hours after the last βG injection). All the animals in control 
and experimental groups were sacrificed at the end of the 
experimental period under ketamine (K-113, Sigma, St Louis, 
MO, USA) anesthesia (80 mg/kg i.p.) and their livers were 
dissected for the analysis by using standard procedure. The 
treatment strategies,  doses, days and duration of the βG and 
LPS intervention were conducted based on previous studies 
(18, 19).

BRCA1 protein western blot assay
The protein lysates of the liver tissue were subjected to 

western blot analysis with both a specific rabbit polyclonal 
antibody BRCA1 (9010S, Cell Signaling Technology, 
Danvers, MA, USA), against BRCA1 protein as well 
as an appropriate HRP-conjugated secondary antibody 
(7074, Cell Signaling Technology, Danvers, MA, USA). 
Using Bradford technique, the total protein content of 
all samples was measured spectrophotometrically at 595 
nm (Shimadzu UV-2101PC, Japan) (20). Upon being 
quantified, samples (60 μg of each) were resolved by 
SDS-PAGE (Bio-Rad Mini Protean System, USA) and 
transferred to the specific membrane (88018, Thermo 
Fisher Scientific, USA) by a Dry Blotting System (I 
Blot 2, Thermo Fisher Scientific, Waltham, MA, USA). 
Successively, the administration of antibodies to the 
membrane was performed (Invitrogen™ iBind™ Flex 
Western device, Thermo Fisher Scientific, USA). During 
this process, all applied solutions were checked for their 
compatibility with the device before being applied to the 
device.  β-actin was measured as a loading control (21). 
An ECL system (GEN-BOX imagER CFx, ER Biotech 
Ltd., Ankara, Turkey) was used to visualize the protein 
bands. The band intensity of BRCA1 was measured with 
the ImageJ software (version 1.53t, NIH, USA).

Immunofluorescence assay
In a first step, 5 µm thick sections were taken from the tissue 

blocks which were previously prepared for the histological 
examinations (22). An indirect immunofluorescence method 
was applied to the samples by using a rabbit polyclonal 
antibody against BRCA1 (9010S, Cell Signaling Technology, 
Danvers, MA, USA), a rabbit monoclonal antibody against 
PCNA (2586S, Cell Signaling Technology, Danvers, 
MA, USA) and a mouse polyclonal antibody against Nrf-
2 (NBP1-32822, Novus Biologicals, Littleton, CO, USA) 
(23). The 8- oxoguanine (8- oxoG) labelling protocol 
was applied by using a mouse 8- oxoguanine (8- oxoG) 
antibody (sc-516176, Santa Cruz Biotechnology, CA, USA) 
according to the method of Kemeleva et al. (23). For the 
immunofluorescence assay, the liver sections were incubated 
in the blocking solution for 30 minutes at room temperature. 
Tissues were incubated together with the primary antibody at 
an appropriate degree of dilution (1:200 v/v) with a 1% BSA 
(Cat No: A3294, Sigma, St Louis, MO, USA) in the PBS 
buffer (P7059, Sigma, St Louis, MO, USA) and at a consistent 
temperature of 4°C overnight. After washing with PBS (3×5 
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minutes), liver sections were incubated with the appropriate 
secondary antibody (labelled with Alexaflor 488) (ab150113, 
ab150077, Ab Chem, Cambridge, UK) at an appropriate 
degree of dilution (1:1000 v/v) in PBS buffer for one hour, at 
consistent room temperature and in the dark. Positive controls 
were mouse brain, regenerating rat liver, piceatannol induced 
mouse liver and Al-induced rat liver for BRCA1, PCNA 
and Nrf-2 proteins and 8- oxoG lesion sites respectively. 
Negative controls were the same tissues that were prepared 
by avoiding the use of primary antibodies. Subsequently, 
immunofluorescence examinations were performed under a 
Leica DM 6000B fluorescence motorized microscope (Leica 
microsystems, Wetzlar, Germany). At least 20 different areas 
from the liver sections of all animals were randomly selected 
from each experimental group (n=160) and analyzed using 
the Image J software (version 1.53t, NIH, USA).

Comet assay procedure
The 0.1 g of liver tissues was homogenized in the 

Merchant EDTA buffer (0.5 mM NaEDTA, 10 % DMSO in 
phosphate buffered saline, pH=7.4) with a Potter Elvehjem 
homogenizator. Totally, 1×105/ml liver tissue cells were 
suspended in a low melting point agarose (75 µl of 1%, 
w/v) (Cat No: A9095, Sigma, St Louis MO, USA). A 
microgel was formed on a microscope slide (precoated 
with 1% normal melting point agarose) by using 85 µl of 
the cell suspension and allowed to set at 4°C for 5 minutes. 
Samples were treated with the cell lysis buffer (2.5 mol l−1 

NaCl, 100 mmol l−1 EDTA, 10 mmol l−1 Tris‑HCl, pH=10.0, 
containing 1% Triton X‑100 added just before use, and 40 
mmol l−1 dithiothreitol) for 24 hours at room temperature.  
To remove salt and detergent, slides were washed with 
deionized water (C7684, Merck- Milipore, Darmstadt, 
Germany) three times in a 10 minutes intervals between 
washes. Slides were allowed to equilibrate for 20 minutes in 
a horizontal electrophoresis unit with a running buffer (500 
mmol l−1 NaCl, 100 mmol l−1 Tris‑HCl and 1 mmol l−1 EDTA, 
pH 9.0) before electrophoresis (0.60 V cm−1, 250 mA) for 
30 minutes. They were then neutralized with the 0.4 mol l−1 
Tris (pH=7.5) and stained with SYBR Green I (1:10.000, 
S9430 Sigma, St Louis, MO, USA) for 1 hour. Fluorescent 
microscopic examinations were performed under a Leica 
DM 6000B microscope (Leica microsystems, Wetzlar, 
Germany). Analysis of the gels was performed by using the 
Comet IV Software (Perceptive Instruments, Wiltshire, UK). 
An average of 100 cells from each slide was counted. The 
results were given as 'tail moment' which is a product of the 
tail length and the tail DNA% (Tail moment=tail length× % 
of DNA in the tail) (24).

Biochemical evaluation
For the superoxide dismutase (SOD) activity measurement, 

an experiment was conducted in accordance with the method 
of Nebot et al. (25), which was previously standardized. 
This method is based on the measurement of the formation 
rate of the chromophore resulted from the SOD enzyme-
dependent autooxidation of 5,6,6a,11btetrahydro-3,9,10-
trihydroxybenzo[c]fluorine (BXT-01050) in an aqueous 
alkaline solution. One unit of an enzyme is defined as 

the amount of enzyme that allows the autoxidation of one 
micromole of the BXT-01050 reagent at 37oC, pH=8.8 in 
one minute. The catalase (CAT) activity was determined 
according to the method of Beers and Sizer (26). The method 
is based on the absorbance measurement of the hydrogen 
peroxide at 240 nm. Therefore, one unit of an enzyme is 
defined as the amount of an enzyme that is degraded to a 
1.0 micromole of the hydrogen peroxide in one minute at 
25oC and pH=7.0. Furthermore, the lipid peroxidation (LP) 
level was measured at 532 nm, according to the method of 
Ohkawa and Ohishi from the n-butanol and pyridine (15:1, 
v/v) extract of the malondialdehyde (MDA) (27).

Histological assay
All tissues were fixed in a solution containing 4% 

paraformaldehyde in PBS buffer (EMS 15712, Electron 
Microscopy Sciences Hatfield, PA, USA) (pH=7.2-7.3). 
Then, each sample was passed through a graded series 
of the alcohol (1012768, Sigma, St Louis, MO, USA) to 
remove the water. In addition, the samples were infiltrated 
with a mixture of LR White medium grade kit (14380, 
Electron Microscopy Sciences Hatfield, PA, USA) and 
70% ethanol (2: 1; v/v) with a following treatment in pure LR 
White. Consecutively, all tissue blocks were polymerized 
in an 60°C oven overnight and sectioned (700 nm) by using 
a Leica EM UC7 ultramicrotome. These sections prepared 
for light microscopic observations were then stained 
with 1% toluidine blue/borax (pH=8.4, 104172, Merck, 
Germany). As a final step, light microscopic examinations 
were performed under a Leica DM 6000B light microscope 
(Leica microsystems, Wetzlar, Germany) (22).

Statistical analysis
Statistical analyses were performed by using SPSS 20.0 

Software (IBM Corp., NY, USA). The one-way analysis of 
variance (ANOVA) was followed by the Dunnett’s T3. Values 
of P<0.05 were considered as statistically significant. All data 
are expressed as the mean ± standard error (SE).

Results
BRCA1 western blot analysis results 

BRCA1 western blot analysis was performed in order 
to compare the expression levels of the protein among 
groups (Fig.1A). The protein expression of BRCA1 gene 
of the LPS group was significantly lower than the control 
group (P˂0.05). The BRCA1 protein expression level was 
not significantly different in the βG group in comparison 
with the control group, while the βG+LPS group showed 
an over 2-fold increase in comparison with the control 
group (P˂0.05). This increase in the BRCA1 protein 
expression level, particularly takes place in the Kupffer 
cells. Our immunofluorescence findings also confirmed 
our Western blot results (Fig.1B). As it is demonstrated in 
Figure 1, βG pre-administration resulted in an overexpression 
of BRCA1 gene. βG-stimulated significant increase in the 
level of BRCA1 protein took place only in LPS-induced 
stress conditions.
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Fig.1: BRCA1 protein expression and immunofluorescence results. A. Western blot analysis results of BRCA1. B. Representative images of immunohistochemical 
staining of BRCA1 protein. a; Control (0.9% saline), b; LPS (4 mg/kg single dose i.p.), c; βG (150 mg/kg/d for 3 days i.p.), d; βG+LPS (150 mg/kg/d for 3 days βG i.p. and 
4 mg/kg single dose LPS i.p), e; Increased fluorescence signal in the Kupffer cells, and f.  Fluorescence intensity graph of the Image J analysis (scale bar: 100 µm). C; 
Control, LPS; Lipopolysaccharide, βG; Beta glucan, Black arrow; Increased fluorescence signal of BRCA1 protein, *; Significant differences when compared to control, 
#; Significant differences when compared to the LPS group, +; Significant differences when compared to the βG group.

BRCA1, PCNA and Nrf2 immunofluorescence
Using immunofluorescence assay, we confirm our 

western blot results for BRCA1 protein expression. On the 
other hand, PCNA is a multifunctional essential protein 
for DNA replication and repair that is also in association 
with the BRCA1 protein at various levels. Therefore, 
PCNA immunofluorescence levels were analyzed to 
determine the levels of liver cell proliferation. The Nrf2 
immunofluorescence was also examined due to its role in 
mediating the expression levels of endogenous antioxidants 
in association to BRCA1. A base level of signal was observed 
in the control group that confirmed our western blot outcomes 
(Fig.1Ba). The fluorescence signal in the LPS group was 
significantly lower than the control group (P˂0.05). In 
the βG group, the signal was equal with the control group 
(Fig.1Bb, c, f). However, the fluorescence signal intensity 
of the βG+LPS group was over 2-fold higher than the 
control group (P˂0.05), and the fluorescence intensity was 
observed to be higher in the Kupffer cells (Fig.1Bd). Figure 
2A shows the PCNA immunofluorescence assay results as a 

marker of a hepatocellular proliferation. There were not any 
observable nuclear signals in the control group (Fig.2Aa). A 
fluorescence signal was observed in the tissue sections of the 
LPS group, while indicating approximately 4 folds higher 
active proliferation rate of hepatocytes, in comparison with 
the control group (P˂0.05, Fig.2Ab, e). However, there was 
not a significant signal in either βG group or βG+LPS group 
(Fig.2Ac, d). The basal level of cytoplasmic expression of 
Nrf2 protein in hepatocytes was observed in the control 
group (Fig.2Ba). In the LPS group of animals, low level 
but significant induction of Nrf2 protein expression was 
observed (P˂0.05, Fig.2Bb). The βG+LPS group showed a 
significant increase in the Nrf2 protein expression level (over 
2-fold) (P˂0.05), while there was not a significant difference 
between control and βG groups (Fig.2Bc, d). Taken together, 
the results of the immunofluorescence findings revealed that 
the βG stimulated the overexpression of BRCA1 protein, 
normalized the protein level of PCNA and significantly 
induced the protein level of Nrf2 in the βG+LPS group of 
animals.

A B

f
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Fig.2: Results of PCNA and Nrf2 immunofluorescence analysis. A. Representative images of immunofluorescence staining of PCNA. a; Control (0.9% 
saline), b; LPS (4 mg/kg single dose i.p.), c; βG (150 mg/kg/d for 3 days i.p.), d; βG+LPS (150 mg/kg/d for 3 days i.p. βG and 4 mg/kg single dose i.p. LPS), 
and e; Fluorescence intensity graph of Image J analysis. B. Representative images of immunohistochemical staining of Nrf2 analysis. a; Control (0.9% 
saline), b; LPS (4 mg/kg single dose i.p.), c; βG (150 mg/kg/d for 3 days i.p.), d; βG+LPS (150 mg/kg/d for 3 days i.p., βG and 4 mg/kg single dose i.p. LPS), 
and e; Fluorescence intensity graph of Image J analysis (scale bar: 100 µm). C; Control, LPS; Lipopolysaccharide, βG; Beta glucan, Black arrow; Increased 
fluorescence signal of PCNA and Nrf2 proteins, *; Significant differences when compared to control; #; significant differences when compared to the LPS 
group, and +; Significant differences when compared to the βG group.

DNA damage results
Single (SSB) and double (DSB) strand breaks and 

alkali labile sites of the DNA damage were analyzed 
by the alkaline comet assay. The 8-oxoG lesion was 
also analyzed in order to determine the oxidative stress-
induced lesions in DNA (Fig.3). Typical control nuclei 
were observed in Figure 3Aa characterized by a regular 
round structure. Based on tail moment calculations, 
LPS pre-administration resulted in a significant DNA 
damage which is to about three-fold in comparison with 
the control group (P˂0.05, Fig.3Ab, e). In the βG group, 
there was no significant difference between tail moments 
in comparison with the control group (Fig.3Ac, e). The 
βG pre-administration significantly regulated DNA 
damage with a reduction of ~ 63 % in comparison with 
the LPS group of animals (P˂0.05). Furthermore, there 

was no significant difference in comparison with the 
control group (Fig.3Ad, e). Figure 3B represents the 
results of 8-oxoG immunofluorescence. Our control 
group showed a pale background immunofluorescence 
(Fig.3Ba). In the LPS group of animals, the overall 
fluorescence intensity was significantly increased. 
Also, 8-oxoG DNA lesions in the LPS group were 
about two times higher than the control group (P˂0.05). 
Lesions were particularly observed in Kupffer cells and 
hepatocytes upon being localized at the damaged sites of 
the liver tissue (Fig.3Bb, e). The βG group did not show 
significant differences in the fluorescence intensity 
rate in comparison with the control group (Fig.3Bc, 
e). We observed a decrease of ~34 % in fluorescence 
intensity in the  βG+LPS group in comparison with the 
LPS group (P˂0.05). The difference in fluorescence 

A

B

e
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intensity between βG+LPS group and control group was 
not significant, very rare signals were mostly observed 
in the Kupffer cells (Fig.3Bd, e). As a result, a βG pre-
administration was evidently efficient in protecting against 
DNA damage in both analyses. 

Biochemical findings
SOD and CAT levels were evaluated to demonstrate 

the capacity of endogenous antioxidants. The LP was 
evaluated in order to show the OS levels (Fig.4). The LPS 
administration resulted in a significant decrease in the 
activities of SOD and CAT, 52% and ~57%, respectively, 
in comparison with the control group (P˂0.05). The 
levels of SOD and CAT, (~13 and ~31% respectively) 
were observed significantly higher in the βG group in 
comparison with the control group (P˂0.05) (Fig.4A, B). 
In the LPS group, the LP level was significantly increased 

(~60 %) in comparison with the control (P˂0.05, Fig.4C). 
In the βG+LPS group, a decrease was observed in the LP 
rate, that it reached to the control group level (Fig.4C). 

Histological findings
Light microscopic observations were performed to 

demonstrate the histopathological differences among 
groups (Fig.5). The control group showed a normal 
histological architecture of the liver (Fig.5A). Steatosis 
was observed in the LPS group sections, accompanied 
by apoptotic and necrotic changes (Fig.5B). In the βG 
group, there were no observable changes in the pattern 
of hepatocytes (Fig.5C). In βG+LPS group, mild 
microvesicular fatty change and rare apoptotic events 
were observed (Fig.5D). Generally, normal histological 
architecture of the liver was preserved in the βG pre-
administered group.

Fig.3. Comet assay analysis and 8-oxoG labelling results. A. Representative images of the comet assay results and graphical illustration of tail moment 
comparisons. a; Control (0.9% saline i.p.), b; LPS (single dose of 4 mg/kg i.p.), c; βG (150 mg/kg/day i.p.), d; βG+LPS (150 mg/kg/day i.p. for 3 days; 24 
hours later, a single 4 mg/kg dose of LPS i.p.), and e; Tail moment graph. B. Representative images of 8-oxoG labelling. a; Control (0.9% saline i.p.), b; LPS 
(single dose of 4 mg/kg i.p.), c; βG (150 mg/kg/day i.p.), d; βG+LPS (150 mg/kg/day i.p. for 3 days; 24 hours later, a single 4 mg/kg dose of LPS i.p.), and e; 
Fluorescence intensity graph of Image J analysis. C; Control, LPS; Lipopolysaccharide, βG; Beta glucan, Black arrow; 8-oxoG lesion Immunofluorescence, 
White star; Damaged sites, k, Kupffer cells, *; Significant differences when compared to control, #; Significant differences when compared to the LPS 
group, and +; Significant differences when compared to the βG group.

Fig.4: Results of the biochemical measurements. A. SOD activity (U/mg/prt). B. CAT activity (U/mg prt). C. MDA levels (nmol/mg/prt). SOD; Superoxide 
dismutase, CAT; Catalase, MDA; Malondialdehyde, C; Control, LPS; Lipopolysaccharide, βG; Beta glucan, *; Significant differences when compared with the 
control group (P<0.05), #; Significant differences when compared with LPS group (P<0.05), and +; Significant differences when compared with βG group.

A B e

e

A B C
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Fig.5: Representative images of light microscopic observations of the liver tissue. A. Control (0.9% saline i.p.): normal histological architecture of the liver 
tissue. B. LPS (single dose of 4 mg/kg i.p.): steatosis with discernible apoptotic () and necrotic () appearance in individual hepatocytes. C. βG (150 mg/
kg/day i.p.): liver tissue with normal histological appearance. D. βG+LPS (150 mg/kg/day i.p. for 3 days: 24 hours later, a single 4 mg/kg dose of LPS i.p.): 
liver tissue with no observable pathologies with the exception of mild swelling of hepatocytes (*) and rare apoptotic events (scale bar: 20 µm).

Discussion
The LPS-induced damage to DNA is an early event 

in severe bacterial infections. The administration of 
compounds with a natural origin, applies to managing 
damages and subsequent complications, such as cancer 
formation (28, 29). As a gatekeeper of genome stability, 
BRCA1 is considered to be a critical target of regulation. 
Although a variety of bioactive food compounds, such as 
βGs, have been reported as a gene modulator in cancer 
cells (30, 31), there is a lack of evidence on the βGs 
molecular effect on the BRCA1 gene, in normal and stress-
induced cells. According to the present study, it seems 
that the BRCA1 protein expression is significantly down-
regulated with a mechanism that reversely is controlled 
by the lncRNA MALAT1 in the LPS group of animals. 
The mechanism of this down-regulation was formerly 
reported by Yong et al. in their study (32). 

However, a dramatic increase in the expression of 
BRCA1 protein was observed in the βG+LPS group (over 

2-fold when compared with the control). The fluorescence 
intensity was observed to be higher in the Kupffer cells in 
this group. The LPS is a potent stimulator of the Kupffer 
cell tumor necrosis factor alpha (TNF-α) production and 
the following increase in the inflammation and oxidative 
stress. Therefore, Kupffer cells become more susceptible 
to damage. Bennett et al. (33) provided evidence that 
Kupffer cells give the first hand response to an LPS 
intoxication which is consistent with our findings. In the 
βG group of animals, BRCA1 protein expression level 
which was not statistically different from the control, 
indicated an induction of the gene by βG only in stress 
conditions. BRCA1 is a stress response protein which 
mediates both cell-cycle arrest and apoptosis, beside 
regulating DNA damage repair following different types 
of injury in a cell (34). 

LPS-induced damage to the DNA was observed to be 
effectively decreased by the pre-administration of βG 
as long as the non-significant difference in the DNA 
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damage between the βG+LPS group and the control 
group are considered. Associated with its potential to 
trigger significant damage to DNA, LPS can promote 
hepatocellular carcinoma by activating TLR-4 mediated 
proliferative and anti-apoptotic signals (35). In parallel 
with the downregulation of BRCA1 protein expression, 
we observed an abnormal proliferation rate of the 
hepatocytes that was exerted with the significant increase 
in the protein levels of PCNA in the LPS group of 
animals. In the βG+LPS group, the βG treatment mediated 
BRCA1 protein expression increase was accompanied by 
the suppression of abnormal hepatocyte proliferation. 
Besides being a useful marker of cells with proliferative 
potential, PCNA protein is an essential tool for the DNA 
replication pathways. It is involved in the DNA excision 
repair pathways as well as mismatch repair pathways, 
when it is ubiquitinated with the mechanisms promoted 
by BRCA1 (36).  BRCA1 protein functions in a number 
of cellular pathways in the nucleus and cytoplasm in 
association with PCNA at various levels. By the control 
of DNA damage-induced cell cycle checkpoint activation 
and repair of the damaged DNA, these pathways maintain 
stability of the genome. The products of these genes also 
function in the ubiquitination of the proteins, chromatin 
remodeling, transcriptional regulation, apoptosis and 
cell survival in relation to each other. The BRCA1 gene 
mediated PCNA ubiquitination results in the replication 
blockade, and also increases the translesion polymerases 
recruitment and DNA damage repair (37). The present 
study findings manifest that the βG molecule acts its role 
by its ability to stimulate BRCA1 protein expression. The 
ubiquitination of G2/M cell cycle proteins, such as PCNA, 
and transcriptional regulation of the genes in the DNA 
repair pathways of the BRCA1 protein are suggested to 
be the primary routes of the βG’s molecular protection 
against LPS-induced genotoxicity in the liver cells. 

On the other hand, we observed an LPS-driven decrease 
in the antioxidant capacity that was balanced with the βG 
administration. The endogenous antioxidant system was 
fairly insufficient to deal with the increased OS in the 
LPS group of animals, as shown by the increase in the LP 
level and a significant decrease in the levels of antioxidant 
enzymes SOD and CAT. However, in the βG+LPS group 
SOD and CAT enzyme levels were higher than the LPS 
group and also slightly but significantly higher than the 
control as a sign of a regulation in the antioxidative defense 
system. The LP, which was observed in control levels in 
the βG+LPS group of animals is concrete evidence that the 
βG pre-administration treatment efficiently regulated these 
enzymes to overcome the increasing radical formation. 
The BRCA1 induction in this group is also suggested 
to be involved in the mechanisms of βG molecules to 
overcome LPS-induced oxidative stress. Previous studies 
revealed that BRCA1 protein plays an active role in the 
regulation of OS to prevent carcinogenesis in normal cells 
by interacting with the transcription factor nuclear factor 
erythroid 2-like 2 (Nrf2). Gorrini et al. (38) reported that 
the BRCA1 protein binds to the Nrf2 protein to control the 
Keap1-mediated ubiquitination activity, while this binding 

results in the increased stability and activation of Nrf2 
protein. As a master regulator of anti-oxidative responses, 
an increase in the Nrf2 protein expression, enhances the 
expression of the endogenous antioxidants (39). 

We observed a low significant increase in the Nrf2 
protein expression in the LPS group. However, the stability 
and activity of the Nrf-2 protein seem to be declining as 
a result of decreased BRCA1 protein level in this group. 
The decrease in the levels of SOD and CAT supported 
this observation, indicating the impairment of Nrf2-
driven antioxidant signaling in LPS-exposed animals. On 
the other hand, the βG pre-administration resulted in a 
significant increase in BRCA1/Nrf2 protein expressions 
and SOD/CAT enzyme levels resulting in the reduced 
levels of OS and DNA damage. Based on the supporting 
histological evidence, the βG pre-administration 
treatment prevented an intense cytoplasmic vacuolation, 
inflammatory infiltrates, hyperplasia, and necrosis of the 
individual hepatocytes which are the common signs of 
the LPS intoxication in the liver. Apart from having very 
few vacuoles and rare apoptotic events for the elimination 
of the damaged cells, livers from the βG+LPS group of 
animals were almost always normal in the term of their 
tissue architecture. Herein, in the βG pre-administered 
group, βG-induced BRCA1 protein expression increased 
the antioxidant capacity of the liver. It seems that BRCA1 
interacting with the Nrf2, promotes the stability and 
activation of the Nrf2 protein. Although, the βG molecule, 
itself could serve as a molecular scavenger of free radicals 
and support the endogenous antioxidant capacity of the 
liver (40), the replenishment of the antioxidant enzymes 
by the mechanisms shaped on the βG-driven induction of 
BRCA1 protein interaction of the molecule is manifested 
to be the most efficient route of OS reduction in LPS-
exposed animals. The present study findings strongly 
suggest that the BRCA1 protein expression stimulation 
by the βG molecule is the underlying factor in the 
protection against an LPS-induced DNA damage to the 
liver. However, mechanisms of this protection are needed 
to be further investigated, since many other related 
molecular pathways could contribute to this protection in 
different ways.

Conclusion
The present study demonstrated that prophylactic 

βG protects against the LPS-induced genotoxicity and 
pathological damage of the liver tissue, through the 
induction of BRCA1 protein expression. The βG molecule 
alone do not change the expression of BRCA1 protein 
while, the protein level solely arises during the LPS-
induced hepatic stress conditions. In the LPS-exposed 
liver with an increase in DNA damage and hepatocytes 
with abnormal proliferation, a βG-stimulated BRCA1 
protein as a key factor of the protection, mediates the 
ubiquitination of PCNA which results in the arrest of the 
cell-cycle at the S-phase. The BRCA1-promoted pathway 
dependent repair of the damaged DNA efficiently 
reduces LPS-induced DNA strand breaks and maintains 
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the genomic stability of the liver. The βG molecule also 
regulates and supports the antioxidant capacity of the 
liver via BRCA1 interaction with Nrf2, that results in 
the activation and stabilization of the transcription factor. 
Activation of Nrf2-driven antioxidative pathway supports 
the endogenous antioxidative capacity of the liver and 
prevents the LPS-induced oxidative stress, associated 
DNA lesions, membrane lipid damages and also 
pathological damage to the liver. These results support 
the potential use of the βG as an early management tool to 
prevent a genotoxic damage and subsequent carcinogenic 
nature in the endotoxemia liver tissue. The present study 
provides knowledge for future studies subjected to the 
development of the βG-based drugs that aims BRCA1 
gene targeted therapy. Further studies on other possible 
molecular targets and pathways could be useful for the 
development of different therapeutic strategies.
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