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Abstract: Radiotherapy is an important method for cancer treatment but it has serious side-effects at high doses.
One of the greatest challenges in radiotherapy is that radiation affects both healthy tissue and cancer tissues. For
abdominal or pelvic lesions, the bowel is the most easily injured by irradiation. Radiation may cause radiation en-
teritis, intestinal inflammatory infiltration, or intestinal perforation. Coenzyme NADH involves in energy metabolism
and transportation of nucleic acid, proteins and carbohydrates. In our study, NADH was used to protect the intestinal
wall from irradiation injury in IEC-6 normal intestinal epithelial cells. By flow cytometry, we found that NADH can
inhibit the cell death and the producing of reactive oxygen species (ROS). The immunofluorescence assay showed
that cell autophagy was increased in the NADH group. Western blot data indicated that NADH promoted the micro-
tubule associated protein 1A/1B-light chain 3(LC3)-I to LC3Il and the expression of IL-13 and TNFa decreased in a
dose dependent manner. Interestingly, a specific PI3K/AKT inhibitor (3MA) decreased the expression of inflamma-
tory factors. In the animal experiment, after 12 Gy radiation, there were less TNFa and more LC3Il in the RT+NADH
group than that of RT group. Compared with the mock, there was no significant damage in the NADH group. Thus,
our study provides the evidence that NADH may protect against radiation enteritis by suppressing inflammation and

enhancing autophagy through PI3K/AKT pathway in normal intestinal cells.
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Introduction

Cancer is a common disease, and the inciden-
ce is increasing year by year. More than half of
cancers can be treated with radiotherapy (RT),
but RT can also damage the surrounding nor-
mal tissues. This side-effect will diminish the
quality of RT in cancer patients [1]. For exam-
ple, after a few weeks of RT, the skin tends to
develop painful, infection-prone severe epithe-
lial barrier breakdown. 60-80% of patients
experience temporary symptoms of bowel to-
xicity due to radiation therapy. Especially in
abdominal or pelvic RT, 50% patients develop
varying degree of chronic bowel dysfunction,
one of the most common complications of long
term cancer survivors [2]. At the early radiation
enteropathy, because of epithelial barrier dys-

function and mucosal inflammation, the main
symptoms is nausea, vomiting, diarrhea or ab-
dominal pain. The delayed early radiation enter-
opathy is mainly manifested as mucosal atro-
phy vascular sclerosis and intestinal wall fibro-
sis [2].

Radiation induced normal tissue injury is a
complex process involving different mecha-
nisms, such as DNA repair problem, inflamma-
tion, cell death and so on [3, 4]. Among them
inflammation plays an important role in radio-
active intestinal damage. Inflammation is an
important part of immune system. Abnormal
activation of inflammation can lead to severe
tissue damage and even organ failure. Impor-
tantly, it is associated with a number of hu-
man disease, such as metabolic syndrome and
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inflammatory bowel disease (IBD) [5, 6]. It is
known that the activation of inflammatory lead
to the increased production of reactive oxygen
species (ROS) [7], which is important to ioniz-
ing radiation induced cell damage [8]. How to
reduce the damage of normal intestines caused
by radiation is an urgent problem to be solved.

Autophagy is a pathway of stressful lysosomal
degradation. It maintains cytoplasmic homeo-
stasis by eliminating intracellular misfolding or
aggregation of proteins and damaged organ-
elles. Autophagy is not only important to pre-
vent inflammation-pron conditions by main-
tains cytoplasmic homeostasis but also directly
by selective elimination of invading pathogens
autophagy [9, 10] and the removal of activated
inflammasomes and ROS [11, 12]. Mitochon-
dria-selective autophagy, a type of autophagy,
has become a participant in maintaining mito-
chondrial homeostasis and regulating inflam-
mation activation. In addition, mitochondrial
autophagy can inhibit the activation of inflam-
mation by eliminating mitochondrial ROS [12].
Besides, an increasing number of evidence has
proved that PIBK/AKT pathway is a key regula-
tor of autophagy [13]. The pathway can inhibit
the activation of autophagy.

NADH quinone oxidoreductase 1 (NQO1) is a
ubiquitous cytosolic flavoenzyme that catalyz-
es two-electron donor. This NQO1 mediated re-
duction mechanism is responsible for the cel-
lular defense against various damaging oxyrad-
icals. Evidences have suggest that NADH play
crucial roles in a variety of biological process-
es, including energy metabolism, mitochondrial
function and gene expression [14]. In our study,
we found that NADH can inhibit the inflam-
mation after the IEC-6 normal intestinal epithe-
lial cells treated with RT, and the autophgy
increased. When we used an autophagy inhibi-
tor to block this process, the inflammation was
increased. So we hypothesized that NADH can
reduce the inflammation by affecting autophgy
in IEC-6 cells.

Method
Cell culture

IEC-6 normal intestinal epithelial cells were pur-
chased from Cell bank of the Chinese Academic
of Sciences (Shanghai, China) and cultured in
RPMI1640 (Gibco BRL, USA) supplemented
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with 10% fetal bovine serum (FBS, Gibco BRL,
USA), 1 mM L-glutamine, 100 U/mL penicillin
and 100 ug/ml streptomycin in 5% CO, at
37°C. NADH was purchased from Roche (Ro-
che, Switzerland).

Cell counting Kit-8 assay (CCK8)

Cell viability was evaluated by the Cell counting
Kit-8 assay (CCK8) (DOJINDO, JAPAN). IEC-6
normal intestinal epithelial cells (1 x 10* cells/
well) were seeded in the 96-well plate. When
the cells stick to the wall later, different concen-
tration of NADH was added in. Then the cells
were incubated in 5% CO, at 37°C. After 48 h,
the medium was removed, 100 ul of cell culture
medium with 10% CCK8 was added to each
well, then incubated for 1-4 h. The cell viability
was measured at the absorbance of 450 nm
with a microplate reader (Bio-rad, USA).

Annexin V-APC/7-AAD staining for apoptosis by
flow cytometry assay

The IEC-6 cells were plated in the 6-well plates
at a concentration of 2.5 x 10°. After one night,
cells were treated with 4 Gy X-ray irradiation.
Then O ug/ml (NC group), 100 ug/ml NADH
(100 ug/ml group), 200 ug/ml NADH (200 ug/
ml group) were added to the wells respectively.
48 h later, the cells were collected, washed
with PBS for three times, followed by staining
with Annexin V-APC/7-AAD for 20 min at room
temperature. A flow cytometer was used to ana-
lyze the percentage of apoptotic cells.

Measurement of ROS

The cells treated with RT and different does of
NADH were incubated with 10 uM 2’7’-dichloro-
fluorescein diacetate (DCFDA) at 37°C for at
least 30 min. Thereafter, the cells were washed
with PBS for three times. Fluorescence was
measured by flow cytometer and microscopy.

Animal experiment

All protocols in this study were approved by
the National Institutes of Health Guide for the
Care and Use of Laboratory animals (NIH Pub-
lications No. 8023, revised 1978). 6-week old
male C57BL mice were purchased from Sou-
thern Medical University Animal Experimen-
tal Center (Guangzhou, China). The experiment
was performed after 1 week of adaptation.
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processed routinely as paraf-
fin embedding, sectioned at 4
um thick and placed on the
glass slides. Tissue samples
were stained with hematoxylin

and eosin. Thereafter, secti-
ons were selected randomly
to be observed under micro-
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Figure 1. NADH inhibited the cells apoptosis. After RT (4 Gy), cells were
treated with O ug/ml, 100 ug/ml, 200 ug/ml NADH for 48 h. Flow cytometry
data showed that NADH had a protective effect on the IEC-6 cells in a dose-
dependent manner (A-C). Western blot showed the anti-apoptosis protein
BCL2 in the 100 and 200 ug/ml groups was more, the expression of pro-
apoptotic gene, BAX, was less than no-treatment control group (D).

Mice were divided into 4 groups: mock, NADH,
RT, RT+NADH (Four mice per group). 12 Gy of
lethal dose were performed to the RT and
RT+NADH groups. Then the NADH and RT+
NADH groups were given NADH by 10 mg/kg/
day. After 7 days, the animals were sacrific-
ed. Intestines were evaluated for immunohisto-
chemistry and HE staining.

Immunohistochemistry and HE staining

Tissue sections (4 um) from the intestines sam-
ples were deparaffinized, rehydrated and then
heated in 10 mmol/L citrate buffer (PH = 6.0)
for antigen retrieval. Then the sections were
washed with PBS, blocked with 10% FBS for 30
min and incubated with primary antibody over
night at 4°C. TNFa (Proteintech, Wuhan, China)
was diluted by 1:300. LC3II (Cell Signal Tech-
nology, USA) was diluted by 1:500. The sec-
tions were subsequently incubated with the
corresponding secondary antibody for 1 h and
washed with PBS for three times. Images were
obtained by a Leica DM4000B/M microscope
(Leica Microsystems, USA). For HE staining, the
intestines samples for all cases were fixed in
4% formaldehyde solution (PH 7.0) for periods
not exceeding 24 h, then the tissues were
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say was performed as previ-
ously did [15]. In brief, cells on
the glass slide were fixed with
4% paraformaldehyde for 15-
20 min. After washing in PBS
with 0.2% Tween-20, blocked
with 5% FBS for at least 1 h,
the slides were incubated with
primary antibody against LC3
(Cell Signal Technology, USA)
at 37°C for 2 h. Thereafter,
incubated with the anti-rabbit
FITC-conjugated second anti-
body (Zhongshan, Jingiao, Beijing) for 1 h. Pho-
tos were taken with a microscope (Olympus,
BX53; Melville, NY, USA).

Western blot analysis

Total proteins were extracted by lysis buffer
containing of 1% PMSF and phosphatase inhib-
itor (Beyotime, Shanghai, China). Equal amount
of proteins were separated by SDS-PAGE gels,
transferred to the PVDF membrane, blocked
with 5% FBS at room temperature for 1 h on a
shaker. The membranes were incubated with
primary antibody over night at 4°C. IL-10, TNFc,
Gapdh and B-actin (Proteintech, Wuhan, Chi-
na) were diluted by 1:1000. LC3Il, P65, PI3K,
AKT, p-AKT (Cell Signal Technology, USA) were
diluted by 1:1500. The membranes were wa-
shed with TBST for three times, then incubated
in an HRP-conjugated anti-rabbit Igg (1:5000)
for 1 h at room temperature. Proteins were
visualized by ECL Western blotting substrate,
and the band intensity was assessed using
Image J.

Statistics

All of the data were graphed and analyzed by
Graphpad Prime 5.0 software. All the experi-
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Figure 2. NADH can activate autophagy, suppress inflammation and ROS. Autophagy is closely related to apoptosis.
After RT (4 Gy), cells were treated with O ug/ml, 100 ug/ml, 200 ug/ml NADH for 48 h. Immunofluorescence and
western blot showed that after NADH treated, the marker of autophagy, LC3Il (A and B) and Beclinl (B), were in-
creased. The expression of inflammation factor, IL-13, P65 and TNF«, were decreased (C). The expression of ROS,

an influencing factor of inflammation, also decreased compared to the NC group (O ug/ml) (D)

ments were repeated at least three times.
Differences between the groups were analyzed
using Student’s t-test. P values less than 0.05
were considered statistically significant.

Result

NADH did not result in significant toxicity on
cell viability

To test whether NADH result in significant toxic-
ity in IEC-6 cells, CCK8 assay was performed.
The IEC-6 cells were incubated with NADH at O,
100, 200, 300, 400, 500, 600, 700, 800 ug/
ml concentrations for 48 h. The result showed
that the cell viability was not affected at 1-500
ug/ml NADH (Supplementary Figure 1), so we
chose 100 and 200 ug/ml as stimulate dose.
All the experiments followed this dose.

NADH could inhibit apoptosis and reduce the
inflammation in IEC-6 cells

IEC-6 cells treated with or without NADH after
the 4 Gy RT were used to analyze the percent-
age of apotosis and inflammation. NADH could
inhibit the IEC-6 cell from apoptosis (Figure
1A). Western blot data showed that compared
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with the O ug/ml NADH cells, the anti-apoptosis
protein BCL2 in the 100 and 200 ug/ml groups
was more, the expression of pro-apoptotic
gene, Bax, was less (Figure 1B). At the same
time, the inflammation factors (IL-13, P65 and
TNFa) in the NADH treated groups also ap-
peared a corresponding decline in expression
(Figure 2C). All of them changed in a dose-
dependent manner.

NADH promotes autophagy by suppressing the
PIBK/AKT pathway

Western blot showed that NADH could inhibit
the cells from apoptosis, and it is well known
that autophagy is a self-degradation process,
which is closely related to apoptosis. The result
showed that in the group treated with NADH,
the expression of autophagy protein LC3lII
showed a significant increase (Figure 2A). The
immunofluorescence assay showed that in
the cells treated with RT and NADH, the expres-
sion of LC3Il, an important marker of autopha-
gy, was significantly increased in a dose-depen-
dent manner. Beclinel was also up-regulated
(Figure 2A and 2B). Moreover, we found that
NADH could active autophagy through sup-
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pressing the PI3BK/AKT pathway. PI3K/AKT sig-
naling pathway is a classical autophagic path-
way (Figure 3A). The pathway can inhibit the
activation of autophagy [13, 16]. To our sur-
prise, when we use 3-Methyladenine (3-MA) (an
inhibitor of autophagy) to stimulate the NADH
treated group, the autophagy was inhibited, the
cell apoptosis rate was also reduced, and at
the same time, the expression of inflammation
proteins, such as IL-13, TNFa, P65, were also
down-regulated (Figure 3B-H). Also the PI3K/
AKT pathway was suppressed. Recently, it has
been shown that autophagy has emerged as a
central regulator for maintaining the cell func-
tion through eliminating damaged mitochon-
dria, which leads to the inactivation of inflam-
mation [17]. Previous study has suggested that
ATP-induced mitochondria dysfunction lead to
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the production of ROS, and ROS is an activator
of inflammation [18]. In our study, we found
that in the RT+NADH treated group, the produc-
tion of ROS was less than the RT and
RT+NADH+3MA group (Supplementary Figure
2). Taken together, all of these results showed
that NADH could inhibit the inflammation acti-
vation through promoting the autophagy.

Animal assay showed that NADH could protect
against the radiation-induced intestinal injury

The animals were divide into 4 groups: mock,
NADH, RT, RT+NADH. After RT, NADH was oral-
ly administered to the NADH and NADH+RT
groups. On the 7" day, we examined the intesti-
nal injury by HE and immunohistochemistry, we
found that NADH could significantly protect

Am J Transl Res 2018;10(6):1713-1721
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os]
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Figure 4. Animal assay showed that the expression of autophagy and inflammation were negatively correlated. Ani-
mals were divided into 4 groups, 7 days after RT. (A) representative images of intestines of mice. (B) quantification
of weight gain rate of mice. We found that NADH could significantly suppress the intestinal congestion, edema and
the loss of weight (A and B). IHC showed that in the RT group, the inflammation factors were over expressed, and au-
tophagy were inhibited compared with the RT+NADH group (C). HE showed that NADH could protect the villi height.
Compared with the RT group, intestinal mucosal damage was less in the RT+NADH group (C). Data are represented

as mean = SD (N = 3). *P<0.05, student’s test.

the villi height and suppress the intestinal con-
gestion and edema (Figure 4A and 4C) in the
RT treated cells. To confirm the radioprotective
effect of NADH in vivo, the weight of all the ani-
mals were recorded. Among the 4 groups, ani-
mals in the RT group showed a serious reduc-
tion in weight, whereas, no obvious body weight
lose was observed in the other 3 groups (Figure
4B). Compared with the mock group, NADH
group had no significant systematic toxicity. In
the RT and RT+NADH group, NADH led to a
reduced expression of TNF-&, an increased
expression of autophagy protein LC3II (Figure
4C). At the same time, in the RT group, there
was a C57 mice died at the 5" day. These
results suggested that NADH is a protective
factor in radiation-induced injure.
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Discussion

Approximately 50% cancer patients receive
radiotherapy. Although advances in radiothera-
py have been made with the advancement of
science and technology, the radiation induced
damage to normal tissues is still a big issue
[19]. Early radiation-enteropathy occurs within
3 months of radiotherapy, which might influ-
ence not only the treatment outcomes, but also
the living quality of patients. As a result, the RT
treatment may be discontinued or has to be
changed [2]. For long-term survival of cancer
patients, delay the radiation toxicity of the
intestine is very necessary. In our study, we
found that NADH can inhibit the inflammation
activation through promoting the autophagy,

Am J Transl Res 2018;10(6):1713-1721
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which might be a big step forward for radio-
therapy.

Inflammation is a major cause of tissue dam-
age and cell death, and is closely linked to
oxidative stress. Inflammation eliminates the
body’s pathogens by releasing free radicals,
but excessive inflammation can impair normal
cells. Inflammatory reaction plays an important
role in radiation damage [20]. Inflammation
underlies a wide range of physiological and
pathological processes [21]. We found that,
in the RT treated cells, NADH could inhibit
the inflammation in a dose-dependent manner.
The generation of ROS is involved in inflam-
mation, proliferation and angiogenesis. It can
induce apoptosis, senescence [22].

Autophagy is an important mechanism to ma-
intain the homeostasis of cells. In recent years,
it has attracted wide attention. Autophagy is a
double-edged sword. Under physiological con-
ditions, it can balance the recycling of cell com-
ponents. But if it is over-activated, it will trigger
non-apoptotic programmed cell death, which is
called type Il programmed cell death [23]. In
our study, the apoptosis rate was down regu-
lated determined as the expression of pro-
apoptotic gene, BAX was down regulated and
the anti-apoptosis protein BCL2 was up regu-
lated. In our previous study, we found that
NADH could inhibit the expression of P53, BAX
in the LO2 cells undergoing X-ray irradiation. At
the same time, level of intracellular ROS de-
clined [24]. A study showed that X-11-5-27, a
daidzein derivative, could inhibit the inflamma-
some activity via promoting autophagy to block
the ROS generation. And the suppression of
the PISK/AKT signaling pathway was involved
in this process [25]. This means that inflamma-
tion is closely related to autophagy and the
activation of autophagy can suppresses the
inflammation. In our study, after the RT, cells
treated with NADH showed an increase expres-
sion of LC3, both in western blot and immuno-
fluorescence, and the same to Beclinel, which
suggested that NADH enhanced the autoph-
agy. moreover, in the NADH treated cells, the
expression of inflammatory factor, IL-13, TNF-«,
p65, were down-regulated and when we used
the autophagy inhibitor (for example, 3-MA) to
block this process, the expression of inflam-
matory factors and PISK/AKT signaling path-
way were suppressed. These results might be
explained by that the activation of autophagy
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suppressed the reaction of inflammation th-
rough the PIBK/AKT signaling pathway.

In this study, we found that NADH has a signi-
ficant protective effect on the intestines of ir-
radiated mice. It is well known that more than
10 Gy of radiation can cause serious endothe-
lial dysfunction and apoptosis, leading to acute
or advanced organ failure [26, 27]. To confirm
this effect, we evaluated the protective effect
of NADH on the intestines treated by 12 Gy of
radiation. In the four groups, there was no da-
mage in the NADH alone treated intestines,
obvious damage was observed in the RT group.
However, when we combined RT with NADH,
the damage had been reversed, demonstrating
that NADH had a significant protective effect
on the radiation-treated intestines. NADH can
produce its protective effects by multiple me-
chanisms, including preventing mitochondrial
alterations, enhance energy metabolism, pre-
venting all forms of cell death, including apop-
tosis and necrosis, inhibiting inflammation [14].

In conclusion, our study has shown that NADH
can effectively inhibit the generation of ROS
and inflammation through the activation of au-
tophagy in RT. Animal studies showed that the
NADH+RT treated animals exhibited better con-
ditions than the RT alone group. Intestinal in-
flammation of NADH+RT treated animals was
lighter than the control group, while the autoph-
agy was enhanced. At the same time, the sup-
pression of PI3BK/AKT signaling pathway was
involved in NADH induced autophagy. Our stud-
ies support that NADH would be served as a
promising radiotherapy protectant to improve
the treatment effect and safety, and provide
the preclinical rationale for future applications.
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cell viability
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Supplementary Figure 1. NADH did not result in significant toxicity on cell viability. CCK8 assay showed that after 48
h NADH treated, 0-500 ug/ml doses did not affect the cell viability level. Above 500 ug/ml, there was slight inhibi-
tory effect on the IEC-6 cells as the cell viability declined.
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Supplementary Figure 2. Autophagy is important to prevent the activation of ROS. Inhibited the autophagy in the
NADH group, the ROS increased. Data are represented as mean + SD (N = 3). *P<0.05, student’s test.



