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		  Bacterial meningitis has a high mortality rate and can be challenging to diagnose and manage. This study aimed 
to evaluate the effect of diosmetin in a rat model of Streptococcus pneumoniae meningitis and to investigate 
the mechanism of action.

		  Forty rats included a treatment group (n=30) that underwent intracisternal injection with S. pneumoniae, and 
a sham group (n=10) that underwent intracisternal injection with normal saline. In the treatment group, four 
days before the inoculation of the bacteria, rats were pre-treated with oral diosmetin 100 mg/kg (n=10) and 
200 mg/kg (n=10), and the negative control was pre-treated with normal saline (n=10). Bacterial meningitis 
was confirmed one day after inoculation by cerebrospinal fluid (CSF) bacterial titer and neurological score. In 
rat brain tissue, levels of inflammatory mediators were determined by enzyme-linked immunosorbent assay 
(ELISA) and western blot for protein kinase B (Akt), phosphoinositide 3-kinase (PI3K), myeloid differentiation pri-
mary response 88 (MyD88), and nuclear factor-kB (NF-kB), and the TUNEL assay for apoptosis was performed.

		  In the diosmetin-treated group compared with negative control group, the CSF bacterial titer and the level of 
pro-inflammatory mediators, and the neurological score, were significantly reduced (p<0.01). In the rat hippo-
campal tissue, levels of Akt, PI3K, MyD88 and NF-kB, and the number of TUNEL-positive apoptotic cells were 
significantly reduced in the diosmetin-treated group compared with negative control group (p<0.01).

		  In a rat model of bacterial meningitis due to S. pneumoniae, diosmetin reduced neuroinflammation, and neu-
ronal apoptosis by modulating the PI3K/AKT/NF-kB signaling pathway.
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Background

Bacterial meningitis is a severe infection with a high mortality 
rate, particularly in developing countries, where the prevalence 
is up to 0.9% [1]. Streptococcus pneumoniae is the most com-
mon causative organism of bacterial meningitis [2]. Patients 
that survive the initial infection may suffer from long-term neu-
rological impairment, including hearing loss, seizures, learning 
and memory deficit [3]. The findings from previously published 
studies indicate that inflammatory pathways play an impor-
tant role in the development of bacterial meningitis. Nuclear 
factor kappa B (NF-kB) that translocates in the nucleus of im-
mune cells has been shown to enhance the production of in-
flammatory mediators [4]. Although inflammation is a protec-
tive response of body that helps in the eradication of bacterial, 
it also causes neuronal degeneration [5]. Optimal management 
of bacterial meningitis requires the reduction of neuronal apop-
tosis and inflammation that is associated with the effects of 
the immune response and bacterial toxins. In bacterial menin-
gitis, it is difficult to manage all these events by a single drug.

Diosmetin is a flavonoid isolated from the leaves of Olea eu-
ropaea L [6]. Diosmetin is a traditional Chinese medicine that 
has been used to treat several types of cancer and has been 
shown to act by inhibiting the activity of the CYP1B1 and 
CYP1A1 enzymes [7]. Diosmetin has been shown to inhibit the 
proliferation of human oral squamous carcinoma SCC-9 cells 
in vitro [8]. Other pharmacological properties of diosmetin are 
anti-inflammatory, estrogenic, anti-oxidant, antimicrobial, and 
anticancer properties [9,10]. Also, diosmetin has been shown to 
reduce the symptoms of diabetes in rats with streptozotocin-
induced diabetes due to its strong antioxidant properties [11].

Therefore, this study aimed to evaluate the effect of diosme-
tin in a rat model of Streptococcus pneumoniae meningitis and 
to investigate the mechanism of action.

Material and Methods

Rats used in the animal model

Female Wistar rats were obtained from Shanghai Medical 
College, Shanghai, China. All the animals were housed under 
standard conditions and underwent 7 days of acclimatiza-
tion. The animals were given free access to a standard chow 
diet and tap water. The study protocol was approved by the 
Institutional Animal Care and Use Committee of the Peoples’ 
Hospital of Yinan, China (IACUC/PHY/2017/11) and the guide-
lines of the Association for the Assessment and Accreditation 
of Laboratory Animal Care (AAALAC) International for animal 
experimentation were followed.

Chemical reagents

Diosmetin was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The enzyme-linked immunosorbent assay (ELISA) 
kits for interleukin (IL)-6, IL-1b, and tumor necrosis factor-a 
(TNF-a) were obtained from Abcam (Cambridge, UK). Akt, PI3K, 
and MyD88 were purchased from Cell Signaling Technology 
(Danvers, MA, USA) and NF-kB, nucleolin and b-actin antibod-
ies were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).

Infection with Streptococcus pneumoniae

A standard strain of Streptococcus pneumoniae serotype 3 
was used in this study. Blood agar plates were used to culture 
the bacterial strain overnight and a further logarithmic phase 
was achieved by incubating the bacteria for 18 hr at 37°C. 
Centrifugation of bacteria was done at 5000×g for 15 min and 
a nephelometer was used to resuspend the bacteria in saline 
solution at 1×104 CFU/mL.

Intracisternal cannula implantation

Implantation of an intracisternal cannula was performed. All the 
animals were anesthetized by intraperitoneal injection of 10% 
chloral hydrate. Implantation of the cannula was performed 
in the right lateral cerebral ventricle of the rats. The location 
of the cannula implantation was 3.8 mm rostral to the lamb-
doid suture of the skull, 2 mm lateral to the right side from 
the midline of the skull, and 2.5 mm from the skull surface. 
Following implantation, all the animals underwent recovery 
for 3 days in the cages.

Induction of bacterial meningitis

All the animals were anesthetized and 20 μL of cerebrospinal 
fluid (CSF) was removed by intracisternal puncture. An equal 
volume of S. pneumoniae of 1×104 CFU/mL concentration was 
inoculated into the rats. Meningitis developed one day after 
the inoculation of bacteria and confirmed by culturing 5 μL 
of CSF. Also, assessment of the severity of the disease was 
done using a neurological scoring system: 1, does not turn up-
right when supine; 2, turns upright when supine within 30 s; 
3, minimal ambulatory activity; 4, turns upright when supine 
within <5 s; 5, normal.

Forty rats included a treatment group (n=30) that under-
went intracisternal injection with S. pneumoniae, and a sham 
group (n=10) that underwent intracisternal injection with nor-
mal saline. In the treatment group, four days before the in-
oculation of the bacteria, rats were pre-treated with oral di-
osmetin 100 mg/kg (n=10) and 200 mg/kg (n=10), and the 
negative control was pre-treated with normal saline (n=10). 
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After the rats were euthanized, the brain was removed from 
all the animals 24 hr after the inoculation of bacteria and the 
brain was stored at –80°C.

Determination of pro-inflammatory mediators

Brain tissue was homogenized in phosphate-buffered saline 
(PBS) and centrifuged or 15 min at 12000×g. ELISA kits were 
used to determine the levels of IL-1b, IL6, and TNF-a, according 
to the manufacturer’s instructions.

Western blot

Cells from isolated rat brain were lysed in buffer containing 
protease inhibitor after washing in PBS solution to extract 
the total protein. The lysate was centrifuged for 10 min at 
12000×g and 4°C. A BCA kit was used to estimate the concen-
tration of total protein, according to the manufacturer’s instruc-
tions. sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) was used to fractionate the proteins using 
a polyvinylidene fluoride (PVDF) membrane. The primary an-
tibodies used included anti-p-Akt (dilution, 1: 1000), anti-Akt 
(dilution, 1: 1000), anti-p-PI3K (dilution, 1: 1000), anti-PI3K 
(dilution, 1: 1000), anti-MyD88 (dilution, 1: 1000), anti-b-actin 
(dilution, 1: 1000), anti-NF-kB (dilution, 1: 500) and anti-nu-
cleolin (dilution, 1: 500), which were incubated with the mem-
brane at 4°C overnight. This was followed by incubation with 
the anti-mouse horseradish peroxidase-conjugated secondary 
antibody. The enhanced chemiluminescence (ECL) method was 
used for the estimation of band intensity.

TUNEL apoptosis assay

Brain tissue from each rat was fixed in 4% paraformalde-
hyde, followed by embedding in paraffin wax and tissue sec-
tions were cut at 5 mm thickness onto glass slides. The Dead 
End™ Fluorometric TUNEL System kit (Promega Corp., Madison, 
WI, USA) was used to perform the TUNEL fluorescence assay, 

according to the manufacturer’s instructions. Slides stored in 
the dark before the cell nuclei were stained using Hoechst flu-
orescence stain (Thermofisher Scientific, Waltham, MA, USA). 
NIS-Elements BR image processing and analysis software 
(Nikon, Tokyo, Japan) were used to quantify the TUNEL-positive 
cells in the hippocampal region.

Electrophoretic mobility shift assay (EMSA) for NF-kB 
DNA-binding

An electrophoretic mobility shift assay (EMSA) kit was used to 
measure the NF-kB DNA-binding activity. Extracted DNA was 
incubated with a p65 biotin end-labeled NF-kB oligonucleotide 
probe (forward: 5’-AGT TGA GGG GAC TTT CCC AGG C-3’; reverse: 
5’-G CCT GGG AAA GTC CCC TCA ACT-3’) in binding buffer for 
15 min at room temperature. Then, the p65 biotin-labeled oli-
gonucleotide complex was incubated for a further 15 min. Gel 
electrophoresis was used for the separation of the sample in 
Tris buffer solution and ECL was used to detect the bands.

Statistical analysis

All data were expressed as the mean ± standard error of the 
mean (SEM). The statistical analysis was performed using one-
way analysis of variance (ANOVA). Post hoc comparison of means 
was performed using Dunnett’s post hoc test and GraphPad 
Prism version 6.1 (GraphPad Software, La Jolla, CA, USA). 
A P-value <0.05 was considered to be statistically significant.

Results

Diosmetin reduced the bacterial titer and neurological 
score in the rat model of bacterial meningitis

The effect of diosmetin treatment on the bacterial titer and neu-
rological score in Streptococcus pneumonia-induced meningitis rat 
model is shown in Figure 1. The bacterial titer was significantly 
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Figure 1. �Effect of diosmetin on the bacterial titer and neurological score in Streptococcus pneumoniae meningitis in a rat model. Mean 
±SEM (n=10). ** p<0.01 vs. the sham group; # p<0.05, ## p<0.01 vs. the negative control group.
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enhanced in the CSF (p<0.01), and the neurological score was 
significantly reduced in the negative control group compared 
with the sham group (p<0.01). However, treatment with dios-
metin significantly reduced the bacterial titer in the cerebrospi-
nal fluid (CSF) and the neurological score was significantly en-
hanced compared with negative control group of rats (p<0.01).

Diosmetin reduced the concentration of pro-inflammatory 
cytokines in the rat model of bacterial meningitis

The effect of diosmetin on the concentration of the pro-inflam-
matory cytokines, TNF-a, IL-1b and IL-6 in the hippocampal 
tissue of the S. pneumoniae-induced meningitis rat model is 
shown in Figure 2. The levels of TNF-a, IL-1b, and IL-6 in the 
hippocampal tissue of the negative control group were in-
creased when compared with the sham group. However, there 
was a significant decrease in the concentration of TNF-a, IL-1b, 
and IL-6 in the hippocampus tissue of the diosmetin-treated 
group compared with the negative control group (p<0.01).

Diosmetin reduced the level of Akt, PI3K, MyD88 and NF-
kB in the rat model of bacterial meningitis

Figure 3 shows the effect of diosmetin treatment on the level 
of Akt, PI3K, MyD88, and NF-kB in the hippocampal tissue of 
the S. pneumoniae-induced meningitis rat model. There was 

a significant increase in the level of Akt, PI3K, MyD88, and 
NF-kB in the hippocampus tissue of negative control group 
compared with the sham group (p<0.01). However, treatment 
with diosmetin reduced the levels of Akt, PI3K, MyD88, and 
NF-kB proteins in the hippocampal tissue of S. pneumoniae-
induced meningitis in the rat model.

Diosmetin decreased apoptosis in the rat model of 
bacterial meningitis

Figures 4A, 4B show the effect of diosmetin on neuronal apop-
tosis in the hippocampal tissue of the S. pneumoniae-induced 
meningitis rat model. There was a significant increase in the 
number of TUNEL-positive cells in the hippocampal tissue of 
the negative control group compared with the sham group 
(p<0.01). However, treatment with diosmetin significantly re-
duced the number of TUNEL-positive cells in the hippocampal 
tissue when compared with the negative control group (p<0.01).

Diosmetin reduced the activity of NF-kB in the rat model 
of bacterial meningitis

Figure 5 shows the effect of diosmetin on the NF-kB 
DNA-binding activity in the cerebral cortex tissue of the 
S. pneumoniae-induced meningitis rat model. There was 
a significant increase in the NF-kB DNA-binding activity in 
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Figure 2. �Effect of diosmetin on the concentration of pro-inflammatory mediators including tumor necrosis factor-a (TNF-a), 
interleukin-1b (IL-1b) and IL-6 in tissue from the hippocampus in Streptococcus pneumoniae meningitis in a rat model. 
Mean ±SEM (n=10). ** p<0.01 vs. the sham group; # p<0.05, ## p<0.01 vs. the negative control group.
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Figure 3. �Effect of diosmetin on the expression levels of Akt, PI3K, MyD88 and NF-kB in tissue from the hippocampus in Streptococcus 
pneumoniae meningitis in a rat model. Mean ±SEM (n=10). ** p<0.01 vs. the sham group; # p<0.05, ## p<0.01 vs. the negative 
control group.
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Figure 4. �Effect of diosmetin on neuronal apoptosis in tissue from the hippocampus in Streptococcus pneumoniae meningitis in 
a rat model. (A) TUNEL-positive cells in tissue from the rat hippocampus. (B) TUNEL-positive cells in tissue from the rat 
hippocampus. Mean ±SEM (n=10). ** p<0.01 vs. the sham group; # p<0.05, ## p<0.01 vs. the negative control group.
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the cerebral cortex tissue of the negative control group com-
pared with the sham group of rats (p<0.01). However, NF-kB 
DNA-binding activity in the tissue from the cerebral cortex was 
significantly decreased in the diosmetin-treated group when 
compared with the negative control group (p<0.01).

Discussion

The aim of this study was to evaluate the effect of diosmetin 
in a rat model of Streptococcus pneumoniae meningitis and 
to investigate the mechanism of action. The findings showed 
that diosmetin reduced neuroinflammation and neuronal apop-
tosis by modulating the PI3K/AKT/NF-kB signaling pathway. 
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Meningitis in rat model was induced by intracisternal inocula-
tion of S. pneumoniae and confirmed by evaluation of the ce-
rebrospinal fluid (CSF) and measurement of the neurological 
score. The effect of diosmetin on meningitis was determined 
by measuring the levels of pro-inflammatory cytokines using 
the enzyme-linked immunosorbent assay (ELISA) and Western 
blot, and apoptosis of neuronal cells was evaluated using the 
TUNEL assay on rat brain tissue.

Previously published studies have shown that the release of in-
flammatory cytokines has an important role in the pathogene-
sis of bacterial meningitis [12]. There are several inflammatory 
mediators that are involved in brain injury, including interleukin 
(IL)-6, IL-1b, and tumor necrosis factor-a (TNF-a) [13]. The find-
ings from the present study showed that diosmetin treatment 
significantly reduced the levels of proinflammatory cytokines 
in the hippocampal tissue in the rat model of bacterial menin-
gitis when compared with the negative control group (p<0.01).

The MyD88/NF-kB signaling pathway has been previously re-
ported to cause neurological injury in bacterial meningitis, 
and some drugs have been reported to have a beneficial ef-
fect on bacterial meningitis by reducing the activity of several 
signaling pathways, including the MyD88/NF-kB pathway [14]. 
The results of this study were in keeping with these previous 
reports as the results showed that treatment with diosmetin 
reduced the activity of the MyD88/NF-kB signaling pathway 
in the hippocampal tissue of the rat model of S. pneumonia-
induced meningitis.

Histological changes in bacterial meningitis have been reported 
to show neuronal apoptosis in hippocampal tissue [15]. There 
are several pathways, including the PI3K/AKT pathway, that 
have been reported to control cellular apoptosis [16]. In this 
study, the result of the TUNEL assay showed that the number 
of TUNEL-positive cells were significantly reduced in the dios-
metin-treated rats in the model of bacterial meningitis when 
compared with the negative control group (p<0.01), and it also 
reduced the levels of PI3K and AKT protein in the hippocam-
pal tissue in the rat model.

Conclusions

The findings of this study showed that in the rat model of bac-
terial meningitis due to Streptococcus pneumoniae, diosmetin 
reduced neuroinflammation and neuronal apoptosis by mod-
ulating the PI3K/AKT/NF-kB signaling pathway.
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