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Abstract
The efficacy of radiotherapy on tumors is hampered by its devastating adverse effects on

healthy tissue, particularly that of the gastrointestinal tract. These effects cause acute symp-

toms that are so disruptive to patients that they can lead to interruption of the radiotherapy

program. These adverse effects could limit the intensity of radiation received by the patient,

resulting in a sublethal dose to the tumor, thus increasing the risk of tumor resistance. The

lack of an effective treatment to protect the bowel during radiation therapy to allow higher

radiation doses that are lethal to the tumor has become a barrier to implementing effective

therapy. In this study, we present a comparative analysis of both intestinal and tumor tissue

in regard to the efficacy and the preventive impact of a short-term growth hormone (GH)

treatment in tumor-bearing rats as a protective agent during radiotherapy. Our data show

that the exogenous administration of GH improved intestinal recovery after radiation treat-

ment while preserving the therapeutic effect against the tumor. GH significantly increased

proliferation in the irradiated intestine but not in the irradiated tumors, as assessed by Posi-

tron Emission Tomography and the proliferative markers Ki67, cyclin D3, and Proliferating

Cell Nuclear Antigen. This proliferative effect was consistent with a significant increase in

irradiated intestinal villi and crypt length. Furthermore, GH significantly decreased caspase-

3 activity in the intestine, whereas GH did not produce this effect in the irradiated tumors. In

conclusion, short-term GH treatment protects the bowel, inducing proliferation while reduc-

ing apoptosis in healthy intestinal tissue and preserving radiotherapy efficacy on tumors.

Introduction
Radiotherapy is currently used for over 70% of cancer patients during the course of their treat-
ment [1]. Its usefulness is limited, however, by the high incidence of radiation-induced adverse
effects, which primarily affect tissues with high cellular turnover, such as tissues of the gastroin-
testinal tract, bone marrow, and skin [2]. Specifically, abdominal irradiation can produce
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radiation enteritis, and recent reports indicate that as many as 75% of those receiving radio-
therapy suffer significant adverse effects from this therapy [3,4]. As a result, the radiation dose
is reduced—or in extreme cases interrupted—to preserve the patient’s status, thus decreasing
radiotherapy efficacy and inducing tumor resistance. To prevent this loss of efficacy, much
effort has been made in the past 5–10 years to develop medical countermeasures against the
adverse effects of radiation, and many of these efforts have been directed toward reducing gas-
trointestinal radiation damage [1,2,5].

Several approaches have been investigated to reduce the negative impact of anticancer ther-
apy on the intestine, including dietary modification [6] and the use of trophic factors [3,7]. We
have previously shown the beneficial effects of GH treatment for acute radiation-induced
injury in the small intestine of rats exposed to a sublethal dose of radiation. These beneficial
effects were attributed to the proliferative and antiapoptotic effects of GH on the ileal crypts
[8]. In the irradiated ileum of rats, we have shown that GH administration upregulates mRNA
and protein expression of intestinal trefoil factor [9], a protective peptide against radiation-
induced intestinal mucositis [10]. Other authors have shown additional positive GH effects:
Specifically, GH counteracts the loss of progenitor cells in irradiated bone marrow [11] and
GH administration selectively augments the early-outgrowth endothelial progenitor cell popu-
lation in healthy individuals, indicating possible implications for the use of GH in future regen-
erative cell-based therapies [12]. Furthermore, the use of GH delays and decreases the severity
of radiation-induced dermatitis [13]. The benefits of GH as an anticachectic agent have also
been reported [14], stimulating liver protein synthesis in an animal model without changing
tumor growth [15].

Despite the benefits related to these GH therapies, their effects on irradiated tumors are still
poorly understood. The studies on these therapies’ effects on nonirradiated tumors are contro-
versial, primarily because of their potential effect on the proliferation and survival of cancer
cells [16,17].

The objective of this study was to investigate whether GH treatment would protect the intes-
tine against acute injury induced by radiation without impairing the therapeutic effects of
radiotherapy in terms of cell viability, cell proliferation, and apoptosis.

Methods and Materials

Cell culture and in vitro analysis
The rat cell lines, DHD/K12/Trb (colonic adenocarcinoma, 90062901; DHD) and MCA-RH
7777 (hepatocarcinoma, 90021504; RH), were obtained from the European Collection of Cell
Cultures (ECACC) and were cultured according to their instructions.

To assess cell proliferation, cells (50–150 x103) were seeded into 6-well culture plates in
standard culture medium and treated or not with GH (0.2 μg/ml). At the indicated times (at
least 3 wells per time point), the cells were harvested with trypsin, diluted in medium with 10%
fetal bovine serum, and centrifuged. The cell pellets were resuspended in 100 μL of medium
and counted twice in a Neubauer chamber.

In vivo experiments
This study was performed in strict accordance with the recommendations from the European
Union Criteria for Animal Use in Scientific Experimentation (63/2010 EU) and related Spanish
legislation (RD 53/2013). The protocol was approved by the Animal Welfare Ethics Committee
of La Paz University Hospital (Permit number: 04–2006). All surgery was performed under iso-
flurane anesthesia, and all efforts were made to minimize suffering.
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Twenty-five adult BDIX rats (Charles River Laboratories, France) and 25 adult Buffalo rats
weighing 225–250 g (Harlan Laboratories, Netherlands) were used. The animals were housed
in normal conditions and received standard food and water ad libitum. All the in vivo experi-
ments were performed on both rat strains.

The experimental design and chronology of the in vivo experiments are shown in Fig 1.
Briefly, the DHD or RH tumor cells were inoculated subcutaneously in the middle to lower
abdomen of the BDIX and Buffalo rats, respectively (1x106 tumor cells/rat) and allowed to
develop for 14 days. At this time (day 0), the animals were subjected to Positron Emission
Tomography (PET) to obtain baseline imaging (see the molecular imaging studies section).

The rats bearing tumors were divided into 3 groups of 7 rats as follows: the control group
(C) received a subcutaneous injection of 50 μL saline on days 1 to 4; the IR group (IR) received
saline as above and fractionated Ɣ-irradiation; the GH+IR group (GH_IR) received Ɣ-irradia-
tion as above and recombinant human GH (Pfizer, Spain) 1 mg/kg/day subcutaneously
injected on days 1 to 4. On days 3 and 4, GH was administered one hour before radiotherapy.

The animals were exposed to two doses of 6 Gy abdominal irradiation (0.92 Gy/min, 60Co)
on day 3 and 4 under anesthesia with 2% isoflurane, avoiding liver exposure and using a teleco-
baltotherapy unit (model Theratron-80, Theratronics). Three days after radiotherapy, the ani-
mals were subjected to a second PET. The animals were then laparotomized and euthanized
with an intracardiac overdose of 1M KCl. Ileum samples were collected 1 cm from the ileocecal
valve. One part was processed for immunohistochemistry and the other part was frozen at
-80°C for determination of biochemical parameters. The tumor samples (colonic adenocarci-
noma: ACC; hepatocarcinoma: HCC) were processed in the same way.

Immunohistochemistry
Growth hormone receptor (GHR) was detected by immunohistochemistry using an anti-GHR
monoclonal antibody (Santa Cruz Biotechnology, CA, USA) in the ileum, cells, and tumor sec-
tions as previously described [18], and was measured using a semi-quantitative scoring system.
Human IgG was used instead of primary antibody as a negative control. The staining intensity
score of the cells was graded as negative (0), faint yellow staining (1), brown staining (2), or

Fig 1. Scheme of the study’s experimental design. Tumor cells (DHD or RH cells) were inoculated
subcutaneously (1x106 tumor cells/rat) and allowed to develop for 14 days (day 0). At this time, the rats were
subjected to the first FDG PET/CT, to have a baseline of the animals’metabolic status, both in the intestine
and the tumors. At day 1, the rats bearing tumors were divided into 3 groups of 7 animals, for the respective
treatments on days 1 to 4: the control and irradiated group received saline; and the third group received
recombinant human GH (1 mg/kg/day). On days 3 and 4, all the animals except the control group were
exposed to 6 Gy abdominal irradiation (0.92 Gy/min). At 72 h after the last irradiation (day 7), the animals
were subjected to a second FDG PET/CT and euthanized.

doi:10.1371/journal.pone.0144537.g001
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dark brown staining (3). The percentage of positive cells was graded as 0% (0), 0%–10% (1),
10%–50% (2), and 50%–100% (3). The GHR expression score was calculated by multiplying
the two scores, and is indicated as arbitrary units. Ten microscopic fields (200x) were observed
for each section.

Ki67 expression was assessed in the ileum and tumor sections with anti-Ki67 antibodies
(Novo Castra Laboratories, UK) and then with a biotinylated goat anti-mouse antibody (Santa
Cruz Biotechnology, CA, USA). Ten microscopic fields (200x) were observed for each section.
The results are expressed as the percentage of Ki67 positive cells.

RNA isolation and analysis of gene expression
Total RNA was extracted using TRI Reagent (Sigma). The reverse transcription and real-time
polymerase chain reaction (PCR) was performed using an iCycler (Bio-Rad, Hercules, CA)
and the iQ SYBR Green Supermix (Bio-Rad) as previously described [19]. The following prim-
ers were used: sense 5’-ATGACTCTACCCACGGCAAG-3’ and antisense 5’-GGAAGATGGT
GATGGGTTTC-3’ for GAPDH; sense 5’-GAAATAGTGCAACCTGATCCGCCCA-3’ and
antisense 5’-GCGGTGGCTGCCAACTCACT-3’ for GHR; sense 5’-CACAGCATCTCCAATA
TGGC-3’ and antisense 5’-ACTTGGAATCCCAGAACAGG-3’ for proliferating cell nuclear
antigen (PCNA); sense 5’-CTTCCCTCTGGCTATGAACTACCT-3’ and antisense 5’-AAGC
TGCAGTTGCGCCTTT-3’ for cyclin D3; 5’-ACAGCGTGGTGGTACCGTAT-3’ and anti-
sense 5’-GGAGCTGTTGCACATGTACT-3’ for p53; and 5’-CCGGGAGAACAGGGTATGATA
A-3’ and antisense 5’-CCCACTCGTAGCCCCTCTG-3’ for Bcl-2.

Morphometric analysis of the small intestine
The lengths of the villi and the intestinal crypts were measured in hematoxylin-eosin stained
sections, and 10 fields were analyzed in each animal. The statistical analysis considered the
mean of these measurements—at least 10 villi and 25 crypts per animal—as a single datum.

Analysis of caspase-3 activity in intestinal and tumor tissues
Caspase-3 activity was measured in the ileal mucosa (stripped of muscular and serosal layers)
and the tumor tissue samples using a caspase-3-specific fluorogenic substrate (Ac-DEV-
D-AMC, BD Biosciences, Belgium) as previously described [20].

Apoptosis analysis by flow cytometry
To analyze radiation-induced apoptosis in the tumor cells, DHD and RH cells were seeded
(104/cm2), treated with GH on days 1 to 4 (0.2 μg/mL), and irradiated on days 3 and 4 with 6
Gy/day (X-rays, 1.05 Gy/min). The groups were the same as the animal models. The cells were
harvested 4, 8, 16, and 24 h after radiation, and processed as previously described [21]. Briefly:
fixed in methanol-phosphate buffered saline (PBS) (9:1), washed with PBS, incubated with
25 μg/ml RNAse A (Sigma) for 15 min at room temperature, and stained with 50 μg/ml propi-
dium iodide (Sigma) for 30 min at 4°C. The samples were analyzed on a FACSCalibur flow
cytometer (Becton Dickinson, CA, USA). A minimum of 1 x 104 cells was analyzed for each
sample. Cell cycle phase distributions were determined using CellQuestPro software (Becton
Dickinson) and are expressed as percentages.

Clonogenic survival assay
Exponentially growing cells were maintained in a basal unstimulated state (C) or pretreated
with GH (0.2 μg/mL) for 24 h. After treatment, both the DHD and RH cells were harvested
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with trypsin and seeded in triplicates onto 6-well-plates following appropriate dilutions
according to the size and proliferation rate (200, 1000, and 5000 cells/well for RH; 100 and
1000 cells/well for DHD) and allowed to attach overnight. Four experimental groups were
defined: unstimulated control cells (C), irradiated nontreated cells (IR), cells treated with GH
before irradiation (GH_IR), and cells irradiated and treated with GH following RT (IR_GH).
Radiation treatment was performed on the following day with 0, 2, 4, or 6 Gy, and GH was
maintained for the GH_IR group until the end of the RT (36 hours of GH treatment). Immedi-
ately after RT, the cells were washed, the medium replaced, and the IR_GH group treated with
GH for 36 h. Twelve days after seeding, the colonies were rinsed with PBS, fixed with glutaral-
dehyde (Sigma-Aldrich, St. Louis, MO, USA), and stained with 1% crystal violet dye (Sigma-
Aldrich). The number of colonies containing at least 50 cells was digitally determined using
ImageJ software (National Institutes of Health, Bethesda, MD) with customized macros. Plat-
ing efficiency (PE = number of colonies formed/number of cells seeded) and survival factor
(SF = number of colonies after treatment/number of cells seeded x PE) were determined for
each cell line and treatment. The curves were normalized to control for unstimulated nonra-
diated cells (100% cell survival).

Molecular imaging studies: [18F]-FDG PET/CT
PET imaging using 2-Deoxy-2-[18F] fluoro-D-glucose (FDG) with computed tomography
(CT) attenuation correction was performed in the eXplore VISTA dual-ring scanner (GE
Healthcare). FDG (37 MBq) was administered into the tail vein and the rats were anesthetized
45 minutes later with 1.5% isofluorane, when FDG uptake was complete and a steady state
was reached. The small intestine and the tumor response to radiotherapy were evaluated in
vivo using two FDG PET/CT studies: the first was performed on day 0 under baseline condi-
tions and the second was performed on day 7, three days after radiotherapy. FDG uptake was
semi-quantitatively determined by two independent experts in a blind study using the mean
Standardized Uptake Value (SUV). The small intestine and tumor SUV values were normal-
ized with non-irradiated liver SUV values, because normal liver has low inter-patient SUV
variability, as described elsewhere [22]. Given the possibility that the lower part of the liver
could be exposed to abdominal irradiation, the upper part of the liver was selected to prevent
this limitation.

Statistical analysis
The data are presented as mean values ± standard deviation (SD). A 2-tailed unpaired t-
test was used to compare 2 groups of values when n was greater than 10. For smaller groups,
the Mann-Whitney nonparametric test was used. The analyses were performed using
GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA). Significance was set at
P< .05.

For the clonogenic survival assay, the Chi-squared test was used to examine the relationship
between quantitative variables. The Kolmogorov-Smirnov test was used to determine the nor-
mal distribution of data. Mean and standard deviations (SD) were calculated for the continu-
ous variables. A general linear model (MANOVAmultivariate analysis) was used to determine
the survival factor from DHD and RH in relation to the treatment groups and the radiation
dose. Multiple ANOVA comparisons were made employing the Bonferroni post hoc correc-
tion. All the analyses were performed using SPSS v.17.0 software (SPSS Inc., 272 Chicago, IL,
USA). Significance was set at P = .05.
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Results

GH treatment modulates GHR expression but not proliferation in cultured
cells
To evaluate whether exogenous GH treatment could modulate cell proliferation in the tumor
cell lines, we first confirmed GHR expression, both by immunodetection of the receptor and by
real-time PCR. As previously reported [23,24], we showed that GH treatment regulates the
expression of its own receptor in a tissue-dependent manner (Fig 2A). However, the cells
treated with physiological GH doses showed no significant differences in their proliferation
rates, as indicated by proliferation curves (Fig 2B).

Fig 2. Effect of GH treatment on GHR expression and proliferation of DHD and RH cells. (A) Expression of the receptor (GHR) in DHD and RH cell
lines. Data are mean ± standard deviation of the cell line cultures. GHR mRNA levels were determined by a reverse-transcription polymerase chain
reaction. Inset: immunocytochemical detection of GHR on unstimulated DHD and RH cells: IgG (left) vs. GHR (right). Scale bar = 100 μm (B) Proliferation
of DHD and RH cells in the presence or absence of GH (0.2 μg/mL) for the indicated periods of time. ***: P < .0005 vs. 0 h; **: P < .005 vs. 0 h; ns:
nonsignificant vs. 0h.

doi:10.1371/journal.pone.0144537.g002

Radiation Protection with Growth Hormone and Antitumoral Therapy

PLOS ONE | DOI:10.1371/journal.pone.0144537 December 15, 2015 6 / 19



Immunohistochemical detection of GHR in the ileum and tumor is not
affected by GH treatment
GH treatment is able to modulate GHR expression, but whether this effect persisted after radio-
therapy was yet to be determined. Thus, we performed immunohistochemical detection of
GHR on paraffin-embedded tissues, and GHR expression was quantified by using a semi-quan-
titative scoring system. In agreement with our in vitro results, at late time points, the semi-
quantitative analyses indicated that there were no differences in GHR expression due to radio-
therapy or GH treatment in the ileum or in either type of tumor (Fig 3).

Fig 3. Immunohistochemical detection of GH receptors in the intestine and tumor tissue. Representative immunohistochemical staining with anti-GHR
in the ileum and tumor tissue of the control, irradiated (IR), and GH-treated irradiated animals (GH_IR). GHR expression was quantified and expressed as
arbitrary units using a semi-quantitative scoring system as described in the Materials and Methods section. ns: nonsignificant. Scale bar = 100 μm.

doi:10.1371/journal.pone.0144537.g003
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In the GH-treated animals, the small intestine epithelium is protected
against radiation-induced injury, and caspase-3 activity is reduced in the
intestine but not in the tumors
Radiotherapy produces significant damage in the intestine. To analyze the effect of GH on this
induced injury, we measured the lengths of the villi and crypts in the ileum. As expected, radio-
therapy significantly decreased villi length in the IR group (344.8±6.1) compared with the con-
trol group (389.6±11.07). This effect was blocked by GH, and the epithelium of the GH-treated
animals was protected against the typical changes induced by radiation in the bowel tissues: the
GH_IR group had a normal villus length (386.2±8.7), significantly higher compared with the
IR group, and GH treatment also produced a significant increase in the GH_IR crypts com-
pared with the control and IR groups (Fig 4A).

Given radiation-induced apoptosis is one of the primary agents of intestinal injury, we eval-
uated the caspase-3 activity to verify whether GH treatment could have a protective effect on
intestinal apoptosis, resulting in an improvement in the intestinal tissue. As shown in Fig 4B,
GH treatment significantly reduced caspase-3 activity in the intestinal epithelium (IR: 753.5

Fig 4. Influence of GH on radiation-induced tissue injury. (A) GH effects on ileummucosal thickness. Representative hematoxylin-eosin sections of ileal
mucosa from the control (C), irradiated (IR), or GH treated and irradiated (GH_IR) animals. Average values of villus and crypt length of ileum samples. **: P <
.005 vs. control; *: P < .05 vs. control; ns: nonsignificant. (B) Apoptosis detection by caspase-3 activity. The role of GH in the prevention of radiotherapy-
induced apoptosis was assessed by measuring the caspase-3 activity in cell lysates obtained from ileal mucosa and tumor tissue from the irradiated and the
irradiated and GH-treated animals. ***: P < .0005 vs C; ***: P < .0005 IR vs GH_IR in intestine; *: P < .05 vs C; ns: nonsignificant.

doi:10.1371/journal.pone.0144537.g004
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±11.1 compared with GH_IR: 633.3±14.07) but, interestingly, it did not diminish apoptotic
activity in the tumors (ACC: IR: 673.7±33 compared with GH_IR: 759.2±25; HCC: IR: 767.5
±7.5 compared with GH_IR: 769.6±8.4).

GH treatment did not reduce radiotherapy-induced apoptosis in tumors
or in cancer cell lines
In view of the caspase-3 results, and to further investigate the effect of GH on the apoptotic
effects of radiotherapy in tumors, we analyzed apoptosis in the DHD and RH cell lines, both of
which were pretreated with GH and radiated in vitro, using flow cytometry. As expected, the
apoptotic population increased significantly after radiation, but it was not affected by GH treat-
ment (Fig 5A), regardless of dose (data not shown).

As previously described, p53 and Bcl-2 play a central role in the mechanism of apoptosis-
induced radiation toxicity [25,26]. We analyzed their mRNA levels in the adenocarcinoma
and hepatoma biopsies obtained from the animals to evaluate whether GH was impairing the
therapeutic effect of radiation on the tumors. In agreement with the caspase-3 activity shown

Fig 5. GH does not impair radiotherapy-induced apoptosis in tumor cells. (A) Flow cytometry analysis of the apoptotic population in DHD and RH cells,
irradiated and treated or not with GH. Flow cytometry traces representative of the control and the irradiated cells treated with saline or 0.2 μg/mL of GH, and
harvested at 24 h after radiation. Lower panel: quantification of apoptotic cells. ***: P < .0005 vs. C; ns: nonsignificant. (B) Analysis of Bcl-2 and p53 mRNA
levels in colonic adenocarcinoma and hepatocarcinoma biopsies obtained from the irradiated animals. Gene expression was analyzed by reverse-
transcription polymerase chain reaction. ns: nonsignificant.

doi:10.1371/journal.pone.0144537.g005
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in Fig 4B, there was no significant difference in the expression of the apoptosis-related genes
after GH administration, suggesting that GH does not alter radiotherapy-induced tumor apo-
ptosis (Fig 5B).

GH does not affect cancer cell survival after irradiation
Our data suggest that, at physiological doses, GH does not increase tumor cell proliferation,
but there is no evidence regarding whether GH treatment modifies the survival of cancer cells
following irradiation. To evaluate the possible effect of GH, we performed a clonogenic survival
assay. After the statistical analysis (Fig 6), it was observed that survival factor (SF) is clearly
conditioned by the radiation dose the cells are subjected to (both DHD and RH). As expected,
SF decreases significantly according to the increase in radiation dose (P< .001). However,
when SF was analyzed in relation to the treatment received, no statistically significant differ-
ences were found in either DHD or RH (P = ns). A detailed analysis of both cell types showed
that SF remained stable regardless of the treatment received (Bonferroni correction). There-
fore, the SF of the GH-treated groups (before or after RT) does not differ from the irradiated

Fig 6. GH does not affect cancer cell survival after irradiation.Clonogenic surviving fraction of DHD and RH carcinoma cells following treatment with
radiation alone (IR) or radiation with GH administered prior (GH_IR) or following the irradiation (IR_GH). Upper panel: statistical analysis. Lower panel:
Survival curves of DHD (left) and RH (right) cells after irradiation. As a result, GH does not affect clonogenic survival in irradiated tumor cells regardless of the
treatment received (P = ns). The surviving fraction of cells was normalized by the occurrence of cell death in the group treated with 0 Gy radiation
(nonirradiated and unstimulated). GLM: General Linear Model; ns: nonsignificant.

doi:10.1371/journal.pone.0144537.g006
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cells despite the radiation dose received, ruling out the possibility of a radiosensitizing effect by
GH, given there were no significant differences in survivability between cells irradiated alone
or in combination with GH.

GH effect on cell proliferation
To evaluate whether GH treatment was important for intestinal epithelium regeneration and
for tumor progression, we analyzed the potential proliferative effect of GH on the irradiated
ileum and tumors by Ki67 immunostaining. As shown in Fig 7A, radiotherapy significantly
decreased crypt cell proliferation in the intestine of the irradiated group (IR: 56%±4%) com-
pared with the control group (C: 66%±2%). GH treatment prevented this effect, and Ki67
staining showed similar levels of cell proliferation in the GH_IR group (68%±3%) as in the
control group, together with a significantly increased cell proliferation compared with the IR
group.

Although radiotherapy significantly decreased tumor proliferation both in colonic adeno-
carcinoma (IR: 20%±3%) and in hepatoma (IR: 33%±1%), GH treatment did not increase
tumor proliferation after radiotherapy in either (ACC GH_IR: 19%±2%; HCC GH_IR: 33%
±3%).

To confirm the Ki67 labeling, we analyzed the proliferation markers cyclin D3 and PCNA,
both of which are involved in the proliferative effects reported for GH [27,28]. Consistent with
the proliferation data obtained from Ki67, there was a slight increase in the intestinal tissue of
the mRNA levels of both genes, but there were no differences in the expression of these mark-
ers after GH treatment in either of the tumors (Fig 7B).

FDG uptake in GH-treated animals increases in the intestine but not in
tumor tissue
We assessed the in vivo response to radiotherapy in the small intestine and tumors by employ-
ing PET quantification of FDG uptake. FDG uptake was measured in basal conditions, 2 weeks
after tumor cell inoculation without any treatment, and 3 days after the final irradiation (Fig 1).
Liver uptake was used for normalization of both the small intestine and the tumors.

After radiation, intestinal FDG uptake was augmented in all the animals, but there was a
more intense increase in the GH-treated group compared with the non-GH-treated group
(almost a 2-fold increase: 38.52% versus 19.75%, respectively). This result suggests a higher
metabolic rate in the intestine of the GH-treated animals, which could be compatible with a
higher proliferative activity (Fig 8A). However, it is important to take into account that the
inflammatory component due to irradiation cannot be ruled out and might contribute to the
observed FDG activity.

Regarding tumor tissue, both ACC and HCC showed a suitable response to radiotherapy, as
shown by the marked effect on the reduction in FDG uptake. However, unlike that observed in
the irradiated ileum, the GH treatment did not affect FDG uptake in either tumor. After irradi-
ation, tumors from the GH-treated animals exhibited reduced metabolic activity compared
with the nontreated animals (Fig 8B). In ACC, after irradiation, SUV values decreased 42.94%
in the IR group versus 50.91% in the GH_IR group; in HCC, FDG uptake clearly decreased
after radiotherapy in the animals treated either with or without GH, and SUV values decreased
34.20% in the IR group versus 55.71% in the GH_IR group.

These results confirmed by in vivo imaging that the metabolic response of both kinds of
tumors to radiotherapy was not modified by GH treatment, indicating that GH did not
increase the cell viability of either tumor type after radiotherapy.
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Fig 7. GH treatment interferes with cell-cycle progression after irradiation in the intestine but not in tumors. (A) Representative images of
immunostaining for the proliferating nuclear antigen Ki-67, which is expressed in replicating cells throughout the cell cycle, in ileal and tumor tissue. Positive
Ki-67 nuclei were counted in 10 consecutive fields from each section (magnification, 200×). Intestine: ***: P < .0005 IR vs. C and IR vs GH_IR; Tumor: ***:
P < .0005 vs. C; ns: nonsignificant. (B) Expression of cyclin D3 and PCNAmRNA in the intestine and tumors of the animals. *: P < .05 vs. control; ns:
nonsignificant.

doi:10.1371/journal.pone.0144537.g007
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Fig 8. Effects of GH on tumor and intestine response to radiotherapy evaluated by FDG PET/CT.Quantification of FDG uptake, expressed as UV,
before radiotherapy (white bars) and 3 days after radiotherapy (black bars) of the irradiated (IR) and GH-treated and irradiated animals (GH_IR). The data
were normalized with normal liver SUV values. (A) Small intestine (B) Colonic adenocarcinoma and hepatoma: (1) Three-dimensional reconstruction of the
coronal PET image of the complete animal with a window (2) showing an enlarged abdominal zone, (3) transaxial slices of PET, and (4) PET-CT fusion
images. The red arrowheads point to the tumor. Lower panel: Quantification of FDG uptake in tumor tissue expressed as SUV and normalized with their
respective liver values. ns: nonsignificant.

doi:10.1371/journal.pone.0144537.g008
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Discussion
In the present study, we show that in animal models bearing tumors, the exogenous adminis-
tration of GH concomitant with radiation preserves the intestine against acute radiation-
induced injury, yet exerts its action without protecting ACC or HCC, while maintaining the
antitumor effect of radiotherapy. Along these lines, we have previously reported the prolifer-
ative effect of GH on the intestine and its protective action against radiotherapy and metho-
trexate-induced injury [8,9,29–31].

Our data show that GH treatment notably improves the proliferative and regenerative
potential of the intestinal epithelium, as assessed by crypt and villi measurements as well as
Ki67 labeling and PCNA and cyclin D3 expression; at the same time, we have shown a drop in
caspase-3 activity in the intestinal epithelium after GH treatment. These data were consistent
with previous studies of our group, in which GH was effective in preventing apoptosis induced
by radiation and chemotherapy [30, 32]. This reduced apoptosis together with its augmented
proliferative activity could lead to an increase in the number of stem cells before radiation,
improving the probability of their survival after radiotherapy or producing faster intestinal
mucosa regeneration [7,8]. Apoptosis is known to be one of the central mechanisms of radia-
tion toxicity, and those cells primarily affected are the cells of the rapidly dividing intestinal
epithelium, particularly crypt stem cells [33–35]. Therefore, a key factor in preventing the toxic
effects of radiation in the intestine would be the survival and proliferation of these stem cells
after radiotherapy, given a single stem cell can regenerate the crypt in the first 48–72 h after
irradiation [35]. GH has been proposed as a protective factor for the intestine because it is able
to exert both antiapoptotic and proliferative effects on the intestine of irradiated animals,
improving mucosal trophism in irradiated rats and mobilizing endothelial progenitor cells in
healthy adults [12,36].

The striking result was that, while protecting the intestine, GH did not impair the antitumor
effect of the radiation. Despite its proven mitotic potential in nontumor cells, after GH admin-
istration in vitro, the DHD and RH cells did not significantly increase their proliferation. We
have verified that both the cell lines and the tumors were positive for GHR, and were able to
regulate its expression, ruling out the possibility that the lack of GH effects on those tumors
was due to the absence of GHR. Moreover, when we analyzed the irradiated tumors, GH treat-
ment did not improve Ki67 labeling after irradiation, and this lack of proliferative effect was
assessed by the expression of cyclin D3 and PCNA. Furthermore, the apoptotic effect of radia-
tion was maintained after GH administration, as shown by p53 and Bcl2 expression, and by the
quantification of apoptotic cells by flow cytometry. Similarly, the clonogenic survival assay
showed that GH treatment (before or following RT) did not modify the survival capacity of
tumor cells after irradiation, nor did it have a radiosensitizing effect. Thus, GH appears to be a
growth factor that behaves differently depending on the tissue studied. This dual action is not
exclusive to GH: similar to our findings, KGF, a member of the fibroblast growth factor family,
has proven mitotic activity, improving crypt cell survival in irradiated animals [37], while not
enhancing the growth of various cancer cells.

Data obtained from the FDG PET/CT permits the in vivo assessment of the early tumor
response to radiotherapy [38], as is routinely performed in the clinic. Specifically, the reduction
in FDG uptake is a sensitive marker of the reduction in viable tumor tissue used for the evalua-
tion of the tumoricidal effect of radiotherapy. In mice, a proliferative response occurs within
48–72 h after radiotherapy [39], providing a time window suitable for evaluating the effect of
proliferation stimulators [40], which is why we assessed the GH effects 3 days after radiother-
apy. Our results indicate that in the small intestine, FDG uptake after radiotherapy increased
almost twice as much in the GH_IR group as in the IR group. Concurrently, FDG uptake
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decreased in the ACC and HCC tumors after radiotherapy, indicating that radiotherapy was
effective, and the early tumor response to fractionated radiotherapy was suitable [38]. How-
ever, RT induces a strong inflammatory reaction that also contributes to the signal, so it is
important to take into account that the source of the signal cannot be attributed exclusively to
the metabolic status of the cell, and the inflammatory component must also be considered.
Interestingly, FDG uptake decreased both in the GH- and the non-GH-treated animals, and
the ratio was very similar in the two groups, involving a response not impaired by GH treat-
ment. Thus, the in vivometabolic status of the tumors does not appear to be improved by GH
administration, correlating with our findings on proliferation and apoptotic tumor rates.

The absence of a pro-tumor effect of GH in animal models was suggested by Brennan et al.,
concluding that GH stimulates liver protein synthesis without changing tumor growth, protein
synthesis, or host composition in a rat sarcoma model after 2 weeks of treatment [15]. More-
over, in an animal model of pulmonary metastasis in rats, GH treatment not only did not stim-
ulate tumor primary growth but also inhibited its metastasis [41]. In studies that developed
human tumors in nude mice, a pro-oncogenic effect was found: in a wide preclinical study of
20 human tumor models established in nude mice under continuous exposure to GH, no evi-
dence for tumor growth stimulation was found in any of the tumors studied [42], and no effect
was found when the proliferation of human gastric carcinoma cells was studied in vivo or in
vitro [43,44].

Regardless of the promising results obtained in animals, given the proven mitotic and ana-
bolic properties of GH [24], the use of GH in patients is a matter of great concern because it
might increase the risk of future cancer. Since the development and approval of synthetic
human GH (hGH) in 1985, the FDA has authorized it only for a few specific uses in children
and adults: In children, for treating short stature of unknown cause as well as poor growth due
to Turner's syndrome, Prader-Willi syndrome, chronic renal insufficiency, GH insufficiency,
or children born small for gestational age. In adults, the use of GH is approved only in short
bowel syndrome, GH deficiency due to pituitary tumors, or muscle-wasting disease associated
with HIV/AIDS [45]. Other uses, such as for cachexia or treatment of surgical patients, are still
under study despite favorable evidence [14,41,46].

However, the primary conflict likely centers on the treatment of oncological patients under
radiotherapy, given on one side the reported benefits of GH in preventing radiation-related
healthy tissue injury, and on the other its pro-proliferative potential [13,47,48]. In recent years,
an increasing amount of data from long-term patient surveillance and meta-analysis studies
suggest the safety of low-dose GH treatment. A report studying the risk of recurrence and sec-
ond neoplasms in survivors of childhood cancer treated with GH concludes that GH therapy
does not appear to increase the risk [49]. The same conclusion was obtained in a study of
58,603 patients from the Pfizer International Growth Database, in which no association was
found between GH treatment and an increase in the incidence of cancer [50], nor was an asso-
ciation found in a cohort of 6840 GH-treated adult hypopituitary patients [51]. Reassuringly,
the conclusions extracted from studies around the world that include considerable follow-up
data indicate there is no clear evidence from clinical practice that GH treatment has a causal
relationship with tumor occurrence or recurrence [52,53]. A 2012 study conducted in France
has rekindled the controversy, reporting that patients with idiopathic GH deficiency and idio-
pathic or gestational short stature who were treated with recombinant hGH during childhood
were at a small increased risk of death when compared with individuals in the general French
population [54]. Interestingly, the study states that the risk of death was increased when doses
of GH that are higher than normally prescribed were used. Although the FDA is currently
reviewing all available information, its latest recommendation for healthcare professionals is
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the “FDA believes the benefits of recombinant growth hormone continue to outweigh its
potential risks” [45].

Although the antiapoptotic, mitogenic, and anabolic effect of GH is undeniable, however,
the exact mechanism by which tumor cells are unprotected remains unknown; thus, the
threat of a potential adverse effect from GH, including increased future cancer risk or tumor
recurrence, precludes its clinical use in oncological patients. According to Lobie and Devesa
[55,56], the key could be not only in the dose, but in the nature of GH. These authors stated
that, as opposed to autocrine GH, exogenous GH administration does not appear to be
related to oncogenesis because the oncogenic properties of GH are exclusive of the locally
produced hormone. The exogenous hormone, with pulsatile changes in its concentration,
would mimic the effect of the endocrine-delivered GH that does not induce oncogenic trans-
formation [57,58]. Moreover, microarray analysis has confirmed differential regulation of a
subset of more than 300 genes that are specifically regulated by autocrine production of hGH
in mammary carcinoma cells and not by exogenously added hGH [59]. Thus, just as exoge-
nous GH induces a transient activation of P44/42 MAP kinase, autocrine GH induces a sus-
tained activation of the mitogenic pathway, at least for 48 h, triggering a potent oncogenic
effect.

The effect produced by IGF-1 is significantly different. IGF-1 is important for both the regu-
lation of normal physiology and a number of pathological states, including cancer, and it has
been shown to play roles in the promotion of cell proliferation and in the inhibition of apopto-
sis [60]. Because IGF-1 is primarily secreted by the liver as a result of stimulation by GH, it is
widely held that the GH/IGF-1 axis plays a role in the development and progression of cancer,
although the exact pathophysiology of neoplastic transformation is not clear, and the role of
GH has not been determined. However, IGF-1’s induction of anomalous proliferation appar-
ently occurs only when elevated serum concentrations are found; thus, GH administration
must be adjusted to doses that maintain circulating IGF-1 levels less than 2 standard deviations
(SD) below the age-matched mean [56,61]. In this sense, treatment with ghrelin, the natural
endogenous ligand for GH secretagogue receptors, increases GH levels but has a relative lack of
effect on IGF-1 plasma levels [62], supporting the independent actions of both factors. More-
over, ghrelin administration mimics some of the results that we obtained with GH treatment: it
has proven to be effective in mitigating intestinal injury after irradiation in rats [48], promoting
mucosal proliferation, reducing apoptosis in the elemental diet-induced hypotrophic intestine
[62], and in the chemoprevention of inflammation-associated colorectal carcinogenesis, but
without tumor-promoting effects [46].

In conclusion, despite the proliferative effect of GH, our data suggest that short-term
administration of GH concomitant with radiotherapy exerts a dual action, preventing radiation
injury to the intestine while not protecting the tumor, preserving the therapeutic potential of
the treatment. The promising role of ghrelin and the increasing evidence indicating a differen-
tiating activity between IGF-1 and GH, could be the missing link to explain the dual action of
GH, and opens the door for future investigations. However, it is important to emphasize that
our data derive from a preliminary animal study, and any question about the potential clinical
use of GH is far beyond the scope of the present manuscript. A longer follow-up and additional
studies are needed to determine whether this effect can be extrapolated to other tumors, and a
lack of pro-oncogenic action of GH on healthy tissue should be fully confirmed.
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