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Recurrent liver cancer after surgery is often treated with radiotherapy, which induces liver
damage. It has been documented that activation of the TGF-p and NF-xB signaling
pathways plays important roles in irradiation-induced liver pathologies. However, the
significance of MTOR signaling remains undefined after irradiation exposure. In the present
study, we investigated the effects of inhibiting mMTORC1 signaling on irradiated livers. Male
C57BL/6J mice were acutely exposed to 8.0 Gy of X-ray total body irradiation and
subsequently treated with rapamycin. The effects of rapamycin treatment on irradiated
livers were examined at days 1, 3, and 7 after exposure. The results showed that 8.0 Gy
of irradiation resulted in hepatocyte edema, hemorrhage, and sinusoidal congestion along
with a decrease of ALB expression. Exposure of mice to irradiation significantly activated
the mTORC1 signaling pathway determined by pS6 and p-mTOR expression via western
blot and immunostaining. Transient inhibition of MTORC1 signaling by rapamycin treatment
consistently accelerated liver recovery from irradiation, which was evidenced by decreasing
sinusoidal congestion and increasing ALB expression after irradiation. The protective role
of rapamycin on irradiated livers might be mediated by decreasing cellular apoptosis and
increasing autophagy. These data suggest that transient inhibition of mTORC1 signaling
by rapamycin protects livers against irradiation-induced damage.

Keywords: irradiation, liver damage, mTORC1, rapamycin, apoptosis

INTRODUCTION

Liver cancer is one of the most common solid tumors in the world and results in a large
amount of deaths (Ferlay et al, 2015). High recurrence occurs despite surgical treatment
(Hsu et al., 2017). Radiotherapy is often considered for use when those patients with liver
cancer have recurrence after surgery or are unfit for surgery (Ogata et al., 1963; Kalogeridi
et al., 2015). Radiotherapy is an effective treatment to limit liver cancer growth and metastasis.
On the other hand, exposure of normal hepatic tissues to irradiation results in collateral
liver injury, which limits the effectiveness of radiotherapy on liver cancer. For example,
5-10% of patients will experience radiation-induced liver damage when they are exposed
to a radiation dose up to 30 Gy. If the dose is increased to 43 Gy, 50% of patients will
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have liver damage. If the dose is further increased to 60 Gy,
the most effective dose for killing liver cancer, 76% of patients
will die due to hepatic failure induced by irradiation (Ingold
et al.,, 1965; Emami et al., 1991; Dawson et al., 2001). Thus
far, effective treatment of radiation-induced liver damage is
unavailable, which leads to irreversible liver failure and
patient death.

It has been documented that various strategies could protect
against irradiation-induced liver damage. Treatment with
granulocyte-colony stimulating factor (G-CSF) could prevent
irradiation-induced liver damage by decreasing collagen
deposition, hepatic hydroxyproline levels, and serum TGF-f1
level (Li et al, 2010). However, G-CSF treatment might lead
to the exhaustion of adult stem cells (such as hematopoietic
stem cells) after irradiation (Li et al, 2015). Zhang et al.
reported that hepatocyte growth factor (HGF) protected rat
liver cells from irradiation-induced injury through the promotion
of hepatocyte regeneration (Zhang et al., 2014). Delivery of
HGF-overexpressing adipose-derived mesenchymal stem cells
efficiently inhibited irradiation-induced increase of liver ALT
and AST (Zhang et al., 2014). Inhibition of tumor necrosis factor
receptor 1 also protected against irradiation-induced liver damage
(Huang et al., 2006). An antithrombotic agent—ursodeoxycholic
acid—has been reported to protect hepatocytes and endothelial
cells by inhibiting tumor necrosis factor-alpha production and
apoptosis (Seidensticker et al., 2014). A recent study demonstrated
that irradiation activated the NF-kB and TGF-p1 signaling
pathways, which play an important role in irradiation-induced
liver fibrosis (Hisamori et al, 2008; Cheng et al, 2015).
Irradiation-induced oxidative stress on liver cells played a crucial
role in liver damage. Treatment with melatonin, an antioxidant
reagent, significantly decreased irradiation-induced injury in
rat livers (Khan et al, 2017). Therefore, multiple factors are
involved in irradiation-induced liver damage.

Mammalian target of rapamycin (mTOR) signaling
integrates multiple upstream pathways, such as insulin,
growth factors, cellular nutrient, energy levels and so on
(Laplante and Sabatini, 2012). It plays a vital role in cell
growth, proliferation, survival, protein synthesis, and
autophagy (Saxton and Sabatini, 2017). mTOR interacts with
other proteins to form two distinct complexes: mTOR
complex 1 (mTORC1) and mTOR complex 2. mTORCI1
can be activated by many factors, such as growth factors.
Active mTORC1 subsequently phosphorylates translational
factors, for example, ribosomal protein S6 kinase (S6K),
eIF4E binding protein, and autophagy regulators, which
leads to an increase of protein translation and a decrease
of autophagy. It has been reported that sustained activation
of mTORCI signaling results in stem cell differentiation
and exhaustion, such as in hematopoietic stem cells and
hair follicle stem cells (Chen et al., 2008; Castilho et al.,,
2009). Inhibition of mTORC1 signaling by rapamycin
treatment can extend lifespans in different organisms
including worms, flies, and mice (Ehninger et al., 2014;
Kennedy and Lamming, 2016). Dietary restriction can
maintain intestinal stem cells and extend lifespan by repressing
mTORCI activity in Paneth cells (Yilmaz et al,, 2012).

To investigate the role of mTOR signaling on irradiation-
induced liver injury, mice were exposed to 8.0 Gy of X-ray
total body irradiation and liver tissues were analyzed. Our
data showed that the mTORC1 signaling pathway was highly
activated in liver tissues after irradiation. Transient inhibition
of mTORCI signaling by rapamycin treatment consistently
accelerated liver recovery after irradiation.

MATERIALS AND METHODS

Animals and Irradiation

Eight-week-old male C57BL/6] mice (n = 50) were purchased
from Hunan SLAC Laboratory Animal Co., Ltd (Certificate
Number: SYXK 2011-0003) and shipped to Nanchang
University. After a 1-week acclimation period, mice received
total-body X-ray irradiation (8.0 Gy, 2.28 Gy/min, Elekta
Precise accelerators). Sham-treated animals underwent the
same procedures as the irradiated groups but received no
irradiation (n = 5 mice per group). The mice were housed
under a constant 12-h light: dark cycle. Food and water
were provided ad libitum. Animals were analyzed at days 1,
3, and 7 after irradiation (n = 5 mice per time point). All
procedures were approved by the Institutional Animal Care
and Use Committee at Nanchang University.

Rapamycin Treatment and Survival Curve
Rapamycin (>98% purity) was purchased from Dalian Meilun
Biotechnology Co. Ltd. (Cas:53123-88-9; China). Rapamycin
was dissolved in ethanol at 10 mg/ml and diluted in 5% Tween-80
and 5% polyethylene glycol 400 (Solarbio Science and Technology
Co., Ltd., China). For rapamycin treatment, 6 h after irradiation,
mice were treated with rapamycin (4 mg/kg) by subcutaneous
injection and then the injection was repeated every other day
until day 7 after irradiation. Mice were monitored daily until
day 30 after irradiation. As a control, mice were irradiated or
non-irradiated and received subcutaneous injection of the same
volume of vehicle (200 pl).

Histopathological and
Immunohistochemical Examination

The hepatic tissues were fixed in 4% paraformaldehyde and
then embedded in paraffin and cut into 5.0-pm-thick sections.
Sections were used to perform hematoxylin and eosin (HE)
staining for histological examination and to measure expression
of phosphorylated S6 and Gr-1 by immunohistochemistry. Briefly,
after dewaxing, dehydration, rehydration and antigen repair with
microwave, paraffin sections were blocked with 3% H,O, deionized
water and subsequently incubated with the specific primary
antibody against phosphorylated S6 (1:600, cell signaling
technology, USA) or Gr-1 (1:1,000, Biolegend, USA) at 4°C
overnight, followed by staining with horseradish peroxidase-
conjugated secondary antibody. The substrate diaminobenzidine
(DAB) was used for coloration. Immunostained sections were
counterstained with hematoxylin to visualize the nuclei and
examined under an optical microscope (Olympus, Japan).

Frontiers in Physiology | www.frontiersin.org

March 2019 | Volume 10 | Article 228


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Yang et al.

Rapamycin Radioprotection on Liver Injury

To analyze the integrated optical density (IOD) of pS6, five
visual fields (per immunohistochemical slice) were randomly
selected under high magnification (10 x 40) and photographed.
The IOD of pS6 in livers was calculated via the HMIAS-2000
image analysis system with high-resolution and multicolor imaging.

The Levels of ALT and AST

To measure the levels of serum alanine transaminase (ALT)
and aspartate transaminase (AST), serum from different groups
was collected. The kits from Roche Diagnostics GmbH were
used to measure levels of ALT and AST according to the
manufacturer’s instructions.

TUNEL Assay

To detect the fragmented nuclear DNA associated with apoptosis,
a standard terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP)-biotin nick-end labeling
(TUNEL) method was employed on paraffin sections. For this
purpose, the in situ cell apoptosis detection kit I, POD (Boster,
China) was used according to the manufacturer’s instructions.
Briefly, hepatic tissues were fixed in 4% paraformaldehyde
and embedded with paraffin. After standard deparaffinization,
hydration, incubation with 3% hydrogen peroxide at room
temperature for 10 min and proteinase K at 37°C for 10 min,
tissue sections were incubated: (1) with labeling buffer, TdT
and DIG-dUTP (19:1:1) at 37°C for 2 h; (2) with blocking
reagent at room temperature for 30 min; (3) with biotin anti-
digoxin antibody at 37°C for 30 min; and (4) with SABC at
37°C for 30 min. Diaminobenzidine was used as the chromogen.
For physiological positive controls, sections of mouse small
intestine were subjected to the same procedure. For negative
controls, some slides were incubated with label solution that
did not contain TdT. The number of TUNEL-positive cells
was counted from five randomly selected fields at 400x
magnification per liver sample.

Western Blot

For western blotting, the liver tissues post-irradiation were
frozen in liquid nitrogen until further use. Protein extraction
was carried out using the RIPA buffer (Applygen, Beijing,
China). A BCA Protein Assay Kit (Applygen, Beijing, China)
was used to quantitate total protein levels. Protein (40 pg per
lane) was separated by SDS-PAGE. All proteins were separated
on 10% gel. Proteins were transblotted to PVDF membranes
(ELL) in standard Tris-glycine transfer buffer, pH 8.3, containing
0.1% SDS. After transfer, membranes were blocked for 3 h at
room temperature in TBST (10 mmol/L Tris-HCI, pH 8.0,
150 mmol/L NaCl, 0.1% Tween-20) containing 5% non-fat
milk powder or containing 5% BSA and incubated overnight
at 4°C with anti-S6 (1:1,000, cell signaling technology, USA),
anti-phospho-S6 (1:2,000, cell signaling technology, USA), anti-mTOR
(1:1,000, cell signaling technology, USA), anti-phospho-mTOR
(1:1,000, cell signaling technology, USA), anti-ALB (1:2,000,
Affinity, USA), anti-AFP (1:2,000, Affinity, USA), anti-RIPK1
(1:3,000, Affinity, USA), anti-LC3 (1:1,000, cell signaling
technology, USA), and anti-p62 (1:10,000, Abcam, UK) diluted

in TBST containing 5% non-fat milk powder or 5% BSA.
Membranes were then washed in TBST for 30 min, incubated
with horseradish-peroxidase-conjugated goat anti-rabbit IgG,
diluted 1:10,000 (Beijing Zhongshan, China) in TBST containing
5% non-fat milk powder or 5% BSA, washed in TBST for
30 min, and resolved by chemiluminescence (Beijing TIANDZ,
China). All membranes were stripped and re-probed with anti-
GAPDH antibody (Proteintech, China) as a loading control.
The band densities from western blot were quantitated using
Image] software' and calculated according to the GAPDH
band density.

Statistical Analysis

All parameters were expressed as the mean * standard
deviation. The data were analyzed by analysis of variance
(ANOVA). Differences among group means were analyzed
by Student-Newman-Keuls multiple comparisons testing after
one- or two-way ANOVA. A survival curve was constructed
using the Kaplan-Meier method and compared using the
Mantel-Cox test. Differences were considered significant at
p < 0.05. All analyses were done with GraphPad Prism from
GraphPad Software.

RESULTS

Irradiation-Induced Liver Damage

To investigate whether a moderate dose of X-ray irradiation
induces liver damage, 8-week-old mice were acutely exposed to
8.0 Gy of total body irradiation (TBI). Morphological changes
of livers were microscopically evaluated at days 1, 3, and 7
after TBI. As shown in Figure 1A, there was a normal morphology
in liver tissues with intact parenchyma and sinusoids in
non-irradiated mice. However, abnormal morphology including
hepatocyte edema, hemorrhage, and sinusoidal congestion appeared
at different time points post-irradiation. Irradiation induced not
only morphological changes but also functional defects in livers.
Expression of albumin (ALB) in hepatocytes was significantly
decreased (up to 50%) at day 1 after irradiation when compared
to normal controls. The nadir of ALB expression was reached
at day 3 post-irradiation. Expression of ALB in irradiated livers
persisted at low levels at day 7 after TBI (Figure 1B). The
changes of alpha-fetoprotein (AFP) expression were consistently
similar to those of ALB expression in livers post-irradiation
(Figure 1C). The levels of serum alanine transaminase (ALT)
and aspartate transaminase (AST) were increased in a time-
dependent manner after irradiation (Figure 1D). These data
suggested that acute exposure of livers to irradiation resulted
in liver injury.

To further explore the molecular mechanisms by which
irradiation induces liver damage, we measured the levels of
cellular apoptosis, necroptosis, and autophagy in irradiated
livers. Rare apoptotic hepatocytes were detected in non-irradiated
livers while high percentages (up to 60%) of hepatocytes
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FIGURE 1 | Irradiation-induced liver damage in mice. C57BL/6J mice were exposed to 8.0 Gy of total body irradiation (TBI). Liver tissues were harvested at days 1,
3, and 7 post-exposure (n = 6). (A) Representative pictures by HE staining are shown. Scale bar = 50 pm. Arrows indicate edema hepatocytes. (B and C) ALB and
AFP expression in liver tissues (n = 3). Expression of ALB (B) and AFP (C) was detected by western blotting. GAPDH was used as a housekeeping control.
Non-irradiated liver tissues (CTL) were used as controls. Expression of ALB (B) and AFP (C) was quantitated by ImagedJ software. (D) Levels of ALT and AST in

underwent apoptosis at day 1 after irradiation (Figures 2A,B).
Those apoptotic hepatocytes were cleaned out at day 3 after
irradiation. Inflammatory cell infiltration, such as granulocytes,
scarcely appeared in the hepatic portal and sinusoid area at
day 1 and 3 post-exposure, while a modest increase of granulocytes
in the sinusoid area was detected at day 7 after irradiation
(Supplementary Figure 1A).

Cellular necroptosis is a form of programmed cell death.
Receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
plays a critical role in the initiation of necroptosis (Newton,
2015). Therefore, we measured the expression of RIPK1
protein post-irradiation. As shown in Figures 2C,D, RIPK1
expression was significantly decreased starting at days 1 and
3 after irradiation and further downregulated at day 7 when
compared to non-irradiated controls. It is well known that
autophagy plays a crucial role in the degradation and recycling
of cellular components (Grumati and Dikic, 2018). We also
evaluated the liver autophagy status after irradiation. The
ratio of LC3 II/LC3 I expression in liver tissues was decreased
at different time points after irradiation. The expression of
p62 in liver tissues was increased starting at day 3 after
irradiation (Figures 2E,F). Collectively, cellular apoptosis,

necroptosis, and autophagy are involved in the acute liver
damage that occurs under irradiation stress.

Irradiation-Induced Activation

of mMTORC1 Signaling in Livers

It has been documented that multiple pathways are involved
in irradiation-induced pathologies, for example the NF-kB
and TGF-p signaling pathways and so forth (Cheng et al,
2015). The mTORCI signaling pathway functions in nutrition/
energy sensing and protein translation (Laplante and Sabatini,
2012). It is unknown whether the mTORCI1 signaling pathway
is activated upon irradiation. We thus harvested liver tissues
at days 1, 3, and 7 after exposure, and ribosomal protein
S6 and phosphorylated S6 (pS6) were examined by western
blot and immunostaining. As shown in Figures 3A,B, the
levels of total S6 expression were decreased at days 3 and
7 after irradiation. In physiological condition, a weak expression
of pS6 was detected by western blot assay. Protein S6 in
liver was highly phosphorylated starting at day 3 after
irradiation when compared to non-irradiated controls. The
high level of pS6 expression extended to day 7 after irradiation
(Figures 3A,B). To further confirm the increased pS6 expression

Frontiers in Physiology | www.frontiersin.org 4

March 2019 | Volume 10 | Article 228


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Yang et al.

Rapamycin Radioprotection on Liver Injury

CTL

L s |GAPDH

c D E
after TBI (days) 8
e 1 8 9 B
a
r——— | 1] &
o
[ 4

CTL

1 3
after TEI (days)

7

B
R
eyl < 80
Wi Y 2
£ &0
3 40
% 20
‘g‘ N.D ND
e 0
o CcTL 1 3
after TBI (days)
F
after TBI (days)
CTL 1 3 7
LC3I ]
et ¥ 3 %
LC3ll after TBI (days)

T e ——| 052

[ <P e =) c/~DH

p62/GAPDH ratio

L 1
after TBI (days)

3 7

FIGURE 2 | Irradiation-induced cellular apoptosis in liver tissues. (A and B) Irradiated liver tissues were collected at days 1 and 3 after TBI. Representative pictures
by TUNEL staining are shown (A, n = 6). Scale bar = 50 um. Arrows indicate TUNEL-positive cells. The ratios of apoptotic cells in each field are presented

in (B) (N.D: non-detected). (C and D) RIPK1 expression in liver tissues (n = 3). Expression of RIPK1 in liver tissues was detected by western blotting (C). GAPDH was
used as a housekeeping control. Expression of RIPK1 was quantitated by ImageJ software (D). (E and F) LC3 I, LC3II, and p62 expression in liver tissues (n = 3).
Expression of LC3 |, LC3Il, and p62 (E) was detected by western blotting at days 1, 3, and 7 after irradiation. GAPDH was used as a housekeeping control.
Expression of LC3 |, LC3Il, and p62 (F) was quantitated by ImagedJ software. The ratio of LC3 II/LC3 | was presented. *p < 0.05, “*p < 0.01, **p < 0.001 vs. CTL.

induced by irradiation, fixed liver tissues were used to conduct
pS6 immunostaining. The increased intensity of pS6 in
irradiated livers was observed at days 3 and 7 after irradiation
when compared to non-irradiated controls (Figures 3C,D).
Although we showed that the mTORCI signaling pathway
was activated by irradiation in liver, the functional significance
of mTORCI signaling remains obscure in liver recovery after
radiation exposure.

Inhibition of mMTORC1 Signaling
Ameliorates Irradiation-Induced

Liver Damage

Due to the activation of the mTORCI1 signaling pathway induced
by irradiation as shown in Figure 3, we utilized rapamycin,
a mTOR complex 1 inhibitor, to investigate its effects on the
liver’s functional recovery upon total body irradiation. As shown
in Figures 4A,B, rapamycin treatment decreased the expression
of pS6 in non-irradiated mice. Compared to vehicle-treated
controls post-exposure, the increased pS6 expression was
significantly decreased in rapamycin-treated mice at day 7 after
irradiation (Figures 4A,B). Expression of p-mTOR was increased
in irradiated livers when compared to non-irradiated controls.
Rapamycin treatment reduced the increase of p-mTOR expression

in irradiated livers (Figures 4A,B). Immunostaining confirmed
that rapamycin treatment efficiently blocked the increase of
pS6 expression induced by irradiation (Figures 4C,D).

To elucidate whether rapamycin treatment benefits liver
recovery after irradiation, the changes of liver morphology were
examined. Morphologically, rapamycin did not affect livers in
non-irradiated mice (Figure 5A). Consistent with Figure 1,
exposure of mice to irradiation induced hepatocyte edema,
hemorrhage and sinusoidal congestion at day 7 post-exposure.
Irradiated mice with rapamycin treatment had minor hepatocyte
edema, hemorrhage and sinusoidal congestion (Figure 5A). To
assess the radioprotective role of rapamycin, irradiated mice
were treated with vehicle or rapamycin starting at 6 hr post-
exposure. Mice were then treated with vehicle or rapamycin
every other day until day 7 after irradiation and monitored
daily until day 30 post-exposure. All irradiated mice with vehicle
treatment died before day 17 post-exposure while 25% of
irradiated mice with rapamycin treatment survived until day
30 after irradiation (Figure 5B, left panel). The morphology
in rapamycin-treated livers at day 30 after irradiation was
comparable to that in normal livers (Figure 5B, right panel).

These morphological changes under rapamycin treatment
are consistent with functional data as shown in Figures 5C,D.
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Rapamycin treatment did not affect the expression of ALB and
AFP in physiological condition. However, rapamycin treatment
significantly ameliorated the reduction of ALB and AFP expression
induced by irradiation (Figures 5C,D). The increased levels of
serum ALT and AST in irradiated mice were significantly
decreased upon rapamycin treatment (Figure 5E). These results
display that rapamycin treatment ameliorates irradiation-induced
liver injury via inhibition of the mTORCI signaling pathway.

Rapamycin Treatment Decreased
Irradiation-Induced Apoptosis in Livers

To further assess the mechanism by which rapamycin treatment
protects livers from irradiation, cellular apoptosis, necroptosis,
and autophagy were evaluated. As shown in Figures 6A,B,
rapamycin treatment did not increase the ratio of apoptotic
cells in non-irradiated livers. However, rapamycin treatment
significantly decreased the induction of cellular apoptosis
under irradiation conditions (Figures 6A,B). Granulocyte
infiltration in livers at day 7 after irradiation was significantly
declined under rapamycin treatment (Supplementary Figure 1B).

For necroptosis, rapamycin treatment decreased the expression
of RIPK1 in physiological condition (Figures 6C,D). The
decreased expression of RIPK1 induced by irradiation was
recovered by rapamycin treatment. For autophagy, rapamycin
treatment increased the ratio of LC3 II/LC3 I and decreased
the expression of p62 under physiological condition. The
decreased ratio of LC3 II/LC3 I and increased expression of
p62 after irradiation was partially recovered by rapamycin
treatment (Figures 6E,F). These data indicated that rapamycin
treatment protected livers against irradiation-induced damage
through multiple mechanisms.

DISCUSSION

Previous studies have shown that hepatocytes are more
radioresistant than other cells, such as hematopoietic cells (Alati
et al,, 1988; Christiansen et al., 2004; Chang et al.,, 2017). In
clinical practice, the liver is often considered to be radiosensitive.
However, this observation is based on patients treated with
liver irradiation when the liver was previously cirrhotic, or
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at day 7 post-irradiation and fixed in 4% paraformaldehyde after irradiation, and pS6 immunostaining was performed as indicated in materials and methods (C).

50 pm. Arrows indicate pS6-positive cells. Imaging software was used to analyze the integrated optical density (IOD) of pS6 (D). **p < 0.01,

patients who were treated with both irradiation and chemotherapy.
Furthermore, abdominal radiotherapy dosage is limited because
of radiation-induced liver disease. Liver radiotherapy is clinically
considered in the case of recurrence after surgery, advanced
liver cancer, late stages of liver cancer, and metastasized tumors
from other organs (Zhou et al., 2007; Kalogeridi et al., 2015).
Moreover, the liver tissues can be targeted when radiotherapy
has been applied to tumors in the abdominal and pelvic cavities
(Cheng et al., 2005). Because irradiation-induced normal tissue
injuries limit the application of high radiation doses on liver
cancer, only 30% of patients with liver cancer can be treated
with proper doses of irradiation (Kalogeridi et al., 2015). The
number of patients with liver cancers increases every vyear,
resulting in the increasing requirement of radiotherapy. Therefore,
it is important to reduce and prevent the negative effects of
radiotherapy on normal liver tissues.

However, no effective therapeutic approach exists to prevent
irradiation-induced liver damage. Amifostine is an FDA-approved
prodrug for radiation countermeasure, which was previously
used for protecting normal tissues from chemotherapy- and
radiotherapy-induced undesired side effects (Johnke et al., 2014).
However, it was rarely used in clinic due to patients’ discomfort

of intravenous administration and its high toxicity. It has been
reported that treatment with G-CSF (filgrastim), another
FDA-approved radiation medical countermeasure, attenuated
radiation-induced hematopoietic syndrome of acute radiation
syndrome (Pospisil et al., 1999; Moroni et al, 2013). In an
irradiation-induced liver damage model, G-CSF treatment
decreased irradiation-induced collagen deposition in livers and
serum TGF-p1 level (Li et al., 2010). However, a recent report
showed that G-CSF treatment accelerated the exhaustion of
hematopoietic stem cells after irradiation (Li et al., 2015).
In the current study, we demonstrated that total body
irradiation induced liver damage, which was proved by abnormal
liver morphology and decreasing ALB expression and increasing
levels of serum ALT and AST post-exposure. These pathological
changes after irradiation might be attributed to the activation
of the mTORC1 signaling pathway, including increased levels
of pS6 and p-mTOR in irradiated livers. Total levels of S6
expression were decreased in livers after irradiation, which
might be due to irradiation-induced ribosomal stress responses.
Rapamycin inhibited the activation of mTORCI and corrected
irradiation-induced liver dysfunction by decreasing cellular
apoptosis and serum ALT and AST levels in addition to
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FIGURE 5 | Rapamycin treatment attenuated the liver functional defect induced by irradiation. C57BL/6J mice were treated with vehicle (Veh) or rapamycin (Rap)
starting at 6 h after irradiation. Liver tissues were harvested at day 7 post-exposure. (A) Representative pictures by HE staining are shown (n = 6). Scale

bar = 50 pm. Arrows indicate edema hepatocytes. (B) Kaplan-Meier plot indicating survival of mice with vehicle or rapamycin treatment after irradiation. Irradiated
mice were treated with vehicle or rapamycin as above. Mice were monitored daily until day 30 after irradiation (n = 16). Significance was determined by Mantel-Cox
test (left panel, p = 0.0388). HE staining was performed in liver tissues before irradiation and day 1 and 30 after irradiation with rapamycin treatment (right panel).
Scale bar = 50 pm. Arrows indicate edema hepatocytes. (C and D) Expression of ALB and AFP in liver tissues (n = 3). Expression of ALB (C) and AFP (D) was
detected by western blotting at day 7 after irradiation. GAPDH was used as a housekeeping control. Expression of ALB (C) and AFP (D) was quantitated by ImageJ
software. The ratios of ALB/GAPDH and AFP/GAPDH were presented. (E) Levels of ALT and AST in serum from different groups (n = 6). **p < 0.001 vs. Veh.

increasing autophagy. These findings indicate that rapamycin
treatment attenuates irradiation-induced acute liver damage to
protect mice from death. However, it is unknown whether
there are long-term effects of rapamycin treatment on irradiation-
induced liver damage, which will be explored in our future
studies. In addition, we used total body irradiation to investigate
the protective role of rapamycin on irradiated mice. It would
be more clinically relevant if local liver irradiation can be used
in the near future.

Irradiation-induced hepatic injury might be attributed to the
infiltration of inflammatory cells in the irradiated livers, although
irradiation also triggers significant damage to vessels in livers
along with the reduction of blood supply. This phenomenon
was extensively investigated by Dr. Ramadoris group (Malik
et al., 2010; Sultan et al, 2013). Many granulocytes, labeled
with Gr-1, CD11b/c, and MPO, were detected and specifically
accumulated in the portal area at 3 and 6 hr after rat livers
were locally irradiated with a single dose of 25 Gy y-irradiation.
Acute granulocyte recruitment in the portal area after irradiation
might be mediated by (myo)fibroblast-derived chemokines, such
as CCL2, CXCL2, CXCR2, and so forth (Malik et al, 2010;

Sultan et al.,, 2013). Single-dose irradiation-induced granulocyte
infiltration in the hepatic portal area was significantly decreased
at 12 and 24 h post-exposure in rats (Malik et al., 2010; Sultan
et al, 2013). This is consistent with our current observation,
showing that rare granulocytes were recognized in both the
portal and sinusoid areas at days 1 and 3 after 8 Gy of total-
body X-ray irradiation in mice. However, we observed a slight
increase of granulocytes in the sinusoid area at day 7 after
irradiation, which was attenuated by rapamycin treatment. The
increased distribution of granulocytes in livers after 8 Gy
irradiation was also supported by a fractionated irradiation study
(Rave-Frank et al., 2013). It showed that increased numbers of
granulocytes were distributed in hepatic parenchyma at 3 months
after rat livers were exposed to 2 Gy/day, with a total dose of
60 Gy y-irradiation. Given that rapamycin has an ability to
limit inflammation (Wang et al, 2014; De Luna-Preitschopf
et al,, 2017), rapamycin treatment starting at 6 h post-irradiation
might thus attenuate chemokine production and granulocyte
infiltration to ameliorate radiation-induced liver damage.
Another cause of irradiation-induced hepatic injury is the
induction of cellular apoptosis in livers, which can also result
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FIGURE 6 | Rapamycin treatment decreased cellular apoptosis induced by irradiation. C57BL/6J mice were treated with vehicle (Veh) or rapamycin (Rap) starting
at 6 h post-exposure. Liver tissues were harvested at day 1 post-exposure. (A and B) Cellular apoptosis induced by irradiation (n = 6). Representative pictures by
TUNEL staining are shown (A). Scale bar = 50 um. Arrows indicate TUNEL-positive cells. The ratios of apoptotic cells in each field were counted and are presented
in B. (C and D) RIPK1 expression in liver tissues (n = 3). Expression of RIPK1 (C) was detected by western blotting at day 7 after irradiation. GAPDH was used as a
housekeeping control. Expression of RIPK1 (D) was quantitated by Imaged software. (E and F) Expression of LC3 |, LC3 Il, and p62 in liver tissues (n = 3).
Expression of LC3 |, LC3II, and p62 (E) was detected by western blotting at day 7 after irradiation. GAPDH was used as a housekeeping control. Expression of LC3 |,
LC3 I, and p62 (F) was quantitated by Imaged software. The ratios of LC3 II/LC3 | and p62/GAPDH are presented. *p < 0.05, *p < 0.01, **p < 0.001 vs. Veh.

from irradiation-induced DNA damage. We therefore demonstrated
that cellular apoptosis was induced by irradiation in liver tissues
using TUNEL staining. Our data indicated that cellular apoptosis
was markedly increased at day 1 after irradiation. Subsequent
results showed that rapamycin treatment significantly attenuated
the cellular apoptosis induced by irradiation in liver tissues.
Cellular necroptosis is another type of cell death, which plays
a crucial role in TNF-induced cell death. RIPK1 and RIPK3
are core components of TNF-induced signaling complexes
involved in necroptosis and apoptosis (Moriwaki and Chan,
2013; Menon et al., 2017). Deletion of RIPK1 in intestinal
epithelial cells causes severe intestinal inflammation to develop,
mediated by cellular apoptosis. Deficiency of Caspase 8 or FADD
decreases intestinal cell apoptosis in RIPK1 deleted cells, while
epithelial cells appear to exhibit cellular necroptosis in double
deficiency of RIPK1 and FADD. Deletion of RIPK1 and FADD-
induced necroptosis can be rescued by RIPK3 mutation (Takahashi
et al., 2014). Keratinocyte-specific deletion of RIPK1 results in
cellular apoptosis and necroptosis along with skin inflammation,
which could be rescued by RIPK3 deficiency (Dannappel et al.,
2014). Our current data showed that RIPK1 expression was
decreased in liver tissues after irradiation, which might accelerate

RIPK3-mediated necroptosis post-exposure. Rapamycin treatment
can significantly increase the expression of RIPK1 in irradiated
liver tissues, which might block RIPK3-mediated necroptosis
and protect liver tissues from irradiation-induced damage. These
assumptions about the roles of RIPK1 and RIPK3 under irradiation
will be further tested in our future studies.

Autophagy is a dynamic process in which the cells digest
and recycle their own cytoplasmic elements. It maintains healthy
cellular homeostasis by degrading damaged and useless cellular
components. It is well known that many genes, including the
autophagy-related (ATG) genes LC3 and p62, participate in
the autophagy process. It has been reported that p62 is required
for the aggregation of ubiquitinylated proteins and plays important
roles in autophagic clearance (Komatsu et al., 2007). Many
signaling pathways regulate the autophagy process, such as
mTOR and PI3K/Beclin-1 signaling. Irradiation-induced
autophagy has been reported in several different types of tumors
and can function as a pro-survival and pro-death process (Kim
et al, 2009; Dalby et al, 2010). Our data showed that the
ratio of LC3 II/LC3 I expression was decreased and expression
of p62 protein was increased in liver tissues after irradiation,
which indicates that the autophagy process was transiently
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inhibited by irradiation. Rapamycin treatment inhibited the
mTORCI1 signaling pathway induced by irradiation and activated
the autophagy process to clear damaged cells. The ratio of
LC3 II/LC3 1 expression was increased, and expression of p62
protein was decreased in irradiated liver tissues under rapamycin
treatment. We currently provided evidence showing that treatment
with rapamycin promoted necroptosis and autophagic
programming in irradiated livers. However, we did not have
direct evidence with cellular necroptosis and autophagy using
transmission electron microscopy.

On the other hand, it has been documented that inhibiting
mTORCI1 signaling on cancer cells resulted in enhancing
irradiation-induced cytotoxicity to suppress tumor growth
(Dumont and Bischoft, 2012; Miyahara et al., 2017). The effects
of rapamycin on cancer cells are mainly mediated by autophagic
cell death, inhibiting DNA damage repair and limiting tumor
angiogenesis and so on (Dumont and Bischoft, 2012; Li et al,,
2016). In the present study, we mainly investigated the effects
of rapamycin on irradiated normal tissues. Our result showed
that transient rapamycin treatment did not affect liver
morphology and function in physiological condition, while
it indeed protected irradiation-induced liver damage by
decreasing apoptosis and necroptosis and increasing cellular
autophagy. However, it is unknown why the different responses
of rapamycin exist in normal and tumor tissues. Radioprotection
of rapamycin on normal tissues is also supported by a recent
study, showing that rapamycin treatment prevented irradiation-
induced salivary hypofunction in swine and human
submandibular gland HSG cells (Zhu et al, 2016). Recent
data from our lab have shown that rapamycin treatment after
irradiation protected kidneys in mice by inhibiting cellular
apoptosis (Shao et al., 2018). However, the effects of rapamycin
treatment on liver and kidney before irradiation remain
warranted in our future investigation.

Based on our results, irradiation causes activation of
the mTORCI1 signaling pathway while rapamycin, an inhibitor
of mTORCI, attenuates irradiation-induced damage to mouse
livers. In conclusion, our results show that transient treatment
with rapamycin is likely to provide significant protection
against irradiation-induced liver damage. These findings
hold the promise that long-term administration of rapamycin
may provide protection against higher doses of irradiation,
although it remains necessary to validate these findings in
the near future.
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