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ABSTRACT
Aims: We examined the protective effect of the natural product osajin against sepsis-induced brain damage by targeting the 
8-hydroxydeoxyguanosine (8-OHdG)/Bcl-2-associated×protein (Bax)/caspase-3 pathway in the brain tissue of septic rats.
Methods: Osajin was isolated from Maclura pomifera fruit, the structure was confirmed, and a rat model of brain damage 
was established by the cecal ligation and puncture (CLP) method. Osajin was administered to the animals with sepsis-
associated brain damage at 150 and 300 mg/kg. Following euthanasia, histopathological examination, detection of 8-OHdG by 
immunohistochemistry, and the estimation of Bax and caspase-3 expression using an immunofluorescent technique in the brain 
tissue were performed.
Results: Histopathological examination revealed the presence of severe inflammation, marked degeneration, and necrosis in the 
brains of rats with sepsis. The results of immunohistochemical and immunofluorescent assays revealed that the CLP technique 
induced marked 8-OHdG, Bax, and caspase-3 expression in the brain tissues of septic rats compared with those in healthy rats. 
Osajin administration at a dose of 150 mg/kg (p<0.05) and 300 mg/kg (p=0.0022) reversed the histopathological changes and 
significantly ameliorated the increased 8-OHdG, Bax, and caspase-3 expression compared with that in septic rats.
Conclusion: The histopathological, immunohistochemical, and immunofluorescent evidence indicates that osajin can reverse 
brain damage caused by sepsis by inhibiting the 8-OHdG/Bax/caspase-3 pathway. Accordingly, this natural product represents 
a promising candidate for the management of brain damage in septic patients.
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INTRODUCTION
Sepsis is a major problem for intensive care units and results 
in a high mortality rate worldwide. More than 30 million 
cases of sepsis and 5 million deaths occur annually.1 Its 
management also represents a significant financial burden to 
the health sector worldwide. Sepsis causes damage to many 
organs, including the brain, as a result of an exaggerated 
immune response.2 Although the molecular mechanisms 
underlying brain damage associated with sepsis are complex 
and have been inadequately described, neuronal apoptosis 
is an important pathophysiological mechanism that drives 
sepsis-associated brain damage through the activation of 
inflammation, oxidative stress, and mitochondrial damage 
mechanisms.3 Sepsis-associated brain damage results in 

many complications, such as blood-brain barrier dysfunction 
and sepsis-associated encephalopathy, which alters the 
mental status of septic patients admitted to intensive care 
units.4,5 Greater than 70% of sepsis patients develop sepsis-
associated encephalopathy (SEA).6 Currently, there are no 
specific treatments for sepsis-induced brain dysfunction, 
although the use of antibiotics and fluid support ameliorates 
the symptoms.7 We hypothesize that targeting oxidative 
stress, mitochondrial damage, and apoptosis mechanisms 
may be an important strategy for managing brain damage 
during sepsis and its various complications that lead to 
consciousness disorders, seizures, and coma. Accordingly, 
the use of agents that possess antioxidant and antiapoptotic 
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properties shows beneficial results. Osajin is an isoflavone 
isolated from the Maclura pomifera (rafinesque) Schneider 
fruits that has many therapeutic properties,8-11 including a 
protective effect against sepsis-induced multiple organ injury. 
Our previous studies showed that osajin could reverse liver12 
and kidney13 damage in a rat model of sepsis induced by cecal 
ligation and puncture (CLP) by suppressing oxidative stress, 
inflammation, and apoptosis in various tissues. To date, we 
have not found any studies of the effects of osajin on sepsis-
induced brain damage in rats. Based on our previous data, 
we aimed to examine the neuroprotective effects of osajin 
against brain damage resulting from sepsis in a rat model by 
targeting the 8-hydroxydeoxyguanosine (8-OHdG)/Bcl-2-
associated×protein (Bax)/caspase-3 pathway, which promotes 
oxidative DNA damage, mitochondrial damage, and apoptosis. 
The results were corroborated by a histopathological study of 
the rat brain tissue.

METHODS
Isolation and Characterization of Osajin
The verification of the Maclura pomifera species was done 
using international diagnostic methods. The extraction, 
isolation, and purification of osajin were carried out by 
chromatographic methods and confirmation of the chemical 
structure was done using spectroscopic methods (Figure 1). 
These steps are explained in detail in previous studies.12,13

Animals, Experimental Groups, and Sepsis Model
The experiment was conducted using 30 adult male Sprague-
Dawley rats (weighing 200-250 g). Ethical approval was 
obtained from the Atatürk University Rectorate Animal 
Experiments Local Ethics Committee (Date: 01.09.2015, 
Decision No: 133). All procedures were carried out in 
accordance with the ethical rules and the principles. The 
rats were divided equally into five experimental groups as 
shown in Table and allowed to acclimate for seven days. 
Polymicrobial sepsis was induced using the CLP method as 
described in previous studies.12,13 Briefly, after administering 
general anesthesia consisting of thiopental sodium, the cecum 
was withdrawn, tied, and two punctures were made to allow 
the contents of the cecum to spread into the peritoneal cavity. 
It was then restored and the abdomen was closed. Complete 
details regarding the study groups are listed in Table.

The doses of osajin were determined based on previous 
studies.11,14 After applying the CLP technique for 24 h, the 
animals were euthanized under general anesthesia. The brains 
were immediately collected and placed in a suitable fixative 
solution for subsequent examination.

Figure 1. Chemical structure of osajin

Histopathological Examination of the Brain Tissue
After fixing the brain tissues in 10% neutral formalin solution 
for 48 h, they were subjected to a consecutive routine series 
of alcohol and xylol washes. The samples were embedded 
in paraffin and 4-μm thick tissue sections were prepared. 
The tissue sections were examined using a light microscope 
(Olympus BX 51, Japan) following hematoxylin-eosin (H&E) 
staining.

Immunohistochemical Evaluation of the Brain Tissue 

Based on the procedures described previously13 for 
immunoperoxidase evaluation, the primary antibody (8-
OHdG, no: sc66036) was applied to the tissues and incubated 
accordingly. The 3-3' diaminobenzidine (DAB) chromogen 
was used for color development. The stained sections were 
examined by light microscopy (Zeiss AXIO, Germany).

Double Immunofluorescence Evaluation of the Brain 
Tissue
The sample preparation procedures were done as previously 
described.13 For immunoperoxidase examination, the 
primary antibody (Bax, no: sc7480) was applied to the tissues. 
A secondary antibody was used as a secondary marker (FITC, 
no: ab6785) and the samples were incubated in the dark for 
45 min. The same previous steps were applied to the tissue 
sections using caspase 3 (no: sc56053) as a second primary 
antibody and texas red (no: ab6719) as an immunofluorescence 
secondary antibody. The samples were incubated in the dark 
for 45 min. DAPI with mounting medium (no: D1306 D) 
was applied to the sections and incubated for 5 min in the 
dark before examination of the stained sections under a 
fluorescence microscope (Zeiss AXIO, Germany).

Table. Details of the experimental groups

Group name Number of rats Description Administration method of osajin or ceftriaxone/time Brain tissue collection time

Sham 6 rats Laparotomy without CLP - 24 hours after the operation

Sepsis 6 rats CLP - 24 hours after the CLP technique

Osajin150 6 rats 150 mg/kg (BW) osajin+CLP Oral gavage/15 minutes before the CLP technique 24 hours after the CLP technique

Osajin300 6 rats 300 mg/kg (BW) osajin+CLP Oral gavage/15 minutes before the CLP technique 24 hours after the CLP technique

Ceftriaxone 6 rats 50 mg/kg (BW) ceftriaxone+CLP Intraperitoneal injection/15 minutes before the CLP technique 24 hours after the CLP technique

CLP: Cecal ligation and puncture, BW: Body weight
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Statistical Analysis
GraphPad prism (version 8.0.2) software was used for 
statistical analysis of the histopathological assays. p<0.05 
was considered statistically significant. The non-parametric 
Kruskal-Wallis test was used to detect group interactions and 
the Mann-Whitney U test was used to determine differences 
between groups. To determine the intensity of the positive 
staining from the images obtained by immunohistochemical 
and immunofluorescence staining, five random areas 
were selected from each image and evaluated by the ZEISS 
Zen Imaging Software program. A one-way ANOVA 
followed by Tukey’s test was performed to compare positive 
immunoreactive cells and immunopositive stained areas with 
those of healthy controls. p<0.05 was considered statistically 
significant and the data are presented as the mean±SD.

RESULTS
Histopathological Examination
The brain tissues were examined histopathologically in all 
experimental groups and the results are summarized as 
follows:
Sham group: Normal histological structures in the brains 
were observed (Figure 2).

Figure 2. Photomicrography of histopathological and immunohistochemical 
assessment of brain tissues
H&E: Hematoxylin and eosin, 8-OHdG: 8-hydroxydeoxyguanosine, IHC-P, Bar: 50µm

Sepsis group: Hyperemia and inflammation were observed 
in the meningeal and interstitial vessels, whereas severe 
degeneration and necrosis were observed in the neurons 
(Figure 2).

Osajin150 group: Moderate degeneration and mild necrosis 
were observed in the neurons and moderate hyperemia was 
detected in the vessels.

Osajin300 group: Mild degeneration of the neurons and 
hyperemia of the vessels were observed in the brain tissues 
(Figure 2). In addition, the results were supported by statistical 
analysis, in which osajin administration at a dose of 300 mg/
kg resulted in a significant decrease in necrosis (p<0.001) and 
degeneration (p=0.0022) compared with the sepsis group 
(Figure 3).

Figure 3. Statistical analysis results of histopathological findings in brains of 
septic rats
The results are presented as mean±standard deviation, degeneration (**p=0.0022), necrosis (***p<0.001)

Ceftriaxone group: Moderate degeneration, mild necrosis 
of the neurons, and moderate hyperemia of the vessels were 
observed in the brain tissues (Figure 2).

Statistical results of the histopathological findings are 
presented in Figure 3 after conducting the appropriate 
analyses.

Immunohistochemical Evaluation
The histopathological findings were supported by the 
immunohistochemical evaluation of 8-OHdG expression 
in histological sections of the rat brains. The results for the 
different groups are as follows:

Sham group: 8-OHdG expression was negative in the brain 
tissues (Figure 2).

Sepsis group: High levels of 8-OHdG expression were 
detected in the cytoplasm of the neurons (Figure 2).

Osajin150 group: Moderate expression of cytoplasmic 
8-OHdG was evident in the neurons (Figure 2).

Osajin300 group: Mild expression of cytoplasmic 8-OHdG 
was detected in the neurons (Figure 2). Statistical analysis 
indicated that osajin administration resulted in a significant 
decrease in 8-OHdG levels (28.12±3.05) (p=0.0022) for this 
group compared with the sepsis group (90.14±3.75) (Figure 
4).
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Figure 4. Statistical analysis results of 8-OHdG expression in brains of septic 
rats
The results are presented as mean±standard deviation, **p=0.0028. 8-OHdG: 8-hydroxydeoxyguanosine

Ceftriaxone group: Moderate expression of cytoplasmic 
8-OHdG was detected in the neurons (Figure 2).
Statistical results of immunohistochemical evaluation are 
presented in Figure 4 after conducting the appropriate 
analysis.

Double Immunofluorescence Evaluation
The immunofluorescence evaluation of Bax and caspase-3 
expression in the brain tissues was performed to strengthen 
the conclusions of this study. The results of the different 
groups are as follows:
Sham group: Bax and caspase-3 expression was negative in 
the brain tissues of this group (Figure 5).

Figure 5. Double immunofluorescence results of cytoplasmic Bax (FITC) and 
caspase-3 (TEXAS RED) in neurons
Bax: Bcl-2-associated×protein. IF, Bar: 50µm

Sepsis group: Strong expression of Bax and caspase-3 was 
detected in the cytoplasm of the neurons (Figure 5).
Osajin150 group: Moderate cytoplasmic Bax and caspase-3 
expression were observed in the neurons of the brain tissues 
for this group (Figure 5).
Osajin300 group: When the brain tissues for this group were 
examined by immunofluorescence, mild cytoplasmic Bax and 
caspase-3 expression were detected in the neurons (Figure 
5). A significant reduction in Bax (25.55±2.50) and caspase-3 
(29.78±2.57) (p=0.0022) levels was reported for this group 
compared with the sepsis group (90.54±3.08, 94.83±3.84 
respectively) (Figure 6).

Figure 6. Statistical analysis results of cytoplasmic Bax and caspase-3 
expressions in brains of septic rats
The results are presented as mean±standard deviation, Bax (**p=0.0028) and caspase-3 (**p=0.0022). 
Bax: Bcl-2-associated×protein

Ceftriaxone group: Ceftriaxone administration caused 
moderate expression of cytoplasmic Bax and caspase-3 in the 
neurons (Figure 5).

Figure 6 shows the statistical analysis of the double 
immunofluorescence evaluation for all groups.

DISCUSSION
The present study is the first to evaluate the neuroprotective 
effects of the natural product osajin, an isoflavone isolated 
from the fruit of Maclura pomifera, against sepsis-induced 
brain damage. The results provide insight into its therapeutic 
potential for reducing the burden of brain damage on septic 
patients. The immunohistochemical and immunofluorescence 
results highlight the role of the 8-OHdG/Bax/caspase-3 
pathway in the promotion of brain injury and reveal the 
ability of osajin to suppress the components of this pathway 
in brain tissues.

Of the four nucleotides comprising DNA, guanine is the most 
susceptible to hydroxylation by hydroxyl radicals because it is 
the lowest nucleobase in terms of redox capacity.15 8-OHdG, 
which is the first component of the targeted pathway in the 
present study, is formed following an attack by a hydroxyl 
radical at the C8 position.13 Elevated levels of 8-OHdG are an 
indicator of oxidative damage to DNA or oxidative stress,16 
which occurs from increased levels of reactive oxygen species 
(ROS) during sepsis.17 Increased 8-OHdG levels in brain 
tissues are clear evidence that DNA in the neurons is exposed 
to damage resulting from excessive ROS production and the 
collapse of the antioxidant system. Increased expression of 
8-OHdG in the serum and brain tissues of LPS-induced septic 
rats has been reported.18 Lorente et al.17 found an association 
between oxidative DNA damage and mortality and lipid 
peroxidation in septic patients and suggested serum 8-OHdG 
as a biomarker for predicting mortality and as a potential 
target for treating sepsis patients with antioxidant agents. 
The antioxidant activity of osajin prompted us to investigate 
its effects in the present study. Osajin reversed the negative 
effects of the CLP procedure on 8-OHdG expression in brain 
tissue. Thus, it represents a promising therapeutic agent that 
can protect genetic material from brain cell damage during 
sepsis and prevent SEA. Although there are few studies on the 
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effect of osajin on 8-OHdG expression in brain tissue during 
sepsis, a study conducted by Alhilal et al.13 in renal tissue 
during sepsis supports our findings.

The second component of the pathway targeted in the present 
study was Bax, which is a pro-apoptotic mediator. It was 
assessed in brain tissue to evaluate mitochondrial damage and 
the progression of apoptosis. During cellular homeostasis, Bax 
is present in the cytosol in an inactive state.19 It is activated 
by various cellular signals, such as p53-mediated stimulation 
following DNA damage.20 In this context, the importance of 
assessing 8-OHdG levels is an important component of the 
pathway targeted in the present study. Activated Bax enters 
the mitochondrial membrane and becomes an integral 
membrane protein that forms channels and causes gaps in the 
mitochondrial membrane to permit the release of cytochrome 
c, which weakens the membrane and activates pro-apoptotic 
caspases.19-21 Therefore, targeting Bax represents an important 
strategy for reversing apoptosis and disrupting the execution 
phase of apoptosis. Osajin suppressed this pro-apoptotic 
mediator and maintained the integrity of the mitochondrial 
membrane, thus inhibiting apoptosis.

The third component of the pathway is caspase-3. The 
execution of apoptosis during sepsis is achieved by the activity 
of the caspases.22 The most important caspase is caspase-3, 
which is activated by DNA damage16,23 or another pathway in 
the cytosol that leads to an irreversible step in apoptosis by 
inducing DNA degradation in the nucleus. CLP augmented 
Bax and apoptosis in the brain tissue of septic rats.3,24 We 
examined the role of osajin in suppressing caspase-3. It 
suppresses caspase-3 through its antioxidant activity by 
inhibiting DNA damage, which stimulates caspase-3 as 
the primary executor of apoptosis in neurons. In previous 
studies, osajin prevented apoptosis during sepsis by inhibiting 
caspase-3 in hepatic tissue12 and 8-OHdG and caspase-3 
expression in renal tissue.13 Pomiferin, an isoflavone isolated 
from Maclura pomifera fruits that has a chemical structure 
similar to osajin, also exerted hepatoprotective effects against 
apoptosis by reducing caspase-3 and 8-OHdG levels during 
hepatic injury induced by nickel.25

When brain tissues were examined histopathologically, the 
necrosis of neurons was the predominant histopathological 
change. This necrosis may be the result of hypoxia in neurons 
as well as the lethality of ROS to the cellular membranes in 
the brain resulting from the breakdown of the antioxidant 
defense system in septic rats. Osajin administration improved 
the structure of the brain tissues through antioxidant and 
anti-apoptotic activity.

In summary, brain injury leading to SEA during sepsis occurs 
as a result of neuronal apoptosis, which develops through 
the activation of the following sequential pathological 
mechanisms: 1) Increased ROS levels, particularly hydroxyl 
radical; 2) Hydroxyl radical-induced DNA lesions; 3) 
Formation of 8-OHdG as a marker of oxidative DNA damage; 
4) 8-OHdG-mediated p53 activation; 5) p53-mediated Bax 
activation; 6) Mitochondrial damage induced by Bax; 7) 
Release of cytochrome c from the damaged mitochondrial 
membrane; 8) Cytochrome c-mediated caspase-3 activation; 
9) Apoptosis of neurons; and 10) Brain injury leading to 

SEA. This pathological chain was disrupted by targeting its 
most important cornerstones, 8-OHdG, Bax, and caspase-3, 
through osajin administration. Figure 7 shows the proposed 
pathophysiology of brain injury development in a rat model of 
sepsis and the pathways targeted by osajin.

Figure 7. The proposed pathophysiology of brain injury development in a rat 
model of sepsis and the pathway targeted by osajin

Limitations
Undoubtedly, examining p53 and cytochrome c expression in 
brain tissue would have strengthened the conclusions of this 
study. These limitations of the present study will be addressed 
in future studies.

CONCLUSION
Osajin exhibited protective effects against sepsis-induced 
brain damage by inhibiting the 8-OHdG/Bax/caspase-3 
pathway. These effects were observed at a dose of 300 mg/kg. 
Accordingly, osajin represents a promising candidate for the 
treatment of brain tissue damage in septic patients.
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