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Abstract

While acute effects of toxic radiation doses on intestine are well established, we are yet to acquire
a complete spectrum of sub-lethal radiation-induced chronic intestinal perturbations at the
molecular level. We investigated persistent effects of a radiation dose (2 Gy) commonly used as a
daily fraction in radiotherapy on oxidants and anti-oxidants, and autophagy pathways, which are
interlinked processes affecting intestinal homeostasis. Six to eight weeks old C57BL/6J mice
(n=10) were exposed to 2 Gy y-ray. Mice were euthanized two or twelve months after radiation,
intestine surgically removed, and flushed using sterile PBS. Parts of the intestine from jejunal-ilial
region were fixed, frozen, or used for intestinal epithelial cell (IEC) isolation. While oxidant levels
and mitochondrial status were assessed in isolated IEC, autophagy and oxidative stress related
signaling pathways were probed in frozen and fixed samples using PCR-based expression arrays
and immunoprobing. Radiation exposure caused significant alterations in the expression level of
26 autophagy and 17 oxidative stress related genes. Immunoblot results showed decreased Beclinl
and LC3-11 and increased p62, PI3K/Akt, and mTOR. Flow cytometry data showed increased
oxidant production and compromised mitochondrial integrity in irradiated samples.
Immunoprobing of intestinal sections showed increased 8-0xo-dG and nuclear PCNA, and
decreased autophagosome marker LC3-I1 in IEC after irradiation. We show that sub-lethal
radiation could persistently downregulate anti-oxidants and autophagy signaling, and upregulate
oxidant production and proliferative signaling. Radiation-induced promotion of oxidative stress
and downregulation of autophagy could work in tandem to alter intestinal functions and have
implications for post-radiation chronic gastrointestinal diseases.
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1. Introduction

Autophagy is a complex catabolic process involved in removing and recycling damaged or
unwanted cellular constituents in autophagolysosomal vesicles to sustain energy supply
during nutritional stress. The mammalian target of rapamycin (mTOR), a member of the
phosphatidylinositol kinase-related kinase (PIKK) family and a nutrient sensor, is a major
regulator of autophagy [1]. Formation of the autophagosome, and its subsequent fusion with
lysosomal vesicle to form the autophagolysosome, is essential for autophagy and at least
thirty autophagy-related (Atg) genes have been identified and demonstrated to be involved
in different sub-types of autophagy [2,3]. However, the core autophagy pathway requires
seventeen genes and in mammalian cells the process is initiated when the mammalian
homolog of yeast Atgl complex comprising ULK1, ULK2, Atg13, Atg101 and FIP200 is
activated due to mTOR inhibition [1-3]. Major proteins involved in the elongation of the
autophagosome membrane are Vps34/PI3PII1 complex, Vpsl15, and Beclinl. Subsequently,
the Atg12-Atg5-Atgl6L protein complex joins the process and usher in maturation of the
autophagosome [1-4]. Elongation and maturation of autophagosomes also involve
mammalian orthologs of yeast Atg8 such as LC3, Gabarapll and Gabarapl2. Conversely,
Atg7, Atg4, and Atg3 are involved in activation of these proteins to generate their mature
forms. For LC3, it is initially converted to LC3-1 or LC3A and finally to LC3-I1 or LC3B
and similar to LC3, the GABARAP members are finally converted to their active forms of
GABARAPL1-Il and GABARAPL2-II. The activated LC3 and GABARAP family of
proteins on the autophagosome allow binding of adaptor proteins such as p62 and Nbr-1,
which in turn recruits ubiquitinated proteins for autophagolysosomal degradation [1-4].
Importantly, the autophagy pathway through its influence on cell death and proliferation,
oxidative stress and inflammation, and on immune responses is also involved in the
maintenance of cellular homeostasis in intestine, and dysregulation of autophagy has been
linked to altered intestinal functionality and development of diseases such as inflammatory
bowel diseases and cancer [1-5].

Maintenance of gastrointestinal (GI) homeostasis is essential for health and radiation
exposures have been shown to affect cellular functionality in the intestine, a rapidly
proliferating tissue. Radiation effects on intestine are dependent on radiation dose, and
duration of exposure. Radiation exposure to intestine has been reported to cause a myriad of
short- and long-term ailments due to perturbation of intestinal cell functions [6-8]. While
higher doses of radiation exposure invariably leads to cell death-associated normal tissue
complications, lower sub-lethal doses of radiation exposure cause most of the alterations at
the molecular level and cells survive with damage leading to long-term heath risks [9].
Furthermore, epidemiological studies in atomic bomb survivors and nuclear workers, most
of whom were exposed to sub-lethal doses of <1 Gy, have demonstrated that radiation is a
long-term risk factor for non-cancer diseases as well as solid cancers [10-13]. Furthermore,
radiation exposure has been intimately linked to increased reactive oxygen species (ROS)
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production and persistent oxidative stress in cells, and oxidative stress has been reported to
activate the pro-growth PI3K/Akt pathway, which in turn is known to activate mTOR
[14,15]. On the other hand oxidative stress and autophagy are in a co-dependent but inverse
relationship where decreased autophagic activity increases oxidative stress and increased
oxidative stress in turn is known to downregulate the autophagy pathway [16-18]. Notably,
most of the radiation exposure studies on autophagy are in relation to cancer therapy, and
effects of a sub-lethal radiation dose on autophagy has not been explored [19-24]. Here we
demonstrated that radiation exposure led to persistently increased oxidant production and
decreased anti-oxidant gene expression leading to oxidative stress and activation of
proliferative PI3K/Akt and mTOR signaling. When considered along with our results
showing radiation-induced downregulation of autophagy pathway associated factors at the
MRNA as well as at the protein level, our observations have implications for radiation-
induced persistent alterations of intestinal functions.

2. Methods and materials

2.1. Mice

Six to eight weeks old female C57BL/6J mice were purchased from Jackson Laboratories
(Bar Harbor, ME) and housed at Georgetown University's research animal facility, which is
an Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC) accredited facility. Mice were housed in autoclaved cages and bedding
materials in a separate room with 12 h dark and light cycle maintained at 22 °C in 50%
humidity. All animals were provided certified rodent diet with filtered water ad libitum and
CO», asphyxiation was used for euthanasia as per animal care facility guideline. Post-
irradiation, any mouse showing signs of declining health assessed using approved criteria
such as hunched posture, ruffled fur, diarrhea, and reduced activity was euthanized by CO»
asphyxiation and was excluded from the specific study group. All animal procedures used in
the study were performed in accordance with a protocol approved by the Institutional
Animal Care and Use Committee and we followed Guide for the Care and Use of
Laboratory Animals by the Institute of Laboratory Animal Resources, National Research
Council, and U.S. National Academy of Sciences for our research.

2.2 Irradiation

We used a 137Cs source to expose the mice (n = 10 per group) to a sub-lethal whole-body vy
radiation dose of 2 Gy (dose rate 0.7 Gy/min). For this study, the radiation dose of 2 Gy was
chosen due to the fact that it is a common daily fraction used in radiotherapy to deliver
planned total radiation dose to cancer patients. Additionally, we have used the 2 Gy dose to
correlate the current and earlier [25] radiation related persistent effect studies in intestinal
cells to radiation-induced colorectal carcinogenesis studies in mouse models [26]. Post-
irradiation mice were returned to their home cages and monitored regularly. Irradiation
experiments were repeated three times and mice were euthanized two months after each
exposure. In all experiments the control mice were sham-irradiated.
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2.3 Tissue harvesting and intestinal epithelial cell (IEC) isolation

Mice were euthanized as per approved protocol and small intestine was surgically removed
two or twelve months after radiation exposure. For our previous radiation-induced persistent
effect studies in different tissues [25,27-29] we choose two and twelve months time points
and the same time points were used in the current study. Intestinal lumen was flushed with
phosphate buffered saline (PBS) at room temperature, and the jejunal-ileal region was used
for intestinal epithelial cell (IEC) isolation, tissue fixation, or freezing. IEC was isolated,
characterized, and viability assessed according to a protocol described previously [25].
Isolated cells were used for flow cytometry experiments and samples from six mice in each
group were processed in triplicate for each experiment. For immunohistochemistry and
immunoflurescence, 3 cm of intestinal tissue was fixed in 10% buffered formalin, paraffin
embedded, and 4 um sections were made. Tissues were also snap-frozen in liquid nitrogen
and stored at -80 °C either for RNA isolation or for immunoblot analysis.

2.4. RNA isolation and quantitative real time PCR (qRT-PCR) using PCR array

For RNA extraction, we used pooled samples of five mice from each experimental group.
Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA) and RNeasy column
according to the manufacturer's instructions (Qiagen, Germantown, MD) from flash frozen
intestine. RNA concentration and quality was determined using a Bioanalyzer (Agilent
Technologies, Palo Alto, CA) and stored in aliquots at -80 °C for further analysis. Mouse
autophagy (PAMM-084Z) and oxidative stress (PAMM-065Z) RT? Profiler PCR Array was
obtained from SA Biosciences (Frederick, MD) and intestinal RNA samples were assayed
by gRT-PCR according to manufacturer's instructions. Briefly, RT2 First Strand Kit (SA
Biosciences) was used to reverse-transcribe RNA into cDNA and RTZ real time SYBR green
PCR master mix was used for gRT-PCR in an iCycler (Bio-Rad, Hercules, CA) following a
protocol provided by the manufacturer (SA Biosciences). The PCR array probes expression
of 84 genes in each of the autophagy and oxidative stress arrays and relative changes in gene
expression were calculated using B-actin as an endogenous control following the
comparative Ct (AACt) method using web-based tools provided by the manufacturer (SA
Biosciences). Results were expressed relative to sham-irradiated control samples.

2.5. Intracellular ROS measurements

Intracellular ROS level was measured in IEC as per protocol described previously using the
fluorescent probe 2'-7'-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen,
Carlsbad, CA) [25,30].

2.6. Mitochondrial superoxide assay

Mitochondrial superoxide level was measured in IEC using a mitochondrial superoxide
specific fluorescent probe, MitoSOX red (Invitrogen), as per manufacturer's instructions and
described previously [25].

2.7. Mitochondrial membrane potential (MMP) analysis

Changes in MMP were measured in IEC using Rhodamine 123 as per protocol described
previously [25,31].
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2.8. Immunohistochemistry in intestinal sections

Staining for 8-o0xo0-dG was performed using a primary antibody from Trevigen
(Gaithersburg, MD; dilution-1:200) according to a protocol described previously [25]. For
proliferating cell nuclear antigen (PCNA) staining, sections were depraffinized, antigen
retrieved in pH 6.0 citrate buffer (Dako, Carpinteria, CA), and endogenous peroxidase
quenched. Sections were incubated in blocking buffer (0.1% bovine serum albumin in PBS)
before exposing to PCNA antibody (sc7907; Santa Cruz Biotechnology, Dallas, TX;
dilution-1:100). SuperPicture™ 3rd Gen IHC detection kit (87-9673; Invitrogen) was used
for signal detection and color development. All the IHC slides were mounted and visualized
under a bright field microscope and images were captured at microscopic magnification (8-
0x0-dG at 40X and PCNA at 20X microscopic magnification). For immunofluorescence of
LC3-11, following the blocking step described for PCNA, tissue sections were incubated
overnight with anti-LC3-11 antibody (PA1-33197, Thermo Scientific, Pittsburgh, PA;
dilution 1:100) at 4 °C. After necessary washing steps sections were incubated with
AlexaFluor488-conjugated goat-anti-rabbit antibody (A-1 1034, Life Technologies, Grand
Island, NY) for 1 h in dark at room temperature. Samples were washed and mounted using
DAPI containing VECTASHIELD mounting medium (H-1200, Vector Laboratories,
Burlingame, CA). Sections were visualized and images captured at 20X magnification using
an Olympus BX61 DSU fluorescent microscope and images were analyzed using SlideBook
v5.0 software (Intelligent Imaging Innovations, Inc, Denver, CO). To determine specificity
of the staining, appropriate controls were run in parallel with the experimental sections.

2.9. Immunoblot analysis

Intestinal tissues from five mice were pooled and subjected to immunaoblot analysis
according to a protocol described previously [28] and repeated in three sets of experimental
samples. Briefly, tissues were homogenized in ice-cold extraction buffer (0.5% sodium
deoxycholate, 0.5% NP-40, 10 mM EDTA in phosphate-buffered saline containing protease
inhibitor cocktail obtained from Sigma-Aldrich, St. Louis, MO). Supernatants from the
homogenates were collected by centrifugation, proteins were resolved by SDS-PAGE,
transferred onto polyvinylidene fluoride membrane, and incubated with appropriate primary
antibody for LC3-I1 (PA1-33197, Thermo Scientific, Pittsburgh, PA; dilution-1:1000),
Beclin 1 (sc11427, Santa Cruz Biotechnology; dilution-1:400), p62 (5114s, Cell Signaling
Technology, Danvers, MA,; dilution-1:500), p85 (4292s, Cell Signaling Technology;
dilution-1:500), mTOR (PA5-17780, Thermo Scientific; dilution-1:1000), phospho-mTOR
(2971s, Cell Signaling Technology; dilution-1:500), Akt (sc8312; Santa Cruz
Biotechnology; dilution-1:400,), and phospho-Akt (9277s; Cell Signaling Technology;
dilution-1:500,), B-actin (sc4778, Santa Cruz Biotechnology; dilution-1:2500). Immunoblot
membranes were developed with horseraddish peroxidase conjugated secondary antibody
and enhanced chemiluminescence detection system. Images were captured on photographic
films and scanned, and representative results are displayed. Densitometric quantification of
the immunoblots was performed by normalizing to B-actin band intensity using ImageJ
v1.46r (National Institutes of Health, Bethesda, MD).
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2.10. Data analysis and statistics

3. Results

Immunohistochemistry images were analyzed using color deconvolution and/or Image-
based Tool for Counting Nuclei (ITCN) plug-ins of ImageJ v1.46r software by two
observers blinded to treatment groups as per protocol described earlier [25,32,33]. We used
five random image frames from each section for analysis and mean data from six mice in
each group are presented graphically and a representative image from one animal of each
group is shown in the results. We used WinMDI v2.9 to analyze flow cytometry data and
average percent change of mean fluorescence from triplicate samples of six mice are
presented in bar graphs. A representative histogram comparing sham-irradiated (black) to
irradiated (red) samples is shown in the results. Two independent viewer blinded to the
experimental groups counted LC3-11 staining by observation in 24 random image frames (4
frames per section; n= 6 per group) captured at 20X magnification and results are expressed
as average number of positive cells per 20X field and a representative image (20X
magnification) from one animal of each group of one experiment is shown in the results.
Statistical significance between the two groups was determined using a two-tailed paired
student's t test and p<0.05 was taken as statistically significant. Error bars represent +
standard error of the mean (SEM).

3.1. Increased oxidant production and compromised mitochondrial status accompanied
decreased anti-oxidant gene expression after radiation exposure

3.2. lonizing

Earlier we reported that 2 Gy irradiation of mice (same strain, gender, and age) used in this
study was associated with oxidative stress in intestinal cells even twelve months after
exposure [25]. In the current study, significantly increased level of ROS was observed in
intestinal epithelial cells two months after exposure to 2 Gy vy radiation relative to controls
(Figure 1A and B; p<0.007). Concurrently, we also observed increased mitochondrial
superoxide (Figure 1C and D; p<0.001) and decreased mitochondrial membrane potential
(Figure 1E and F; p<0.005) two months after radiation exposure relative to controls.
Quantitative PCR analysis of oxidative stress related gene expression showed significant
(determined using a fold change cutoff of 1.25 and a p-value of <0.05) alterations of 17
genes (Table 1). While expression of only one anti-oxidant gene (Gpx2) was upregulated,
expression of a total of 14 anti-oxidant genes were downregulated (Gpx1, Gpx3, Gpx8,
Prdx1, Prdx2, Prdx3, Prdx4, Prdx6, Sodl, Sod2, Sod3, Txnrd3, Cat, and Gstk1) in intestine
two months after radiation exposure. In contrast, expression of two oxidant production
related genes was perturbed. While expression of Nox4 was downregulated, expression of
Nos2 was significantly increased in irradiated samples (Table 1).

radiation downregulated autophagy-associated gene expression in intestine

PCR array results showed significant (determined using a fold change cutoff of 1.25 and a p-
value of <0.05) perturbation of 10 autophagy pathway specific (Figure 2A) as well as 16
autophagy regulatory genes (Figure 2B) in two-month post-irradiation samples. Among the
autophagy specific genes, Gabarapll, Gabarapl2, Mapllc3a, and Map1lc3b involved in
elongation and closer of autophagosomes were significantly downregulated. On the
contrary, expression of six autophagy pathway specific genes (Atg1611, Atg1612, Atg7,
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Dapkl, Atgl10, and Ctsb) were significantly upregulated. Additionally, we also observed
downregulation of five (Eif2ak3, Pik3r4, Irgm, Snca, and Fas) and upregulation of eleven
(Cdkn2a, Fam176a, Hgs, Hsp90aal, Hspa8, Ifna2, Ifna4, 1fng, Ins2, Esrl, and Tgm2) genes,
which are known to influence the autophagy pathway.

3.3. Radiation exposure decreased autophagy pathway specific proteins, and activated
pro-growth pathways

In immunoblot analysis of two-month post-irradiation intestinal samples, levels of
autophagosome forming LC3-I1 (p<0.001) and Beclinl (p<0.003) were decreased (Figure 3A
and B). However, p62, an autophagy scaffolding protein was significantly (p<0.004)
increased in irradiated samples (Figure 3A and B). Additionally, we also observed
significantly increased p85a (p<0.0005), a regulatory subunit of PI3K, in the irradiated
samples (Figure 3A and B). Levels of Akt (p<0.01), phospho-Akt (p<0.004) and its
downstream target mTOR (p<0.002) and its active form phospho-mTOR (p<0.0001) were
significantly increased in intestine two months after radiation exposure (Figure 3A and B).
Significantly decreased LC3-11 (p<0.0004), and increased p62 (p<0.0003), mTOR (p<0.01),
and phospho-mTOR (p<0.00003) was also observed in twelve-month post-irradiation
samples (Figure 4A and B). We immunostained intestinal sections for LC3-11, a protein
known to be associated with autophagosome membrane, and observed decreased staining in
both the two- (Figure 4C and D) and twelve-month (Figure 4E and F) post-irradiation
samples relative to sham-irradiated controls.

3.4. Radiation caused increased oxidative DNA damage and cell proliferation in intestine

Cellular consequence of increased oxidative stress was assessed using 8-0xo0-dG staining.
We show that two months after irradiation there was significantly greater 8-oxo-dG staining
in the intestinal crypts relative to sham-irradiated control (Figure 5A and B; p<0.01).
Furthermore, we also observed significantly increased number of intestinal epithelial cells
stained positive for PCNA in irradiated samples relative to controls (Figure 5C and D;
p<0.04).

4. Discussion

Exposure to ionizing radiation, still a major modality for cancer treatment, has been
demonstrated to have long-term side effects in exposed normal tissues including intestine.
Effective use of radiation is playing its role in increasing cancer therapy success rate and
consequently, there is increased number of cancer survivors who could potentially develop
chronic enteropathies or even a second cancer in the colorectal region especially after pelvic
irradiation [34]. Although the dose (2 Gy) used in the current study is one fraction of a total
radiation dose delivered in planned fractionated radiotherapies, it has allowed us to discern
underlying molecular events that we believe could play a role in the long-term sequela of
radiation exposures in normal intestine and is not reported previously. We show that
radiation exposure caused decreased expression of autophagy and anti-oxidant genes.
Additionally, increased intracellular ROS production was associated with decreased levels
of key autophagy proteins and activation of proliferative pathways.
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Autophagy, which is a self-cannibalistic process and provides energy during stress, is widely
studied for its roles in normal development and homeostasis as well as in pathological states
such as inflammatory bowel disease, neurodegeneration, and cancer [3]. However,
autophagy in relation to radiation has mostly been studied for radiosensitization of cancer
cells [19-24]. Notably, these studies, which commonly involved short-term cell culture
system dissecting molecular pathways involved in radiation-induced autophagy activation
and cancer cell survival, aimed to develop strategies to inhibit autophagy and thus sensitize
cancer cell to therapy [19-24,35]. While autophagy activation provides an alternate energy
source to cell for survival and may contribute to promotion and progression of established
cancers, its downregulation in normal cells has been implicated in functional alterations and
cancer initiation [24]. The autophagosome is formed de novo and is a complex process
involving multiple steps of vesicle induction, nucleation, elongation, and finally closure [2].
The Mapllc3a and Mapllc3b along with Mapllc3c are the three isoforms of Mapllc3
(microtubule-associated protein light chain 3), which is the yeast Atg8 ortholog. The
Map1llc3 or commonly termed LC3 undergoes extensive post-translational modification
including protease cleavage by Atg4 enzyme leading to formation of LC3-I and then
phospholipidated by Atg7 and Atg3 to LC3-11, which is required for elongation of
autophagosome membrane. While LC3-1 is cytosolic, LC3-I1 is associated with
autophagosome membrane and its level denotes number of autophagosome in cell [36].
Furthermore, the Gabarapll and Gabarapl2, essential for autophagosome vesicles closure,
are also activated by the Atg4 to Gabarapl1-1 and Gabarapl2-I and phospholipidated by Atg7
and Atg3 to form autophagosome closure elements Gabarapl1-11 and Gabarapl2-II.
Radiation exposure associated decreased expression of four important autophagy specific
genes (Gabarapll, Gabarapl2, Mapllc3a, and Mapllc3b) we believe, will reduce overall
autophagy activity in intestinal cells. Decreased expressions of Mapllc3 were further
supported by decreased LC3-11 in immunoblots demonstrating that decreased levels of active
form, in spite of increased/unaltered expression of activating proteins, was due to
transcriptional downregulation and reduced availability of LC3. Importantly, Beclinl as well
as Pik3r4, which are components of the class 111 PI3K complex and are involved in the
nucleation phase of the autophagy [37], are significantly decreased after radiation exposure.
Although expression of a number of genes (Dapk1, Cdkn2a, Fam176a, Hgs, Hsp90aal,
Hspa8, Ifna2, Ifna4, and I1fng) implicated in triggering autophagy in response to different
stimuli [38-42] were upregulated, our results show that exposure to a sub-lethal dose of
radiation led to long-term downregulation of the core components involved in the three
critical autophagy steps of nucleation, elongation, and closure of autophagosomes. Our
results further show that radiation-induced perturbation of the autophagy specific factors
could act in tandem with downregulated autophagy regulating factors such as Eif2ak3,
Irgm1, Snca, and Fas to produce an inhibitory effect on autophagic processes. Indeed,
accumulation of p62, which is an adaptor protein facilitating recruitment of ubiquitinated
proteins to autophagosome via its interaction with LC3 and Gabarap family of proteins and
is degraded during autophagic process [43], further argues in favor of autophagy
downregulation after radiation exposure. Considering that Eif2ak3 and Irgm1 respectively
are required for endoplasmic reticulum (ER) [44], and bacterial pathogen [45] mediated
stress-induced autophagy activation, decreased expression of these factors will cause a
faulty autophagic response to ER stress and immune challenges and increased vulnerability
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of intestinal cells to functional deregulation and pathologic infection. On the contrary,
increased level of Snca [46] as well as ligand-mediated activation of Fas [47] is known to
activate autophagy and downregulation of both the factors observed in our study further
supports long-term downregulatory effects of sub-lethal radiation exposure on autophagy.
Although we noted upregulation of a number of genes (Ctsb, Atg10, Ins2, Esrl, and Tgm2)
linked to autophagy, they play mostly regulatory roles in autophagosome formation. On the
contrary, upregulation of these genes have been reported to promote inflammation, oxidative
stress, insulin resistance, and proliferation with adverse cellular consequences [48-53].
Taken together we have shown that although the activators/regulators such as Atg7, Atg10,
Atgl611, and Atgl6I2 of key autophagy molecules are upregulated, the key molecules
themselves involved in initiation (Beclin 1), elongation (LC3-11, and closure (Gabarapll and
Gabarapl?2) of the autophagosome membrane were downregulated suggesting potential
implications for autophagy inhibition. When combined with immunofluorescence evidence
of decreased LC3-11 widely used as a marker for autophagosome number, our results
strongly suggest that exposure to a sub-lethal radiation dose persistently downregulated
autophagy with implications for chronic cellular functional deregulation and transformation.

Oxidative stress, which could be due to increased oxidant production, decreased antioxidant
activity, or a combination of both, has been linked to radiation as well as autophagy.
Radiation is known to impart its damaging effects directly by depositing energy into the
traversed biomolecules or indirectly by oxidant production especially ROS. While radiation
at higher doses causes cell death in part by producing lethal levels of ROS, at lower doses it
causes sub-lethal oxidative stress, DNA damage, and activation of proliferative signaling
pathway thus allowing damaged cells to proliferate with increasing transformation potential
[25]. Persistent oxidative stress after radiation exposure observed in the current study is
consistent with others as well as our earlier studies [25,54] and was due to increased ROS
production as a results of compromised mitochondrial function, as well as due to
transcriptional downregulation of important antioxidant genes including a number of Gpx
and Prdx isoforms. Considering that histological examination of intestinal sections did not
show differences in inflammatory cell number between control and irradiated samples and
isolated epithelial cells were typified (data not shown) [55,56], our results are suggestive of
epithelial cell dysregulation and oxidative stress and is in agreement with our earlier twelve
month post-radiation results [25]. Importantly, there was increased Nos2 (inducible nitric
oxide synthase or iNos) expression, which could in combination with ROS promote reactive
nitrogen species (RNS) generation and more oxidative stress. Apart from its effects on
furthering oxidative stress, increased expression of Nos2 via increased NO production has
also been reported to adversely affect autophagosome formation [57]. Additionally,
oxidative stress is known to downregulate autophagy and reduced autophagy is in turn
known to promote cellular stress not only due to increased accumulation of damaged and
aggregated proteins but also due to decreased removal of damaged mitochondria
(mitophagy) [36]. Taken together, our results of decreased autophagy and increased
oxidative stress lead us to propose that radiation exposure is propelling cells into a cycle of
persistent dysregulated homeostasis (Figure 6). Our belief of radiation-induced cyclical
deregulation is further strengthened by the fact that there is increased PI3K/Akt signaling
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invariably linked to increased ROS production as well as Akt-mediated activation of mTOR,
which is known to downregulate autophagy (Figure 6).

The prevailing linear no-threshold (LNT) model and the seventh Biological Effects of
lonizing Radiation (BEIR VII) report proposed that no radiation dose is safe and that
irrespective of dose, radiation exposure has short as well as long-term cellular consequences
[58], and fundamental understanding of molecular events will support developing preventive
and therapeutic strategies against adverse long-term sequel of radiation exposure. While the
current study focused on long-term effects of radiation on small intestine and investigating
persistent radiation effects on colonic and other tissues remains a future goal, we believe that
our results have relevance to radiation associated chronic GI tract ailments. To our
knowledge this is the first report on long-term effects of a sub-lethal dose of radiation on
oxidative stress in relation to autophagy, which is considered a major mechanism involved
in maintaining intestinal homeostasis. The current study showed that radiation exposure is
initiating a chronic chain of events starting with oxidative stress leading to PI3K/Akt and
mTOR activation, downregulation of autophagy pathway, and further promotion of
oxidative stress and has implications for chronic intestinal pathologies such as inflammatory
bowel diseases, chronic enteritis, and cancer (Figure 6).
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Figure 1.

Increased oxidative stress in intestinal epithelial cells after radiation exposure. A) Flow
cytometry histogram showing intracellular reactive oxygen species (ROS) measurement in
IEC of control (black) and irradiated (red) mice. B) Quantification of ROS presented as
percent change in mean fluorescence relative to control. C) Flow cytometry histogram
showing mitochondrial superoxide measurement in IEC of control (black) and irradiated
(red) mice. D) Quantification of mitochondrial superoxide presented as percent change in
mean fluorescence relative to control. E) Flow cytometry histogram showing mitochondrial
membrane potential measurement in control (black) and irradiated (red) cells. F)
Quantification of mitochondrial membrane potential presented as percent change in mean
fluorescence relative to control. *denotes p<0.05.
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Figure 2.

Radiation exposure altered expression of genes associated with autophagy in mouse
intestine. A) Fold change in the expression of autophagy pathway specific genes. B) Fold
change in the expression of autophagy regulatory genes.
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Figure 3.
Decreased autophagy increased proliferative markers two months after radiation exposure.

A) Immunoblots showing alteration in autophagy and proliferative signaling pathway
molecules. B) Quantification of immunoblot band intensities normalized to B-actin band
intensity. *denotes p<0.05.
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Figure 4.
Decreased autophagy increased proliferative markers twelve months after radiation

exposure. A) Immunoblots showing alteration in autophagy and proliferative signaling
pathway molecules. B) Quantification of immunoblot band intensities normalized to B-actin
band intensity. C) Representative images of intestinal sections from control and two-month
post-irradiation mice showing LC3-11 immunofluorescence staining. D) Quantification of
control and two-month post-irradiation LC3-11 staining presented as pixel units per 20X
field. E) Representative images of intestinal sections from control and twelve-month post-
irradiation mice showing LC3-Il1 immunofluorescence staining. F) Quantification of control
and twelve-month post-irradiation LC3-11 staining presented as pixel units per 20X field.
*denotes p<0.05.
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Figure 5.

Grgeater oxidative DNA damage and higher cell proliferation was observed in irradiated
mice. A) Representative images of intestinal sections from control and irradiated mice
showing 8-0xo0-dG staining. B) Quantification of 8-0x0-dG staining presented as pixel units
per 40X field. C) Representative images of intestinal sections from control and irradiated
mice showing PCNA staining. B) Quantification of PCNA staining presented as pixel units
per 20X field. *denotes p<0.05.
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Figure 6.
Schematic overview of radiation-induced persistent effects on autophagy. Radiation caused

oxidative stress leading to downregulation of autophagy and downregulated autophagy
could in turn further promote oxidative stress. Additionally, activation of proliferative
pathways such as PI3K/Akt and mTOR is expected to induce proliferation of cells damaged
by oxidative stress leading transformation and functional alterations.
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Table 1
Expression of oxidant and anti-oxidant related genes in mouse intestine two months after
radiation exposure

Gene symbol  Gene name Gene function Fold change +SD

Gpx1 Glutathione peroxidase 1 Detoxify hydrogen peroxide. 14.94+0.15

Gpx2 Glutathione peroxidase 2 Detoxify hydrogen peroxide. Gastrointestinal specific isoform. 11.25+0.06

Gpx3 Glutathione peroxidase 3 Detoxify hydrogen peroxide. Extracellular or plasma isoform. 12.38+0.25

Gpx8 Glutathione peroxidase 8 Detoxify hydrogen peroxide. 13.38+0.48

Prdx1 Peroxiredoxin 1 Removes hydrogen peroxide and alkyl hydroperoxides. 13.16+0.23

Prdx2 Peroxiredoxin 2 Removes hydrogen peroxide and alkyl hydroperoxides. 16.02+0.16

Prdx3 Peroxiredoxin 3 Removes hydrogen peroxide and alkyl hydroperoxides. Present in 16.39+0.14
mitochondria.

Prdx4 Peroxiredoxin 4 Removes hydrogen peroxide and alkyl hydroperoxides. Present in 13.67+0.26
cytoplasm.

Prdx6 Peroxiredoxin 6 Removes hydrogen peroxide and alkyl hydroperoxides. 11.60+0.20

Sod1 superoxide dismutase 1 Neutralizes superoxide radicals. Present in cytoplasm. 18.93+0.12

Sod2 superoxide dismutase 2 Neutralizes superoxide radicals. Mitochondria specific enzyme. 15.15+0.29

Sod3 superoxide dismutase 3, Neutralizes superoxide radicals 11.86+0.41

extracellular

Txnrd3 thioredoxin reductase 3 Reduces thioredoxin 14.26+£0.34

Cat Catalase Converts hydrogen peroxide to water and oxygen 16.63+0.14

Gstkl glutathione S-transferase kappa 1 Removes hydrophobic toxic compounds by conjugating them to 13.53+0.22
glutathione

Nos2 nitric oxide synthase 2, inducible Increased nitric oxide production 11.27+£0.3

Nox4 NADPH oxidase 4 Functions as a catalytic subunit of the NADPH oxidase enzyme 12.18+0.21

complex and present in non-phagocytic cells.
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