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Shenqi Fuzheng Injection attenuates irradiation-
induced brain injury in mice via inhibition of the
NF-kB signaling pathway and microglial activation
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Aim: Radiation-induced brain injury (RIBI) is the most common and severe adverse effect induced by cranial radiation therapy (CRT).

In the present study, we examined the effects of the traditional Chinese medicine Shenqi Fuzheng Injection (SFI) on RIBI in mice, and
explored the underlying mechanisms.

Methods: C57BL/6J mice were subjected to a single dose of 20-Gy CRT. The mice were treated with SFI (20 mLkg™d™, ip) for 4 weeks.
Morris water maze test was used to assess the cognitive changes. Evans blue leakage and a horseradish peroxidase (HRP) assay were
used to evaluate the integrity of the blood-brain barrier (BBB). The expression of inflammatory factors and microglial activation in brain
tissues were detected using RT-PCR, Western blotting and immunofluorescence staining.

Results: CRT caused marked reductions in the body weight and life span of the mice, and significantly impaired their spatial learning.

Furthermore, CRT significantly increased the BBB permeability, number of activated microglia, expression levels of TNF-a and IL-1(,
and the levels of phosphorylated p65 and PIDD-CC (the twice-cleaved fragment of p53-induced protein with a death domain) in the
brain tissues. Four-week SFI treatment (administered for 2 weeks before and 2 weeks after CRT) not only significantly improved the
physical status, survival, and spatial learning in CRT-treated mice, but also attenuated all the CRT-induced changes in the brain tissues.
Four-week SFI pretreatment (administered for 4 weeks before CRT) was less effective.

Conclusion: Administration of SFI effectively attenuates irradiation-induced brain injury via inhibition of the NF-kB signaling pathway

and microglial activation.
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Introduction

Cranial radiation therapy (CRT) is commonly used for the
clinical treatment of primary or secondary brain tumors!".
However, CRT causes many adverse side effects because it

1231 Radiation-induced

damages the adjacent brain tissues
brain injury (RIBI) remains a common and severe side effect,
and approximately 50% of all survivors may develop late-
onset radiation-induced injury of normal brain tissues™ *”,
which includes the progressive impairment of cognitive
functions. Many pre-clinical studies have demonstrated that
inflammatory responses tend to occur after CRT and may con-

tribute to RIBI*' which suggests that neuro-inflammation is
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implicated in RIBI™",

Microglia is considered a key mediator of neuro-inflam-
0496 In the resting state, microglia exhibit a quiescent
phenotype, which may play a role in the process of normal
neurogenesis and suggests that microglia facilitate neurogen-
esis!”l. Recent studies have shown that brain irradiation in
vivo caused a conspicuous increase in activated microglia that
was associated with a concomitant decrease in neurogenesis in
the hippocampus and deficits in spatial memory retention!.
These findings suggest that irradiation-induced microglial
activation may play an important part in RIBL. In vitro studies
have shown that irradiation could induce microglial activation,

mation

which, in turn, led to elevated expression of a variety of pro-
inflammatory genes, including IL-1§, IL-6, TNF-a, and COX-2",

Moreover, the brain microenvironment is precisely regu-
lated and protected for reliable neuronal signaling by specific
barriers, including the blood-brain barrier (BBB)!"”. The BBB
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controls the biochemical exchange between the blood and the
brain parenchyma, with variable permeability®. The intact
BBB plays an important role in maintaining the ionic homeo-
stasis of brain, which is essential for the normal functions of
central nervous system (CNS). When the BBB is disrupted,
ionic movement, the excessive extravasation of proteins and
biological response molecules, and the infiltration of inflam-
matory cells can all damage the brain tissue®™ *.

Shenqgi Fuzheng Injection (SFI) is extracted from a number
of medicinal herbs, such as Radix Codonopsis (root of Codonop-
sis pilosula) and Radix Astragali (root of Astragalus), and was
approved by the State Food and Drug Administration of the
People's Republic of China in 1999. In patients with cancer,

SFI reduces the side effects of chemotherapy™
[24]

and improves
both immune function'™” and the quality of life. A previous
study revealed that SFI suppressed irradiation-induced inflam-
mation principally by inhibiting TNF-a and IL-1p release and
downregulating the expression of inflammatory factors in
lung tissue™, but the exact mechanism remains elusive.

This study examined whether SFI could ameliorate RIBI
in C57BL/6 mice and identify its mechanism by determin-
ing the permeability of BBB, microglial activation, the release
of inflammatory factors and the activity of the PIDD/NF-«B
pathway in the brain after CRT.

Materials and methods

Animals

Eight-week-old C57BL/6] male mice were obtained from
Tongji Medical College, Wuhan, China. The mice weighing
approximately 25 g were housed with 4-5 animals per cage in
laminar flow hoods and pathogen-free rooms to minimize the
risk of infection. The animals were treated in strict accordance
with the protocols approved by the Institutional Animal Care
and Use Committee at Tongji Medical College, Wuhan, China.
Efforts were made to minimize the number of animals used in
the experiments and their suffering.

Preparation of Shenqi Fuzheng for injection
The SFI (Z19990065) has been identified and authenticated by
the National Institute of Science Communication and Infor-
mation Resources. According to previous research®!, the
injection was prepared using two medicinal herbs, Codonopsis
pilosula (Campanulaceae) and Radix Astragali (Leguminosae),
which were provided by Livzon Pharmaceutics Ltd (Zhuhai,
China). Calycosin-7-O-B-glucoside, astragaloside IV and
lobetyolin were the principal compounds in these two herbs®l,
Because of the co-existence of multiple bioactive traditional
Chinese medicinal products, high performance liquid chro-
matography (HPLC) analysis was performed to identify and
evaluate the quality of the herbal preparations. The similarity
between the test and control fingerprints (not less than 0.85)
was set as the quality control index. The HPLC system in our
study was used according to the manufacturer’s protocol™.
The Chromeleon 6.8 Chromatography Data System was used
to calculate the peak areas. Water-acetonitrile composed the
mobile phase (non-linear gradient, 40 min), and a ZORBAX

Eclipse plus LC Column (C18, 3.0 mmx150 mm, 3.5 m, Agi-
lent, Santa Clara, CA, USA) was used. All of the experiments
were performed at 30°C, the flow rate was 0.6 mL/min, and
266/288 nm UV absorbance detection was used for the analy-
sis. Previous studies have reported that SFI was primarily
composed of isoflavonoids, saponins, polysaccharides, ptero-
carpan glycosides, and alkaloids™ * !
7-O-B-glucoside, astragaloside IV and lobetyolin components

. Therefore, calycosin-
were used as substance markers.

Irradiation

The animals were anesthetized with an intraperitoneal injec-
tion of Rompun at 0.6 mg/100 g body weight and ketamine at
0.5 mg/100 g in 0.9% saline. Then, the mice were given 20-Gy
CRT, with the head centered in the exposure field. During the
irradiation period, the eyes, neck, and body of the mice were
protected with customized lead shielding. Because the mouse
brain is more resistant to radiation injury than the human
brain, a single dose of 20 Gy in the mouse approximates a
clinically relevant dose in humans® *!. Irradiation was per-
formed by employing a 6 MV X-ray (SIEMENS, Germany).
The dose was delivered to the mid-plane of the brain in one
session through a posterior field. A plastic jig was used to
fix the mice. The irradiation was administered with a beam
energy of 6 MV photons, a dose rate of 2.0 Gy/min, a source-
surface distance (SSD) of 100 cm, and an irradiation field size
of 3 cmx30 cm. Tissue-equivalent material (1-cm thick) was
placed behind the head of each animal to achieve electronic
equilibrium and thereby ensure uniform delivery. The mice
were divided into five groups: (1) the B4RT group, which
received SFI once daily for four consecutive weeks before 20-Gy
CRT; (2) the B2RT group, in which SFI was administered for 2
weeks before and 2 weeks after the 20-Gy CRT; (3) the negative
control RT-only group, in which the animals were given normal
saline instead of SFI for 4 weeks before the whole brain was
irradiated with a dose of 20-Gy CRT; (4) the SFl-only group, in
which the animals were only given the intraperitoneal injection
of SFI for 4 weeks; and (5) the normal control group, in which
the animals did not receive any treatment. In each group, SFI
(20 mL-kg"-d") was administered intraperitoneally (ip), as the
earlier published reports™ %!,

Three mice were chosen randomly for following examina-
tions at each of the 8 time points: 3, 6, 24,48, 72 h,and 1, 2, 4
weeks after irradiation. The control animals at each time point
were raised under identical conditions for the entire course of
the experiment.

Morris water maze
To assess the cognitive changes after CRT, mice received either
sham irradiation or a single dose of 20 Gy. The Morris water
maze test was conducted 6 weeks after CRT. The test was per-
formed in a circular black pool (width: 127 cm, height: 60 cm)
with a black platform. The pool was filled with milk diluted
with water at room temperature (250mg/L, 21.0+1.0°C). The
platform was set approximately 1.5 cm below the water surface.
The mice were placed into the water at 4 possible start loca-
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tions facing the wall of the pool, and a camera was simultane-
ously activated. Each mouse was allowed for up to 60 s to
locate the platform. The trial was terminated when the mouse
found the platform within the 60 s. If a mouse failed to locate
the platform after 60 s, it was guided to locate the platform by
a researcher and allowed to stay for 2-3 s. Each mouse was
trained 3 times per day for 2 d to permit them to adapt to the
pool environment (visible platform training) and was then
tested 3 times per day for 5 d to find the hidden platform (hid-
den platform training). The latency (the time taken to find the
platform in the water), distance, and swim speed were recorded
by employing an automated video tracking software package
(EthoVision 2.3.19, Noldus, Wageningen, The Netherland).

The pool was divided into four quadrants for further data
analysis. The platform was moved to a different quadrant for
each session in the visible training and was located in the center
of the target quadrant, which was identical for the mice in the
hidden platform training. The behavior of the mice was tracked
using EthoVision 3.0 and analyzed for escape latency. In each
trial, the average latency time for each mouse was calculated.

Evans blue leakage and electron microscopic assessment of BBB
integrity
After the treatment with CRT and/or SF], the functional integ-
rity of the BBB was examined using Evans blue dye extrava-
sation, according to a previously reported technique, with
some modifications, and the structural integrity of the BBB
was assessed by electron microscopy. Forty-eight hours after
CRT, 3 mL/kg of 2% Evans blue dye (Sigma-Aldrich, St Louis,
MO, USA) was injected via the femoral vein into the anesthe-
tized mice. Several seconds after the injection, the conjuncti-
vae and limbs turned blue, demonstrating a successful injec-
tion. Then, the brain was transcardially perfused with 200 mL
of saline through the left ventricle until the perfusion fluid
from the right atrium turned colorless. After decapitation,
the brains were harvested, weighed, and then incubated in
formamide solution at 50°C for 72 h. The optical attenuation
of the Evans blue formamide solution was spectrophotometri-
cally determined at an excitation (emission) wavelength of 635
nm, and the permeability of BBB was evaluated by the micro-
grams of Evans blue per milligram of brain tissue (pg/mg).
The ultrastructural changes were examined by a previ-
ously described horseradish peroxidase (HRP) assay at 48 h
after CRTPY, with minor modifications. After anesthesia, the
animals received an intravenous injection of HRP (type 1II,
Sigma Chemical Co, St Louis, MO, USA) through the catheter
to acquire electron microscopic evidence of BBB permeability.
Thirty minutes after HRP injection, the animals were trans-
cardially perfused with saline (50 mL), followed by 0.1 mol/L
sodium phosphate buffer (pH 7.4) containing 4% paraformal-
dehyde and 2.5% glutaraldehyde. Subsequently, the brains
were post-fixed with 2% osmium in phosphate buffer. The
samples were dehydrated through a graded series of ethanol
and embedded. Ultra-thin sections (60 nm) were examined
with a transmission electron microscope (FEI Tecnai G2 20
TWIN, USA).
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General observations and body weight

To observe the feeding and drinking behaviors, limb move-
ment, and the local skin reaction to the irradiation, the mice
were housed in the same conditions after the treatment with
SFI or normal saline. Their body weight was recorded at each
time point. All data were recorded and used as indicators of
post-irradiation changes.

RNA isolation and real-time RT-PCR

RNA extraction, cDNA synthesis and real-time RT-PCR
were performed as previously described™. Real-time PCR
was used to analyze the cDNAs and was performed at 60°C
to 95°C for 45 cycles on a Sequence Detection System (ABI
Prism 7000, Applied Biosystems, Darmstadt, Germany)
using the SYBR Green Reaction Master Mix (TaKaRa Bio-
technology Co Ltd, Dalian, China), according to the manu-
facturer’s instructions. The primers were: TNF-a sense:
5-AGGCGGTGCCTATGTCTCA-3" and anti-sense: 5-GAG-
GCCATTTGGGAACTTCT-3’; IL-1p sense: 5'-GAAATGC-
CACCTTTTGACAGTG-3" and anti-sense: 5'-CTGGAT-
GCTCTCATCAGGACA-3’; GAPDH sense: 5'-TCACCAC-
CATGGAGAAGGC-3" and anti-sense: 5-GCTAAGCAGTTG-
GTGGTGCA-3. All primers were synthesized by Invitrogen
(Groningen, Netherlands). GAPDH served as an internal
control for every sample. The relative expression level of each
target gene was calculated from the threshold cycle (Ct) values
against GAPDH gene, and the gene expression in the sham-
irradiated tissues was used as a control.

Immunofluorescence staining

The brain sections (15 pm) were fixed in 4% paraformaldehyde
for 3-4 h at room temperature and rinsed with PBS. After
the sections were washed with PBS, the non-specific binding
sites were blocked with 10% goat serum (GTX27481, Gene-
Tex, USA) for 1 h at room temperature, and the samples were
then incubated at 4°C overnight with the following primary
antibodies in 1% goat serum: rabbit anti-mouse antibody Iba-1
(1:400, Wako, Japan), rat anti-mouse antibody F4/80 (1:50,
AbD Serotec MCA497APCT, UK) and rabbit polyclonal anti-
TNF-a (1:50, ab9739, Abcam, Cambridge, MA USA). The sec-
tions were washed with PBS and incubated in the dark for 1 h
with the following secondary antibodies in PBS: bovine Alexa
Fluor 568 goat anti-rabbit IgG (H+L) (A11011, Invitrogen Life
Technologies, Carlsbad, CA, USA) and Alexa Fluor 488 goat
anti-rat IgG (H+L) (A11006, Invitrogen Life Technologies,
Carlsbad, CA, USA). After the sections were washed with
PBS three times for 5 min, the nuclei were stained with DAPI
(S36939, Invitrogen Life Technologies, Carlsbad, CA, USA) for
15 min, and the sections were washed and mounted.

Detection of apoptosis

Apoptosis was detected in the hippocampal region by the
terminal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) assay, which was performed on deparaffinized
tissue sections using the in situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostic GmbH, German), according to
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the manufacturer’s protocol. Briefly, after deparaffinization
and rehydration, the paraffin-embedded tissue sections were
unmasked in citrate solution (pH 6.0). Then, the sections were
incubated with 50 pL of the TUNEL reaction mixture (5 pL
TdT enzyme solution, 45 uL labeling solution) for 60 min at
37°C in a humidified atmosphere in the dark. Finally, the tis-
sue sections were counterstained with DAPI and examined
using a confocal microscope.

Western blotting

The proteins were extracted from the brain tissues using a
protein extraction kit (Pierce Biotechnology Inc, IL, USA)
according to the manufacturer’s protocol. To determine the
phosphorylation level of p65, the protein extracts were then
separated on 15% sodium dodecyl sulfate polyacrylamide gels
(SDS-PAGE). The proteins were transferred to a nitrocellulose
membrane at 150 mA and then blocked with 5% non-fat skim
milk diluted with Tris-buffered saline containing 0.1% Tween
20 (TBST) for 1 h at room temperature. The mixture was
incubated overnight with a primary antibody diluted with 2%
bovine serum albumin in TBST at 4°C. The primary antibod-
ies were rabbit polyclonal IgG PIDD (1:200, Santa Cruz Bio-
technology, Dallas, TX, USA) and rabbit anti-mouse phospho-
NF-xB p65 (1:800, Cell Signaling Technology, Danvers, MA,
USA). On the next day, the blots were incubated with the
respective horseradish peroxidase-conjugated secondary

antibody (1:1000, Zhongshan Jinqiao Biotechnology Co, Ltd,
Beijing, China), visualized using the enhanced chemilumi-
nescence (ECL) detection system (BiYunTian Biotechnology
Research Laboratory, Haimen, China), and then exposed to
medical X-ray film. The intensity of the blots was quantified
by employing a gel-image analyzer (JS380; Peiqing Science
and Technology, Shanghai, China).

Statistical analysis

All of the quantitative data are expressed as the mean+SD.
ANOVA was used for comparisons among more than two
groups, followed by the appropriate post hoc test or ANOVA
for repeated measurements. All tests were two-tailed. P val-
ues less than 0.05 were considered statistically significant. The
mouse survival curves were calculated with the Kaplan-Meier
method and compared using the log-rank test with Statistical
6.0 software (Statsoft Statistica Enterprise, USA).

Results

HPLC chromatograms of Shenqi Fuzheng Injection

HPLC analysis showed that calycosin-7-O-f3-glucoside,
astragaloside IV and lobetyolin were the principle compounds
of Radix Astragali and Radix Codonopsis using UV absorbance
detection at 266 nm and ELS detection. Moreover, the HPLC
analysis of SFI indicated that these three compounds were also
principle components of SFI (Figure 1).
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Figure 1. HPLC chromatograms of Shenqi Fuzheng Injection (SFl) using UV absorbance detection at 266 nm and ELS detection (ELSD). (A) The HPLC
analysis of the standard mixture indicated that lobetyolin was detected by UV absorbance detection at 266 nm. (B) The HPLC analysis of SFl indicated
that lobetyolin was one of its compounds. (C) The HPLC analysis of the standard mixture showed astragaloside IV by UV absorbance detection at 266 nm.
(D) The HPLC analysis of SFI indicated that astragaloside IV was one of its compounds. (E) The HPLC analysis of the standard mixture showed
calycosin-7-O-B-glucoside by UV absorbance detection at 266 nm. (F) The HPLC analysis of SFI indicated that calycosin-7-O-B-glucoside was one of its

compounds.
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Effects of SFI on physical status and survival after CRT

A total of 140 mice (28 mice per group) were used for the
survival analysis. Our post-irradiation observations revealed
that the mice in the RT, B4RT and B2RT groups showed mild
local hair depilation and that their hair gradually turned white
at the eighth week after CRT, but no evident difference was
observed among these three groups (Figure 2A). Mice in the
B4RT and B2RT groups were more active during the day, in
terms of feeding and drinking, than were those in the RT-only
group. No paralysis or convulsions were observed.

After CRT, the mice in all groups suffered from body weight
loss, which was partially ameliorated by SFI. Other clini-
cal indicators, such as general animal behavior, were also
improved. Compared with the control, the body weight in
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Figure 2. Effects of SFI on the physical status and survival of the mice
after CRT. (A) The changes in the hair characteristics of each group. (B)
The growth curves of body weight in each group. The data shown are the
mean+SD. n=5. °P<0.05 vs control. (C) Kaplan-Meier analysis of mouse
survival in each group. RT, B4RT, B2RT vs control, P<0.01; B4RT vs RT,
P=0.042; B2RT vs RT, P=0.038; B2RT vs B4RT, P=0.059. n=28.
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the RT-only group was significantly decreased at 48 h, 72 h,
and 1 week, and also in the B4RT and B2RT groups at 72 h
and 1 week (P<0.05). Two and four weeks after CRT, the body
weight reversed to various degrees in the RT-only, B4RT, and
B2RT groups (P>0.05 vs control, Figure 2B).

Overall, 20-Gy CRT significantly reduced the life span of
the mice (Figure 2C), with the median survival in the RT-
only group lasting only for 95 d. In contrast, the mice treated
with SFI for 4 weeks had a median survival of 140 d (both
SFI+RT groups vs RT-only group, P<0.05, log-rank test). The
survival of the B2RT group was prolonged compared with
the B4RT group, but the difference was not statistically sig-
nificant (P>0.05). The mice that received SFI only (SFI) had
similar long survival as the sham-irradiated control animals.
Together, the data showed that 4 weeks of SFI treatment
improved survival after CRT, particularly in the B2RT group.

SFl alleviates irradiation-induced impairments in spatial learning,
as shown by Morris water maze test

The mice were subjected to water maze trials with a visible
platform (3 trials/d for 2 d in a row). The irradiated mice
reached the visible platform as rapidly as the control mice did
in all 6 trials (data not shown), which indicated that their basic
neurological functions (swimming, vision) were normal. For
the hidden platform phase of the water maze test, all mice
were trained for 3 sessions per day for 5 consecutive days.
There was no significant difference in spatial learning between
the RT groups and the control on d 1, 2 and 3 of the water
maze test (P>0.05). Interestingly, we observed that the latency
was longer in the RT groups than in the control on d 4 and d 5
(P<0.05, Figure 3A). Compared with the RT-only group, the
latency was reduced in the B4RT and B2RT groups on d 4 and
d 5 after treatment with SFI, but this difference was not signifi-
cant (P>0.05).

The total path length did not differ significantly between the
RT-only group and the control on d 1, 2 and 3 (P>0.05). How-
ever, the path length was longer in the RT-only group than in
the control on d 4 and d 5 (P<0.05, Figure 3B). Conversely, the
path length was shortened in the B4RT and B2RT groups com-
pared with the RT-only group, and the difference was signifi-
cant between the B2RT and RT-only groups on d 5 (P<0.05).

SFl alleviats the irradiation-induced BBB damage

Compared with the control, there was a significant increase
in the amount of Evans blue dye in the three groups after
irradiation (Figure 4A). The peak effect appeared at 48 h after
CRT, and the Evans blue dye amount was 0.665+0.039 pg/mg,
0.546+0.057 pg/mg and 0.460+0.030 pg/mg, respectively, in
the RT-only, B4RT and B2RT groups at 48 h after CRT. SFI
significantly alleviated the irradiation-induced BBB perme-
ability injury in the SFl-treated groups compared with the RT-
only group at 48 h (P<0.01). In the control, no HRP reaction
products were observed within the endothelial cells of the
brain capillaries in the brain tissues of mice under ultrastruc-
tural observation (Figure 4B). CRT led to an obvious increase
in the electron-dense HRP reaction products in the capillary
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Figure 3. The effect of SFl on impaired spatial learning in five groups
was observed using the Morris water maze test. (A) Escape latency in
the training trials. (B) The path length to reach the platform. °P<0.05 vs
control group; °P<0.05 vs RT-only group. n=>5.

endothelial cells, but in the SFI-treated groups, particularly
in the B2RT group, the adjacent endothelial cells were intact
and passage of HRP reaction products was reduced compared
with the RT-only group.

Effect of SFI on the irradiation-induced increase in the mRNA
expression of inflammatory factors
Figure 5 showed the real-time PCR results for the IL-1p and
TNF-a mRNA levels in the brain tissues after CRT. After a
single dose of 20 Gy, a significant increase in TNF-a mRNA
expression was detected in the brain tissues as early as 3 h
after CRT. Then, the TNF-a mRNA level returned to the
baseline level at 24, 48, 72 h and 1 week after the irradiation.
TNF-a mRNA expression was significantly increased and
exhibited a second peak at 4 weeks after the irradiation com-
pared with the control (P<0.01). However, SFI significantly
decreased TNF-a mRNA expression at all of the time points,
particularly in the B2RT group, compared with the RT-only
group at 3 h and 4 weeks after irradiation (P<0.01, Figure 5A).
Low IL-1f mRNA expression level was observed in the
brain tissues of the control animals. After irradiation with a
single dose of 20 Gy, irradiation-induced IL-1p mRNA expres-
sion was significantly increased in the brain tissues at 3, 6, and
24 h after the irradiation compared with the control (P<0.01).
Then, the irradiation-induced IL-13 mRNA expression
returned to the baseline level at 48 and 72 h after irradiation.
The irradiation-induced IL-1p mRNA expression was sig-
nificantly elevated at 1, 2, and 4 weeks after irradiation com-
pared with the control (P<0.01). The IL-1p mRNA expression
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reached a maximal level at 4 weeks post-irradiation. Then, we
examined the effect of SFI on the post-irradiation expression
of IL-1p and found that the irradiation-induced expression of
IL-1P was decreased after treatment with SFI at all of the time
points, particularly in the B2RT group at 3 h, 6 h, 1, 2 and 4
weeks, compared with the RT-only group (P<0.01, Figure 5B).

Up-regulation of PIDD expression and inhibition of NF-kB
activation in mice with irradiation-induced brain injury

Western blotting revealed that the expression of phosphory-
lated p65 (p-p65)was obviously low in the control (Figure 6A
and 6B). However, the expression was evidently increased
after 20-Gy CRT. SFI inhibited the expression of p-p65 in the
B4RT and B2RT groups to different extents. These findings
suggested that SFI could inhibit NF-xB activation. The inhibi-
tory effect of SFI on NF-xB pathway activation was more con-
spicuous in the B2RT group than in the B4RT group (P<0.05,
Figure 6A and 6B).

We then examined the change of PIDD in brain tissues after
irradiation (Figure 6C and 6D). Western blotting showed
three protein segments, PIDD-FL (full-length p53-induced pro-
tein segments with a death domain), PIDD-C, and PIDD-CC,
in the brain tissues, with molecular weights of 100, 51, and
37 kDa, respectively. Only a marginal expression of PIDD-FL
was detected in the control and RT groups at all of the time
points (Figure 6D). An obvious increase in PIDD-C was
detected at 3 and 72 h, 2, and 4 weeks after CRT (Figure 6D).
PIDD-CC was significantly increased after CRT compared
with the control, and it reached a peak at the 3 h after CRT
(Figure 6D). Moreover, the expression of PIDD-C and PIDD-
CC was reduced after SFI, and the differences were significant
between the RT group and the B2RT group.

Histological and immunohistochemical examination of brain
tissues

The total number of microglia (Iba-1-positive cells) in the hip-
pocampus was counted to assess the changes in the microglial
population after whole-brain irradiation (Figure 7A). Ionized
calcium-binding adaptor molecule 1 (Iba-1) is located in the
cytosol of all microglia and infiltrating monocytes irrespective
of activation status, although its expression is increased after
activation. Our study showed that 3 h after 20-Gy CRT, the
number of Iba-1-positive microglia in 1-mm” CA1 region of
hippocampus was significantly reduced compared with the
control (P<0.01, Figure 7B). In the B2RT and B4RT groups,
there was also a decrease in the Iba-1-positive microglia.
Compared with the RT-only group, SFI increased the number
of CRT-reduced microglia, particularly in the B2RT group
(P<0.01).

The expression of F4/80, which is specific for activated
microglia, was significantly elevated after 20-Gy irradiation,
which suggests that the microglia were activated by the irra-
diation. Staining with anti-F4/80 antibody showed that the
number of activated microglia (positive for both Iba-1 and
F4/80) was significantly increased at 3 h after CRT (P<0.05;
Figure 7B). The results indicated that SFI could decrease the
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number of activated microglia at 3 h after CRT in the B4RT
and B2RT groups (P>0.05).

We then analyzed the expression of TNF-a and F4/80 by
immunofluorescence staining in the hippocampus at 24 h after
CRT and found that SFI inhibited TNF-a and F4/80 expression
in the hippocampus, particularly in the B2RT group (Figure
8A).

Additionally, apoptosis was observed by TUNEL analysis
(Figure 8B). In the sham-irradiated and SFI-only treatment
groups, the apoptotic cells in the hippocampus were nearly
absent. After 24 h of CRT, the number of TUNEL positive cells
was increased, and SFI treatment could decrease the number
of apoptotic cells after CRT.

Discussion

Most patients who survive for more than 6 months after CRT
tend to develop irradiation-induced cognitive changes, called
RIBI, which are predominantly manifested as deficits in learn-
ing, memory, and spatial information processing and are hip-
B3] A recent study suggested
that neuro-inflammation, which is accompanied by the activa-

pocampal-dependent functions

tion of microglial cells and the release of pro-inflammatory
cytokines, played key roles in brain injury™ .

SFI is extracted from a number of medicinal herbs, such
as Radix Codonopsis (root of Codonopsis pilosula) and Radix
Astragali (root of Astragalus), and was approved by the State
Food and Drug Administration of the People's Republic of
China in 19995**,

marily contains calycosin-7-O-f-glucoside, astragaloside

SFI is a compound preparation that pri-

IV and lobetyolin. There is no literature suggesting which
component of SFI plays a major role in microglial activation,
and the mechanism remains unknown. However, many stud-
ies have shown that the main components of SFI have anti-
inflammatory effects. It was found that the extracts of Chinese
medicinal herbs, such as Codonopsis pilosula, stimulate TL-1°¢,
Additionally, it was found that Astragalus mongholicus polysac-
charides could inhibit the LPS-induced production of TNF-a
and IL-8 mRNAs, possibly by suppressing the p38 signaling
pathway™.
of neuro-inflammation®™, the microglia may be the target of
SFI that contributes to the anti-inflammatory effect.
Additionally, there were previous reports regarding the two

Because microglial activation is the main source
38

main components (lancemaside A and Myelophil) and their
effects on the nervous system. It was reported that lancema-
side A, the main component of Codonopsis, could significantly
reverse scopolamine-induced memory and learning deficits by
increasing the expression of brain-derived neurotrophic factor
(BDNF) and phosphorylated cAMP response element binding
protein™). Another article indicated that Myelophil, a combi-
nation of extracts taken from Astragali radix and Salviae miltior-
rhizae radix, had anti-amnesic properties in a mouse model of
memory impairment by ameliorating the expression of both
ERK and muscarinic acetylcholine receptor 1 (mAChR1)"".
Our study demonstrated that intraperitoneal injection of SFI
after CRT significantly ameliorated learning and memory defi-
cits, decreased BBB permeability, suppressed inflammatory
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Figure 6. Up-regulation of PIDD expression and inhibition of NF-kB activation in mice with irradiation-induced brain injury. (A) Western blotting analysis
for phosphorylated p65 (p-p65). (B) Relative quantity analysis for Western blotting of p-p65. "P<0.05 vs control; °P<0.05 vs RT-only group. (C) Western
blotting analysis for PIDD-FL, PDD-C and PIDD-CC. (D) Relative quantity analysis for Western blotting of PIDD-FL, PDD-C and PIDD-CC. "P<0.05 vs ontrol;
°P<0.05 vs RT-only group.
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Figure 7. Phonotype changes of microglia in the brain tissues in each
group. (A) Iba-1 (red) and F4/80 (green) double immunofluorescence of
the mice brain tissue. The arrows indicate the cells with both Iba-1 and
F4/80 positive. Scale bar=20 um. (B) The quantitative analysis of Iba-1-
or F4/80-positve cells. °P<0.05, °P<0.01 vs control; ‘P<0.01 vs RT-only
group. n=3.

responses, and inhibited microglial activation in irradiation-
induced brain injury. Our study with animal models showed
that SFI exerted therapeutic effects on RIBL. Furthermore, we
found that 20 mL-kg"-d" SFI could reduce the expression of
inflammatory cytokines in the brain tissues subjected to irradi-
ation. Moreover, it was found that B2RT was a more effective
treatment schedule. The reason why the anti-inflammatory
effect in this group was more pronounced than that observed
in the B4RT group may be due to the release of the pro-inflam-
matory cytokines after irradiation, which suggests that the SFI
had a protective, anti-inflammatory role. In the B4RT group,
the mice received SFI injection before, not after, irradiation.
Therefore, the pre-irradiation SFI injection could not effec-
tively develop its anti-inflammatory effect. Based on these
findings, we postulated that SFI may inhibit inflammation via
NF-xB pathway activation triggered by p65 phosphorylation.
Our previous study™ showed that, SFI significantly down-
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regulated the irradiation-induced expression of TNF-a and
TGF-B1 and maintained the level of IL-10 in mice receiving
chest irradiation, which had an anti-fibrogenic effect and alle-
viated irradiation-induced lung injury, but the exact mecha-
nism remains unknown.

In this study, the RIBI model was successfully established
in mice after administration of 20-Gy CRT, as verified by the
Morris water maze test. Mice in the B4RT and B2RT groups
found the platform more easily than did the RT mice on d 4
and 5. These data indicated that SFI treatment could alleviate
the 20-Gy CRT-induced neurocognitive deficits in learning
and memory. This study demonstrated that SFI treatments
before or after irradiation could suppress the symptoms and
prolong life span compared with the RT group.

Although the etiology of RIBI is still unknown, it is gen-
erally believed that inflammatory cytokines are one of the
important pathways that lead to RIBI™*"*), Therefore, a pro-
inflammatory environment resulting from the over-expression
of inflammatory mediators may be responsible for many post-

irradiation neuropathological complications!*’.

Several previ-
ous in vivo and in vitro studies have suggested that TNF-a and
IL-1B were the most important pro-inflammatory cytokines,
play pivotal roles in acute and chronic inflammation, and are
associated with a wide array of human diseases, including
atherosclerosis, autoimmune disorders, and malignancies".
It was found that the expression of TNF-a, IL-1p and IL-6 in the
lung tissue was biphasic: one peak was at approximately 6 h,
and the second peak was at approximately 8 weeks!"”. Our
results demonstrate a complex pattern of elevated cytokines
mRNA levels after cranial radiation therapy, with a clear indi-
cation of a two-phase mechanism in the molecular pathology.
We observed an immediate release of pro-inflammatory cyto-
kines at 4 h after irradiation. In Rube’s research, the authors
presumed that TNF-a may induce the expression of IL-1(3
and IL-6 in the irradiated brain tissue!*, which are thought to
further promote the inflammatory process. Therefore, TNF-a
was thought to play a prominent role in the initiation of the
cytokine cascade. Because TNF-a enhanced the production
of IL-1p and IL-6, there was a second peak of inflammatory
cytokine release, which resulted in the cascade of inflamma-
tion reactions. Our study also revealed that immediately after
CRT, the brain released IL-13 and TNF-a. TNF-a, which is
an inflammatory cytokine, may depend on the presence of
autocrine/paracrine signals or cellular context to activate cell
inflammation and proliferation, decrease survival and pro-
mote cell death™. IL-1B is produced by hematopoietic cells,
such as blood monocytes, tissue macrophages, skin dendritic
cells, and brain microglia, in response to stimulation. It acti-
vates complementary components, other cytokines, and IL-1
itself. Because TNF-a and IL-1J are considered the crucial
mediators of inflammatory events, the irradiation-mediated
overexpression of these cytokines is likely to be an important
contributing factor to the pathophysiological sequelae of cra-
nial irradiation. In this study, SFI reduced the expression of
pro-inflammatory cytokines, such as TNF-a, and IL-13. In
the present study, CRT treatment caused a sharp increase in
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the pro-inflammatory cytokines (TNF-a and IL-1f3) in murine
brain. However, SFI (20 mL-kg"-d") treatment, which began
two weeks before 20-Gy CRT (B2RT group), significantly
reduced the production of TNF-a and IL-1f3, whereas no sig-
nificant change was observed in the B4RT group compared
with the RT-only group.

Evans blue extravasation is used to measure the vascular
permeability in the CNS. Immediately after CRT, the BBB was
disrupted and macrophages infiltrated into the brain. In addi-
tion, pro-inflammatory cytokines have been shown to increase
BBB permeability, thus facilitating the infiltration of peripheral
immune cells. The current study showed that the increased
BBB permeability due to CRT was partially alleviated by the
treatment with SFI. The mechanism by which SFI stabilizes
the BBB may be related to its inhibitory effect on pro-inflam-
matory cytokine release.

NF-xB pathway activation is considered to play an impor-
tant role in pro-inflammatory gene expression after stimula-
tion!. Tt was also reported that DNA double strands breaks

(DSBs) may activate the NF-xB pathway after irradiation*.

In our report, the level of the phosphorylated p65 protein was
upregulated after CRT, and SFI inhibited this upregulation.
PIDD was originally identified as a gene that exhibits
p53-dependent expression, and it may act to promote p53-
induced cell death. In addition, PIDD was believed to medi-
ate the DNA damage-induced NF-«B activation®* *. PIDD
expression could upregulate the production of genotoxic-
stress-induced NF-xB by augmenting the sumoylation and
ubiquitination of NF-kB essential modulator (NEMO)M,
PIDD-FL is constitutively cleaved into three fragments by
autoproteolysis: an N-terminal fragment (PIDD-N) and a
C-terminal fragment (PIDD-C), which is further cleaved into
PIDD-CC. Similar to previous research™, our study detected
only a negligible expression of PIDD-FL. PIDD-C binds to
the receptor interacting protein (RIP-1) and NEMO, which
controls the pro-survival NF-xB pathway, whereas PIDD-CC,
together with RIP-associated Ich-1/CED homologous pro-
tein with death domain (RAIDD), can induce apoptosis. This
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study showed that PIDD-C reached a peak at 3 h after irradia-

2008; 184: 647-54.

tion in the brain. In contrast to PIDD-C, PIDD-CC is thought 7 Welzel G, Fleckenstein K, Schaefer J, Hermann B, Kraus-Tiefenbacher

to be pro-apoptotic. A previous study revealed that PIDD-CC U, Mai SK, et al. Memory function before and after whole brain

was upregulated in the brain after irradiation®. Similarly, radl.otherapy |r.1 patients with and without brain metastases. Int J

our study showed that PIDD-CC was significantly increased Radiat Oncol Biol Phy§ 2008; 72: 1311__8' ]

. .. 4. . X 8 Schnegg Cl, Kooshki M, Hsu FC, Sui G and Robbins ME. PPARJ

at 3 h after irradiation, which indicates that the roles of differ- o ) N o

! . . . prevents radiation-induced proinflammatory responses in microglia via
ent PIDD segments differ in cell survival and apoptosis after transrepression of NF-kappaB and inhibition of the PKCo/MEK1/2/

irradiation, and NF-«B pathway activation precedes apoptosis. ERK1/2/AP-1 pathway. Free Radic Biol Med 2012; 52: 1734-43.

PIDD-C-induced neuro-inflammation and apoptosis were both g iy JL, Tian DS, Li ZW, Qu WS, Zhan Y, Xie MJ, et al. Tamoxifen

implicated in irradiation-induced NF-«xB pathway activation, alleviates irradiation-induced brain injury by attenuating microglial

and PIDD-CC was involved in radiation-induced apoptosis inflammatory response in vitro and in vivo. Brain Res 2010; 1316:

and played an important role in RIBI. 101-11.

10 Zhao W and Robbins ME. Inflammation and chronic oxidative stress in

Conclusion radiation-induced late normal tissue injury: therapeutic implications.

Curr Med Chem 2009; 16: 130-43.

This study demonstrat'ed that.SFI treatmen.t.cot.lld attenu- o J, Dong JH, Huang GD, Qu XF. Wu G, Dong XR. NFB signaling

ate the structural and biochemical abnormalities in a mouse modulates radiation-induced microglial activation. Oncol Rep 2014,

model of irradiation-induced acute brain injury by inhibiting 31: 2555-60.

NF-xB-mediated expression of inflammatory genes. SFI prom- 12 Chiang CS, Hong JH, Stalder A, Sun JR, Withers HR and McBride WH.

ises to be a useful alternative for the prevention of irradiation- Delayed molecular responses to brain irradiation. Int J Radiat Biol

induced brain injury. 1997; 72: 45-53.

13 Lee WH, Sonntag WE, Mitschelen M, Yan H and Lee YW. Irradiation
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