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ARTICLE INFO ABSTRACT

Background: Since its discovery in the late 19t century, radiotherapy has been one of the most important medical
treatments in oncology. Recently, fasting or short-term starvation (STS) in cancer patients undergoing chemo-
therapy has been studied to determine its potential for enhancing the therapeutic index and for preventing side-
effects, but no data are available in the radiotherapy setting. We thus decided to investigate the effects in vitro of
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DNA damage Methods: Cells were incubated in short-term starvation medium (STS medium, 0-5 g/L glucose + 1% FBS) or in

control medium (CM medium, 1 g/L glucose + 10 % FBS) for 24 h and then treated with single high-dose ra-
diation. A plexiglass custom-built phantom was used to irradiate cells. DNA damage was evaluated using alkaline
comet assay and theCometAnalyser software. The cell surviving fraction was assessed by clonogenic assay.
Finding: STS followed by single high-dose radiation significantly increased DNA damage in metastatic cancer cell
lines but not in normal cells. Furthermore, STS reduced the surviving fraction of irradiated tumor cells, indicating
a good radio-sensitizing effect on metastatic cell lines. This effect was not observed in non-tumor cells.
Interpretation: Our results suggest that STS may alter cellular processes, enhancing the efficacy of radiotherapy in

metastatic cancer cellsin vitro. Interestingly, STS has radioprotective effect on the survival of healthy cells.

1. Introduction

Radiotherapy (RT) is one of the major medical treatments in
oncology, used in both adjuvant and palliative care settings, and con-
tributes to improve patient overall survival. In recent years, great efforts
have been made to improve RT. There has been substantial progress in
several areas such as dose delivery, prescription and distribution, and
also in the development of new technologies for image guidance [1].

The use of high-dose single fraction therapy for the control of local
disease and metastases has obtained increasingly impressive results.
Several studies using single-dose or up to three large fractions of
radiotherapy have been performed for lung, kidney, pancreatic cancer,
liver, brain, and spine metastases, demonstrating improved disease
control [2-4]. However, the identification of strategies to selectively
increase tumor cell radio-sensitivity and normal cell radio-resistance is

needed to further improve RT outcome.

Preclinical studies have shown that fasting and calorie restriction in
combination with chemotherapy could have potential for clinical
development. There is also evidence to suggest that this combination
could enhance therapeutic index and lessen the side-effects of chemo-
therapy [5]. Moreover, several authors have reported that nutrient
modulation through diet, fasting or short-term starvation (STS) can
selectively protect normal cells in mice [6,7] and, potentially, in patients
from chemotoxicity, without reducing the therapeutic outcome on
cancer cells [2,8,9]. This phenomenon was first described by Sadfie et al.
[10] as differential stress resistance (DSR) and is based on the hypothesis
that normal cells change their metabolic state during STS, redistributing
cellular energy from a reproduction/growth program to one of pro-
tection/maintenance. Conversely, cancer cells characterized by a
constitutive activation of proliferative pathways caused by mutations in
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oncogenes and tumor suppressor genes, are unresponsive to DSR [11,
12].

In addition to the extraordinary advances made in the field of
oncology, researchers have recently elucidated the biochemical bases
and metabolic pathways of some hallmarks of cancer, including sus-
tained proliferation signaling, growth suppressor evasion, and cell death
resistance [13]. It is known that cancer-altered metabolism boosts the
adoption of compensatory pathways to generate energy in malignant
cells. Furthermore, cancer cells are characterized by mutations in on-
cogenes such as IGF-1 receptor (IGF-1R), GTP proteins RAS/RAF,
mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-ki-
nase (PI3K), and c-Myc transcription factor, all of which coordinate
cell progression and proliferation independently, or almost indepen-
dently, of external growth factors [2,14-16]. They also show insensi-
tivity to inhibitory signals due to loss-of-function mutations in tumor
suppressor genes, e.g. p53, p21 and PTEN [17].

The loss-of-function or mutations in genes involved in DNA repair
appear to be associated with variations in sensitivity to radiation ther-
apy. In particular, the dysregulation of cell cycle arrest is a key event in
radiation response. G1/S and G2/M checkpoints are activated to allow
DNA repair and impairments of this mechanism cause an accumulation
of DNA damage. Consequently, the modulation of cell cycle kinetics
induced by diets or food intake in both normal and cancer cells may lead
to divergent DNA repair and a different response to RT [18]. In addition,
factors other than diet may affect cancer cell metabolism. It is worthy of
note that the rate of glycolysis is enhanced under hypoxic conditions,
resulting in increased lactate levels. The expression of hypoxia-inducible
transcription factors 1a (HIF-1a) and 2a (HIF-2a), cause the upregula-
tion of glucose transporters and glycolytic enzymes, promote the
expression of stem cell gene, and influence tumor radiosensitivity [19,
20]. We therefore hypothesized that short-term starvation could be a
useful adjuvant for radiotherapy treatment.

In the present work we evaluated the potential of short-term star-
vation (STS) combined with RT to increase the efficacy of radiation
treatment in metastatic cancer cells, whilst also protecting normal cells.
We focused on high-dose single-fraction radiotherapy and used cell lines
derived from prostate cancer spinal lesions and from pancreatic cancer
liver metastases. High-dose radiation for spinal metastases and pancre-
atic tumors delivered in a small number of fractions over 5-10 days
could be an ideal setting to combine with starvation or fasting, making a
24 -h fasting more tolerable for the patient than conventional fraction-
ation regimens, characterized by daily radiotherapy sessions.

2. Material and methods
2.1. Cell lines

MRC-5 (normal fibroblast lung cell line; RRID:CVCL_0440), VCaP
(prostate cancer cell derived from vertebral metastasis; RRID:
CVCL_2235), CFPAC-1 (pancreatic cancer cell derived from liver
metastasis; RRID:CVCL_1119), HUVEC (human umbilical vein endo-
thelial cells) and THP-1 (RRID:CVCL_0006) were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). MRC-5,
VCaP, CFPAC-1 and HUVEC were maintained in DMEM (glucose 1 g/
L) (Euroclone, Milan, Italy) supplemented with 10 % fetal bovine serum
(Euroclone, Milan, Italy) and 1% t-glutamine (Euroclone, Milan, Italy) at
37 °C in 4% 02 under hypoxic conditions. For experiments, HUVEC
were used within 24 h after reaching confluence, between passages 3
and 10. THP-1 were maintained in RPMI-1640 medium supplemented
with 10 % heat-inactivated fetal bovine serum (Euroclone, Milan, Italy),
1% t-glutamine (Euroclone, Milan, Italy) 100 U/mL penicillin (Thermo
Fisher Scientific, Italy) and 100 pg/mL streptomycin (Thermo Fisher
Scientific, Italy). The culture was maintained at 37 °C in a humidified
atmosphere containing 5% CO2.
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2.2. Treatments

STS treatments. Glucose restriction was performed by maintaining
cells in Gibco glucose-free DMEM (Thermo Fisher Scientific, Italy)
supplemented with either low glucose (0-5 g/L) and 1% fetal bovine
serum for 24 h [12].

Radiation exposure. Monolayer cell cultures in 96-well plates or in
flasks were inserted into a custom built plexiglass phantom and irradi-
ated using the linear acceleration Elekta Synergy Platform system, as
previously described [21]. Cell lines were maintained in STS medium for
24 h and were then irradiated. The delivery dose used was 5 Gy for the
normal fibroblast lung cell line, 8 Gy for VCAP, and 10 Gy for CFPAC-1.
The radiation plan was chosen on the bases of organ dose and clinical
treatment. Endotelial cells (HUVEC) and Thpl were irradiated with all
treatment plans.

2.3. Cell viability analysis

The cell viability assay was performed with CellTiterGlo™ (Prom-
ega, Milan, Italy) according to the manufacturer’s instructions. Briefly,
5000 cells were cultured in a 96-well plate and 100 pL of reconstituted
CellTiter-Glo reagent was added to each well. The plate was mixed on an
orbital shaker for 2 min to induce cell lysis and incubated for 10 min at
room temperature. The luminescent signal was recorded using Glomax
(Promega, Milan, Italy).

2.4. Invitro glucose uptake activity

Glucose uptake was measured with the Glucose Uptake-Glo™ Assay
(Promega, Milan, Italy) according to the manufacturer’s instructions.
Briefly, cells stimulated or not with STS were washed with PBS-1X and
incubated with 2DG for 10 min. Stop buffer, neutralization buffer, and
the detection reagent were added. The luminescence signal was recor-
ded after 2 -h incubation.

2.5. Clonogenic assay

Clonogenic assay was performed as previously described [22].
Briefly, following treatment, 500 cells were seeded in 10 cm? dishes in
500 mL of medium. After 15 days, the resulting colonies were fixed and
stained using 0.5 % crystal violet in 25 % methanol. Colonies with more
than 50 cells were quantified under inverted microscope (I500X,
Olympus) by two independent observers. Five series of samples were
prepared for each treatment dose.

2.6. Flow cytometry

Flow cytometric acquisitions were performed using a FACS Canto
flow cytometer (Becton Dickinson, San Diego, CA) as previously
described [23]. Data were analyzed by FACSDiva software (Becton
Dickinson, San Diego, CA) and ModFit 2.0 (DNA Modelling System,
Verity Software House, Inc., Topsham, ME). Samples were run in trip-
licate and 10,000 events were collected for each replica. Data were the
average of three experiments.

Cell cycle distribution. After each treatment, cells were harvested
and fixed in 70 % ethanol and stored at 4 °C overnight. The fixed cells
were centrifuged at 1000xg for 5 min and washed with cold phosphate-
buffered saline (PBS). Cells were then stained with propidium iodide
(10 mg/mL, MP Biomedicals, Verona, Italy), RNAse (10 kunits/mL,
Sigma Aldrich) and NP40 (0-01 %, Sigma Aldrich) overnight at 37 °C in
the dark and analyzed by flow cytometry. Data were expressed as frac-
tions of cells in the different cycle phases.

YH2AX detection. After each treatment, cells were fixed in 4%
paraformaldehyde and 70 % ethanol. The fixed cells were resuspended
in permeabilization solution (0.1 % Triton-X100, in PBS) for 10 min at
room temperature, blocked, and incubated in primary antibody (anti-
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phospho-yH2AX 1:250, Millipore Cat# 16-193, RRID:AB_310795) for
one hour at 4 °C, washed and incubated with fluorochrome-conjugated
secondary antibodies (anti-Mouse Alexa Fluor 488 conjugate 1:250,
Thermo Fisher Scientific Cat# A-11,001). Cells were then stained with
propidium iodide as described above.

2.7. Immunofluorescence staining

Cells were harvested by trypsinization, washed with serum and
PBS1X and plated onto glass coverslips. The cells were fixed with
paraformaldehyde for 15 min on ice. The coverslips were incubated
overnight at 4 °C in primary antibody (anti Rad51 1:250 Millipore Cat#
ABE257, RRID:AB_10850319 ; anti-phospho-yH2AX 1:100, Millipore
Cat# 16-193, RRID:AB_310795), diluted in blocking buffer, and then
washed again with PBS1X and incubated with fluorochrome-conjugated
secondary antibodies (anti-Rabbit Alexa Fluor 488 conjugate 1:250,
Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217; anti-Mouse
Alexa Fluor 488 conjugate 1:250, Thermo Fisher Scientific Cat# A-
11,001, RRID:AB_2534069) for 2 h at room temperature. Cells were
analyzed with Nikon Al confocal laser scanning microscope equipped
with a 60x, 1.4 NA objective and with 405 and 488 nm laser lines. A
minimum of 100 cells were analyzed for each condition and the cells
containing a minimum of 5 RAD51 and yH2AX foci per nucleus were
scored as positive. Automatic focus scoring was performed using the cell
image analysis software, Fiji ImageJ. All image analysis parameters were
kept constant throughout the duration of the experiments.

2.8. Comet assay

The alkaline comet assay was performed according to the manufac-
turer’s protocol (Comet assay, Trevigen, Gaithersburg, MD). Briefly, at
the end of the treatments, 5000 cells were suspended in LMAgarose at
37 °C and immediately transferred onto the comet slide. The slides were
immersed for one hour at 4 °C in a lysis solution, washed in the dark for
one hour at room temperature in an alkaline solution, and electro-
phoresed for 30 min at 21 V. Slides were then dipped in 70 % ethanol
and stained with the Syber green (Bio-Rad Laboratories, Hercules, CA,
USA). One hundred comets from category 0 to category 4 were selected
and images were captured using an EVOS microscope (Thermo Fisher
Scientific) at 10x magnification.

DNA damage was quantified in single cells by computing the
displacement between the genetic material contained in the nucleus
(comet head) and the genetic material in the surrounding part (comet
tail). In order to obtain reproducible and reliable quantitative data, we
used a software tool called CometAnalyser.

CometAnalyser is a homemade tool developed with the goal to be
extremely user friendly. It can be used for the analysis of both fluores-
cent and silver-stained images. The working procedure has 3 main steps.
(a) The user draws with the mouse a region surrounding the cells of
interest. The tool then automatically segments comet heads and nuclei
by analyzing the local histogram of the intensity values. The Otsu
thresholding segmentation method is used by default [24], but other
algorithms are available and several parameters can be then modified to
adjust the segmentation. (b) Once the comets have been segmented, the
tail moment and all the other morphological features listed by Gyori
et al. [25] are automatically computed and saved as an Excel file. (c)
Finally, the snapshots of all the segmented comets are stored in different
folders according to a classification manually defined by the user.
CometAnalyser was developed in MatLab (The MathWorks, Inc., Natick,
MA, USA) and the current version (i.e., CometAnalyser v0.9) requires
MatLab R2017b and the MatLab Image Processing Toolbox 10.1, or a later
version. A Windows 64-bit standalone executable version (i.e., not
requiring MatLab being installed in the computer) of the tool is available
on request.
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2.9. Real-time quantitative polymerase chain reaction (RT-gPCR)

Total RNA was extracted from cell lines using TRIzol® reagent
following the manufacturer’s instructions (Invitrogen, Carlsbad, USA).
Reverse transcription (RT) reactions were performed in 20-uL volume
containing 400 ng of total RNA using an iScript TM cDNA Synthesis kit
(Bio-Rad Laboratories, Hercules, CA, USA). mRNA levels of the selected
genes were assessed by real-time quantitative PCR (RT-qPCR) using
costum TagMan probes (Applied Biosystems, Carlsbad, CA) and an
ABI7500 system. Probes were selected from inventoried gene expression
assays (Invitrogen, Thermo Scientific). The comparative threshold cycle
(Ct) method was used to calculate the relative gene expression. Gene
target expression was normalized to the endogenous reference genes,
beta-actin and HPRT. M1/M2 polarization genes expression was
normalized to endogenous reference gene RSP6. Reference genes were
chosen using the geNorm VBA applet for Microsoft Excel to determine
the most stable reference genes. Relative quantification of target gene
expression was calculated using the comparative Ct method. The Tagq-
Man assay used are listed in Table S1. All experiments were performed in
triplicate.

2.10. Angiogenesis experiments

Angiogenesis assay was performed using in vitro angiogenesis kit
(Abcam; cat# AB204726) following the manufacturer’s instructions. In
brief, ECM gel solution was added to a 96-well plate and solidified at
37 °C for 20 min. 5 x 10* cells were seeded to each well and cultured for
10 days after radiotherapy treatment. Tube formation was analyzed
using Angiogenesis Analyser (Fiji ImageJ software).

2.11. THP-1 macrophage differentiation and polarization

THP-1 monocytes were differentiated into resting macrophages (MO0)
using 100 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich)
for 24 h in control medium or in STS medium. MO macrophages were
exposed to ionizing radiation and after 48 h M1/M2 gene expression
panel was determined.

2.12. Statistical analysis

Experiments were performed in triplicate and results are expressed
as mean =+ standard deviation (SD). The Student-t test was used to
compare the 2 groups. Data obtained from quantitative Real-Time PCR
experiments were analyzed by comparing groups of mean values using
one-way ANOVA with Tukey’s multiple comparison test. Data were
processed using the GrafPad Prism program (version 4) (GraphPad
Software, San Diego California USA). A p value <0-05 was considered
statistically significant.

3. Results

3.1. Cell viability of starved and non-starved irradiated cell lines and
impact on cell cycle phases

As a first step, a cell viability assay was performed to establish the
effect of radiation in cells grown in control medium (CM) or STS me-
dium. The radiation dose was chosen basing on clinical treatments.

Radiation caused 50 % of cell death in MRC-5 and 35 % in VCaP cell
lines (Fig. 1a). Moreover, the difference in viability between cells treated
with radiation alone or combined with STS were not significant
(P > 0-05), indicating that STS had no effect on the cell death rate after
72 h.

The metastatic pancreatic cell line (CFPAC-1) proved to be the most
radiosensitive cell line, displaying a 90 % cell death rate after radiation
treatment. Furthermore, the combination of RT and STS induced a sig-
nificant inhibition of cell viability (P < 0-05) with respect to RT alone
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Fig. 1. Effect of RT on cell viability and cell cycle. (a) MRC-5, CFPAC-1 and VCaP cell lines were exposed to ionizing radiation (IR) in normal medium (CM) or in
short-term starvation medium (STS). Cell viability was evaluated using the CellTiter-Glo™ assay 72- hour after the end of IR. Data are reported as the mean =+ SD for
three separate experiments performed in octuplicate. (*p < 0-05). (b) Cells were exposed to STS or CM medium for 24 h and then treated with RT. Cell cycle was
analyzed after 72 h by flow cytometry. The percentage of cells in each cell cycle phase represents the mean + SD for three independent experiments.

(Fig. 1a).

RT prevents cell growth, proliferation and DNA synthesis and is
known to be more effective when delivered during the appropriate cell
cycle phases. We thus performed cell cycle analysis to see whether RT
affected cell cycle arrest, observing that RT induced a decrease in S-
phase population and an increase in G2/M phase in MRC5 cell line. RT in
combination with STS resulted in an increase in GO/G1 phase and a
reduction in G2/M phase with respect to RT alone (Fig. 1b). Conversely,
a different distribution of cells in cycle phases was observed in both
metastatic cell lines after RT treatment, characterized by a drop-off in
the GO/G1 population associated with an increase in G2/M phase
(Fig. 1b). The synergistic effect of the combination was seen in the
CFPAC-1 cell line, suggesting that a cell-cycle-controlled regimen, such
as STS followed by irradiation, could be very effective for some types of
cell lines.

3.2. STS enhances the radiosensitivity of metastatic cancer cells

An initially curative treatment in cancer patients is often followed by
re-growth of the tumor due to a small number of cells that retain colony-
forming ability and is associated with poor clinical outcome. We per-
formed colony formation assays to evaluate the long-term response and
colony forming ability of the different cell lines to RT alone and to the
STS + RT combination. Cells were incubated in STS or CM for 24 h,
treated with a single dose of irradiation and fixed after 15 days (Fig. 2a).
The surviving fraction of MRC-5 was significantly enhanced by the
combination, suggesting that STS may protect normal tissue from RT
damage (Fig. 2b).

STS for 24 h before RT caused a significant radiosensitizing effect in
metastatic cell lines CFPAC-1 and VCaP (Fig. 2c—d), with complete in-
hibition of proliferation potential in VCaP. Furthermore, we observed a
significant reduction in colony-forming ability in starved VCaP cells
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Fig. 2. Timeline of the experiments and clonogenic assay. (a) Schematic timeline and design of the experiments in vitro and timing simulation in vivo. (b) The
surviving fraction was analyzed for cell lines treated with RT in CM or STS medium. Data are reported as the mean values (+SD) from three independent experiments.

Statistical significance *p < 0-05, **p < 0-01.
with respect to control (Fig. 2d).

3.3. DNA damage increasing in starved-irradiated cancer cells

We hypothesized that STS conditions may enhance RT sensitivity by
increasing DNA damage in irradiated cancer cells. To test this hypoth-
esis, we performed alkaline comet assay to determine the radio-
responsiveness of normal and metastatic cell lines in association with
STS. The amount of DNA damage in irradiated MRC-5 cells was reduced
when RT was combined with STS, suggesting a protective role of STS
(Fig. 3). Conversely, a comparison of %tail DNA between irradiated
fractions revealed a significant 2-fold or more increase in DNA damage
in starved-irradiated CFPAC-1, and 0-25-fold increase in VCaP (Fig. 3b).

In metastatic cancer cells, STS conditions determined an increase of
% tail DNA with respect to control, contrariwise in MRC-5 this phe-
nomenon was not observed (Fig. 3b).

We classified comets into 5 categories on the basis of % tail DNA,
ranging from class 0 (undamaged) to class 4 (maximally damaged). In
MRC-5, we observed a higher number of comets in class 0 and class 1 in
starved-irradiated cells than in those treated with RT alone. Conversely,
STS conditions in all metastatic cell lines led to fewer comets in class
0 and a higher number of comets in classes 3 and 4 in irradiated cells
than in cells treated with RT alone (Fig. 3c).

We observed in CFPAC-1 and VCaP a greater number of comets in
class 2 in STS alone with respect to MRCS5, in this cell line on the other
hand we determined an increase of comet in class 1 (Fig. 3c).

Overall, these results strongly support previous observations that
STS may increase the radiation therapeutic index in metastatic cancer
cell lines and may protect normal cells from radiation damage.

y-H2AX phosphorylation is involved in the response to DNA damage
indicating the formation of DNA double-strand breaks and also in

response to DNA replication stress. We evaluated the damage induced by
RT and STS + RT by performing parallel qualitative and quantitative
using flow cytometry (Fig.Sla) and using microscopy analyses of
phosphorylate histone H2AX foci (yH2AX) in cell nuclei (Fig. 4a). Co-
staining for phosphorilated- YH2AX and DNA content (propidium io-
dide) indicate a significative increase of H2AX phosphorylation in
metastatic cancer cell lines with a percentage positive cells of about 5%
in respect to control. Conversely, starved MRC-5 cells showed un-
changed basal level of y -H2AX positive cells with respect to MRC-5
cultivated in normal medium (Fig.Sla). In microscopy analysis, the
number of foci increased in irradiated MRC-5 cells but substantially
decreased in the same cells treated with the STS + RT combination.
High numbers of foci were detected in CFPAC-1 and VCaP. Interestingly,
STS pre-treatment before RT resulted in a 2-fold increase in y -H2AX foci
with respect to RT alone. Cells were also stained with RAD51, which
accumulates at sites of broken DNA (Fig. 4b). The number of RAD51 foci
present in MRC-5 cells treated with RT alone was indicative of consid-
erable DNA damage, denoting a protective role of STS + RT. CFPAC-1
cells exhibited DNA damage accumulation, with an increase in
RAD51-positive cells after ionizing radiation. However, a virtually
identical response was observed between cells treated with RT and those
undergoing the RT + STS combination. In VCaP cell line RAD51ex-
pression was localized to cytoplasm. The number of nuclear foci was not
determined.

3.4. Gene expression after short-term starvation and RT treatment

To better understand the mechanism by which RT is more effective
when combined with STS in metastatic cells, we hypothesized that low
glucose levels may be responsible for the activation or inactivation of
genes involved in the DNA damage repair machine. We thus decided to
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Fig. 3. DNA damage measured by alkaline comet assay. (a) Representative photomicrographs of comet assay showing cell lines stained with SBYR green after RT
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>25 -45; grade 3: >45 -70, grade 4: >70. The comparison between RT alone and RT in association with STS is the frequency of each comet class/100

comets analyzed.

evaluate the expression of glucose transporter GLUT1, which is one of
the most important proteins for the uptake of glucose from the sur-
rounding medium into the cell. GLUT1 expression was not significantly
different in any cell line 72 h after RT alone but was substantially
affected by STS after 4 h in both metastatic cancer cell lines (Fig. 5).

To investigate the potential synergic role of STS in association with
RT, we analyzed mRNA expression of PARP1 (responsible for repairing
single-strand breaks) and BRCA1 (component of homologous recombi-
nation repair system) genes. A significant decrease in BRCA1 and PARP1
expression was observed after 4 h when RT was preceded by STS in the
normal cell line, MRC-5 (Fig. 5a). Conversely, both repair DNA genes
were activated in CFPAC-1 cell line after RT, a significantly higher
expression observed after RT + STS than RT alone. Furthermore, the
fact that high BRCA1 expression was maintained after 72 h supports
previous data on DNA damage and confirms that CFPAC-1 line was more
sensitive to RT than the other 2 cell lines (Fig. 5b). Conversely, the
modulation of DNA damage gene expression was not significant in VCaP
cell lines, with the exception of PARP-1 at 4 h (Fig. 5c).

3.5. Effect of STS on cell cycle and glucose uptake

To investigate the effect of STS on cell cycle, we incubated MRC-5,
CFPAC-1 and VCaP cell lines in STS medium (0-5 g/L glucose + 1%
FBS) orin CM (1 g/L glucose + 10 % FBS) for 24 h, after which cell cycle
distribution was analyzed by flow cytometry. STS substantially dis-
rupted cell cycle distribution in MRC-5 fibroblast cell line. A 20 % in-
crease in cells in GO/G1 phase was observed in STS-MRC-5 with a
concomitant reduction in S-phase and G2/M phase cell percentages (73
% and 29 %, respectively) with respect to CTRL-MRC-5 (Fig. 6a). With
regard to the tumor cell lines, nutrient depletion brought about a
moderate change in CFPAC-1 cell cycle distribution with a 12 %accu-
mulation of cells in GO/G1 phase accompanied by a 11 % loss in S-phase
and a 19 % loss in G2/M phase. The histogram plot of the VCaP cell cycle
showed a 12 % increase in GO/G1 phase cells, a 32 % decrease in S-phase
and a 13 % decrease in G2/M cells with respect to CTRL-VCaP
(Fig. 6b—c). Furthermore, glucose uptake cell capacity was measured
after 24 h of STS, results indicating that, as cell viability decreased in
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metastatic cells, glucose uptake activity increased in CFPAC1 and keep
costant in VCaP cell ines. In contrast, MRC-5 normal fibroblast cell
viability was not influenced by nutrient depletion but exhibited lower
overall glucose incorporation than cells in control medium (Fig. 6d-f).
The highest glucose uptake capacity was observed in metastatic
pancreatic cancer cells.

3.6. STS implication on tumor microenvironment

To study how starvation and its combination with radiotherapy in-
fluence angiogenesis, we exposed HUVEC cell lines, cultured in CM and
STS medium, at different irradiation doses.

As shown in Fig. 7a, HUVEC cells are extremely sensitive to STS with
a decrease of cell viability of about 90 % up to 72 h. Unexpectedly, STS
alone significantly reduced cell viability compared to RT alone, making
it difficult to assess the additional effect of pre-STS-treatment (Fig.1Sb).

In parallel, we examined the impact of STS and RT treatment on the
cell ability to form three dimensional tube-like structure in vitro.

After 12 days, starved HUVEC cells were able to re-form branches,
nodes, and meshes showing the ability to create an intense vasculature
similar to control. On the contrary, starved irradiated HUVEC cells failed
to form tube-like structures respect to RT alone. In particular, the

combination of STS and 5 Gy caused a reduction of 26 % in branches
formation, 58 % in nodes number, and 75 % in meshes number
compared to RT alone. Furthermore, we observed a total loss of cell
ability to form tube-like structure in the combination treatment with
respect to 8 Gy alone (Fig. 7b-c).

Our results indicate that 24 h starvation suppresses endothelial cell
proliferation and inhibits angiogenesis in vitro. Therefore, starvation my
represent an external advantageous stimulus to modulate tumor
angiogenesis.

To further study changes in tumor microenvironment, we charac-
terized THP-1 cells after exposure to STS and RT treatment. We evalu-
ated cell viability after 72 h to verify starvation and radiation sensibility.
As shown in Fig. 8a STS caused 40 % of cell death in THP-1 cells, and
increased cell death of 20 % in irradiated cells.

The amount of DNA damage in THP-1 cells increased in a dose-
dependent manner. Comparing the % tail DNA between irradiated
cells and the comet classes, we observed a mild increase in DNA damage
in starved THP1 cells, except for 8 Gy doses (Fig. 8b-d). Using the THP-1
model we compared the transcriptional changes between M1 or M2
genes after RT and STS + RT (Fig. 8e). The results showed that STS
combined with RT increased the expression of IL-1p in all doses tested,
IL-6 in 5 Gy and 10 Gy doses, and of PPAR«a in 8 Gy dose. In contrast, the
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M2 expression panel was not significantly affected, except for STAT6
markers, in 8 Gy treatment.

4. Discussion

Fasting, calorie restriction, and fasting-mimicking diets have become
hotly-debated topics in the field of cancer, and their impact on the
media, public opinion and marketing has led to much speculation and
disinformation. There is evidence that nutritional support improves
quality of life and survival in cancer patients [26,27]. Results from
recent in vivo and in vitro studies suggest that short-term starvation (STS)
or prolonged fasting (PF) may improve the efficacy of chemotherapy in
some types of cancer and protect normal tissue against chemotoxicity
[28,29]. Furthermore, a short-term starvation regime of 24 h not caused
severe physiological implication as prolonged fasting ranging from days
to weeks, in which metabolic switch, occurred after the glycogen
depletion in hepatocytes, determined a dramatic body mass loss,
accompanied by heart, liver and kidney loss function [30,31]. However,
there are very few data available on the effect of STS used in association

with RT [32]. This lack, probably, is due to the complication to combine
patients diets and radiotherapy treatment, and consequently to plan a
rigorous clinical trial. More preclinical research is thus needed to
identify the tumor types, disease stages, and treatments that can truly
benefit from dietary approaches [33,34]. We thus decided to focus on a
selected metastatic cancer cell lines in which high-dose single-fraction
radiotherapy could be a treatment opportunity in association with a
fasting period of 24 h before radiotherapy. The selection of doses and
fractionation in the metastatic setting, depends on tumor type, on the
organ in which metastasis is occurred, and on patient status (i.e. esti-
mated prognosis, comorbidities, acute toxicities, performance status,
and systemic therapy) [35-38]. Keeping in mind the goal to recreate in
vitro clinical tumor conditions, we thus decided to apply different
radiotherapy plans, currently used by physicians, on the bases of the
specific metastatic desease setting and on the organ site.

RT inhibits cell proliferation, promotes apoptosis in vitro and inhibits
tumor growth in vivo, inducing single-strand (SSB) or double-strand
(DSB) DNA breaks. The maintenance of genetic stability is essential
for organism survival. A specialized repair system has thus been
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developed by cells and organisms to protect DNA from endogenous and
exogenous agents (e.g. chemicals, UV, ionizing radiation) [39]. The ef-
ficiency of DNA repair machinery, which is composed of several pro-
cesses, is dependent on precise control points coordinated by DNA
damage sensors and effectors proteins and on the repair system chosen
based on the type of DNA lesion and the current cell cycle phase [40,41].
In oncology, this has led to the development of checkpoint inhibitors
that do not directly induce DNA breaks but are used as adjuvants to
DNA-damaging agents, improving their therapeutic effect [42,43].

The modification of a metabolic pathway, such as a diet intervention,
which coordinates the signals between the complex cellular processes of
DNA repair machinery and cell cycle, could be used to induce a tem-
porary cell-cycle arrest to preserve genome integrity or to enhance the
therapeutic efficacy of radiation. Consequently, the differential cell
cycle arrest resulting from starvation or fasting could theoretically be a
promising adjuvant for RT. We thus hypothesized a protective G1 and
G2/M cell cycle phase arrest and used an in vitro model to explore the
potential vulnerability of cancer cells to RT following nutrient
deprivation.

Our data showed that STS for 24 h caused cell cycle perturbation,
leading to a shift into GO/G1 cell cycle phase in normal fibroblasts and
associated with a strong reduction in S-phase and G2/M. Conversely,
this phenomenon was less evident in metastatic cancer cells. The entry
of virtually all normal cells into a high-protection cell cycle arrest in
response to STS may thus reduce radiation-induced DNA damage. Using
the gold standard clonogenic assay [33], we observed that metastatic
cancer cells became more sensitive to RT in nutrient-depleted medium,
leading to a drastic reduction in their colony-forming growth.
Conversely, the capacity to produce colonies was retained by normal
fibroblast cells and boosted when RT was associated with STS.

Previous studies have highlighted an increase in glucose consump-
tion by tumor cells after irradiation [44] due to the high energy demand
required for DSB repair processes. It has been seen that tumor cells,
which have a small intracellular amount of adenosine triphosphate
(ATP), are dependent on glucose supply to induce chromatin relaxation
by radiation-induced histone H3- and H4-acetylation and, consequently,
to repair DNA DSBs. Conversely, normal fibroblasts are characterized by
high intracellular ATP levels, which makes them resistant to the effects
of glucose starvation [45,46].

Given the above premises, we hypothesized that STS may protect
normal cells by regulating cell cycle and, in part, by influencing the
activation of DNA repair machinery, and proceeded to measure DNA
damage. Comet assay results revealed an increase in DNA damage in
starved-irradiated cancer cell lines and a reduction in starved-irradiated
non-tumor cells, suggesting a role of STS in regulating the DNA repair
pathway. We also observed an accumulation of nuclear yH2AX in met-
astatic cancer cells that correlated with the damaged comet class.

Several studies have reported the association of H2AX phosphory-
lation with the induction DSBs after IR or other DNA-damaging agents,
and also with DNA replication stress [47-50]. Given the evidence of
increased DNA damage in comet assay in starved metastatic cells, we
investigated the changes in H2AX phosphorylation in such cells during
replication stress. Here we have shown a moderate increase in H2AX
positive cells in starved tumor cells, indicating that measured DNA
damage could be in part due to replication stress.

Moreover, our results showed that the expression of RAD51 is both
nuclear and cytoplasmic, and it varies among cell lines. CFPAC-1 shown
an accumulation of nuclear RAD51 in response to irradiation damage,
while VCaP cell lines are characterized by high cytoplasmic RAD51
expression levels. Recent data demonstrate a possible correlation with
cytoplasm RAD51 protein expression and tumor aggressivity especially
in prostate and breast cancers suggesting that RAD51 might have
diagnostic value [51,52]. Furthermore, our DNA damage measurement
provided a potentially useful molecular method for predicting treatment
outcome by correlating YH2AX and RAD51 foci count and comet damage
classification.
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Nutrient levels, such as glucose, may generate a protective envi-
ronment that reduces DNA damage in healthy cells and, at the same
time, create hostile conditions for tumor cells. It is well known that
cancer cells are addicted to glucose as a source of energy, favoring
glycolysis in aerobic conditions, a phenomenon known as the "Warburg
effect" [53]. Others studies [54,55]) using a glucose analog to inhibit the
glycolytic pathway also reported an increase in radiation-induced
damage. This may explain why different starved cells (normal and
tumor) contribute in different ways to the response of DNA damage.
However, further research is needed to better understand metabolic
alterations and pathway regulation caused by starvation.

GLUT1 is a member of glucose membrane transporters whose over-
expression in cancer is frequently associated with chemoresistance.
Several studies have shown that the reduction of glucose and IGF-1 and
the inhibition of mTOR pathway modulate the response to chemo-
therapy in vitro in cancer cells [2,10].

We observed that a 24 -h STS modulated GLUT-1 expression in
metastatic cancer cell lines, suggesting that glucose is the preferred fuel
for tumor and that metastatic cancer cells are susceptible to changes in
glucose levels. We would therefore expect glucose transport to be closely
regulated by glucose availability [56].

In our study, metabolic changes led to a modification of PARP-1 and
BRCA-1 gene expression. PARP-1, a protein involved in the repair of
SSBs, and BRCA-1, an important component of the HR pathway, play an
important role in DNA repair pathways, transcriptional regulation, cell
death, angiogenesis, and metabolism [57,58]. The increase in PARP-1
and BRCA-1 gene expression in pancreatic cell lines, and the abnor-
malities in cell cycle after STS and RT underlined the sensitivity of
CFPAC-1 to this combination. The decline in PARP-1 and BRCA-1 gene
expression and the DNA damage observed in non-tumor cells indicated a
protective role of STS.

Given the results obtained, we examined the potential role of STS in
the modulation of tumor microenvironment, including endothelial
compartment and immune cells. Angiogenesis is a highly regulated
process exploited by tumor cells to ensure a constant nutrients supply to
sustain their growth and to provide the necessary vasculature needed for
metastasis spreading. During angiogenesis, vascular endothelial cells
respond to various factors and signal that may promote or inhibit
angiogenic process [59,60]. Previous studies have highlighted how high
level of glucose in diabetic may contribute to excessive angiogenesis
contributing to disease complications such as retinopathy, nephropathy
and cardiovascular disease [61]. In our study, STS led to a reduction of
endothelial cell viability, resulting in a marked disruption of tube-like
structure formation in vitro on starved- irradiated endothelial cells.
These data highlighted further antitumor properties of STS that resulted
able to decrease the fuel (nutrient and oxygen) supply to tumor cells.

Macrophages are the most important cells of innate immune system,
and are involved in the regulation of host defense, inflammation and
cancer. Due to their transcriptional plasticity, they can change the
profile depending on tumor microenvironment. Recent studied indicate
that nutrients modulation could have a potent effect on monocytes and
on both B and T cells depending by fasting duration and severity,
determining opposite effects on the number and function of immune
cells [62-65]. In tumor microenvironment, macrophages have two
states of polarization M1-cancer inhibiting and M2 cancer promoting.
M2-like macrophage support almost all hallmarks of cancer by pro-
ducing growth factors, cytokine, remodeling extracellular matrix, pro-
moting angiogenesis and migration, suppressing anti-tumor immunity.

We found that short-term starvation modified gene expression
pattern suggesting an in vitro mitigation of cancer chronic inflammation.
Altogether, these data showed how nutrient modulation could be a
critical regulator of tumor microenvironment.

In conclusion, our findings indicate that glucose starvation impaired
the repair of radiation-induced DNA DSBs, increasing the radiosensi-
tivity of metastatic tumor cells, but did not affect the response of normal
fibroblasts to RT. Furthermore, the assessment of DNA damage in
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peripheral blood mononuclear cells (PBMCs) of patients under nutrient
modulation, using comet assay tools or H2AX phosphorylation, could
serve to evaluate susceptibility to radiotherapy in support of clinical
studies. The data obtained on the combined use of STS and RT, also
provide a potentially scientific rationale for further preclinical and
clinical studies. However, further evidence is needed of the physiolog-
ical safety and feasibility of our in vitro model before it can implemented
in a clinical setting.
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