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Gene Expression Analysis Reveals Inhibition of Radiation-
Induced TGFg-Signaling by Hyperbaric Oxygen Therapy in
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A side effect of radiation therapy in the head and neck region is injury to surrounding healthy fissues such as irreversible im-
paired function of the salivary glands. Hyperbaric oxygen therapy (HBOT) is clinically used to treat radiation-induced damage but
its mechanism of action is largely unknown. In this study, we investigated the molecular pathways that are affected by HBOT in
mouse salivary glands two weeks after radiation therapy by microarray analysis. Interestingly, HBOT led to significant attenuation
of the radiation-induced expression of a set of genes and upstream regulators that are involved in processes such as fibrosis and
fissue regeneration. Our data suggest that the TGFa-pathway, which is involved in radiation-induced fibrosis and chronic loss of
function after radiation therapy, is affected by HBOT. On the longer term, HBOT reduced the expression of the fibrosis-associated
factor a-smooth muscle actin in irradiated salivary glands. This study highlights the potential of HBOT to inhibit the TGFp-pathway
in iradiated salivary glands and to restrain consequential radiation induced fissue injury.
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INTRODUCTION vary gland sparing techniques such as points after RT (~0-10 d). It has been
Treatment of head and neck cancer intensity modulated radiation therapy proposed that this is due to radiation-in-
routinely involves radiation therapy (IMRT), the surgical transfer of major duced damage to the plasma mem-
(RT), which not only affects tumor tissue, salivary glands outside the radiation branes, since no cell loss is visible yet
but also the surrounding healthy tissues. field and the use of cytoprotectants, xe- (2,3). In the chronic stage of radiation
Because of their position, salivary glands rostomia remains a significant problem damage (~120-240 d), a lack of func-
are often in the radiation portal. Radia- after radiotherapeutic treatment of ma- tional acinar cells and replacement by
tion-induced damage to salivary glands lignancies in the head and neck area (1). connective tissue and fibrosis causes the
is irreversible and results in chronic hy- Unlike other slowly dividing tissues, diminished salivary flow (4). In this
posalivation and a change in saliva com- salivary glands respond acutely to radia- phase, some generation of acinar cells
position, leading to a subjective feeling tion treatment. Whereas acinar cell num- does take place, but it is suggested that
of a dry mouth called xerostomia which ber remains unaltered, salivary flow the new cells cannot function properly
greatly affects quality of life. Despite sali-  rates drop dramatically at early time due to damage of ducts, blood vessels

and nerves (5).
Hyperbaric oxygen therapy (HBOT),
in which patients breathe 100% oxygen
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times. As oxygen under pressure is dis-
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case of the prevention or treatment of xe-
rostomia, some clinical trials report posi-
tive effects of HBOT (6-8), mostly mea-
sured by quality of life questionnaires.
Experimental evidence on the beneficial
effects of HBOT on irradiated salivary
glands is however scarce (9). In a previ-
ous study we showed an increased blood
vessel density in irradiated mouse sali-
vary glands in response to HBOT (10). In
other tissues and cells, it has been shown
that vascular endothelial growth factor
(VEGF) levels can rise in response to
HBOT (11,12), and angiogenesis can be
promoted (13,14). Besides influencing an-
giogenesis, oxygen also is involved in
other key processes associated with
wound healing, such as modulating cy-
tokine release, accelerating microbial ox-
idative killing, modulating leukocyte ac-
tivation and adhesion, and reducing
apoptosis (15). The effects of HBOT on
gene expression have been analyzed in
vitro in neurons, osteoblasts and en-
dothelial cells, maximally 24 h after a
single HBO treatment (16-18). In all three
cell types, an upregulation of the oxida-
tive stress response was reported. In an
in vivo model of rat ischemic brain, genes
of the neurotrophin system and inflam-
matory immune response were affected
after five consecutive HBO treatments
(19). In patients with nonhealing
wounds, an upregulation of genes in-
volved in extracellular matrix remodel-
ing and angiogenesis was reported after
HBOT (19,20).

Thus far, the effects of HBOT on gene
expression in irradiated tissues have not
been studied in an in vivo model. In this
study, we explore the molecular path-
ways that are influenced by HBOT in
irradiated salivary glands of mice by
means of microarray analysis. By under-
standing basic HBOT mechanisms, the
clinical implementation of HBOT for ac-
cepted indications can be improved.

MATERIALS AND METHODS
Animals

Female C3H mice, 7-9 wks old, were
treated with radiotherapy (RT) and/or

hyperbaric oxygen therapy (HBOT) as
described before (21). The experimental
protocol was approved by the Animal
Care Committee of Erasmus MC, Rot-
terdam, the Netherlands (protocol IDs
133-08-09 and 133-11-04), under the na-
tional Experiments on Animals Act and
adhered to the rules laid down in this
national law that serves the implemen-
tation of the guidelines on the protec-
tion of experimental animals from the
Council of Europe (1986), Directive
86/609/EEC (22).

Radiation Therapy (RT)

Radiation therapy was performed as
described previously (10). In short, mice
were anesthetized intraperitoneally with
a mixture of ketamine and xylazine
(120 mg/kg and 6 mg/kg body weight,
respectively) and irradiated locally in the
head and neck area with a single dose of
15 Gy by a 250 kV orthovoltage irradia-
tor (Philips RT250) using a Cu filter and
a dose rate of 1.9 Gy/min (Philips Med-
ical Systems, Brussels, Belgium). The rest
of the body was shielded by a 0.5-cm
lead plate.

Hyperbaric Oxygen Therapy
Hyperbaric oxygen therapy was per-
formed in a custom-built hyperbaric oxy-

gen chamber for small laboratory ani-
mals (Hytech BV, Raamsdonksveer, the
Netherlands) (23). HBOT was given once
a day for five consecutive days a week,
with a maximum of 20 sessions. Each
session consisted of compression to 2.4
atmospheres absolute (ATA) and 100%
oxygen during 30 min, isopression for 60
min, in which pressure and oxygen lev-
els were kept constant and decompres-
sion to 1 ATA during 15 min. For animals
that were treated with RT, HBOT started
the day after.

RNA Isolation

Mice were euthanized by CO,-
asphyxiation and submandibular sali-
vary glands were removed, snap frozen
in liquid nitrogen and stored at -80°C
until total RNA isolation was performed
using the RNeasy Mini Kit (Qiagen,
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Hilden, Germany) according to the
manufacturer’s instructions.

Microarray Analysis

Microarray analysis was performed on
RNA samples of submandibular glands
of untreated mice (control), mice treated
with 10 sessions of HBOT (HBOT), mice
treated with RT at 2 wks after RT (RT)
and mice treated with RT and HBOT at 2
wks after RT (RT + HBOT; n = 4 for each
group). Assessment of total RNA quality
and purity was performed with the RNA
6000 Nano assay on the Agilent 2100 bio-
analyzer (Agilent Technologies, Palo
Alto, CA, USA). cDNA was synthesized
from total RNA using the IVT Express
Labeling kit (Affymetrix, Santa Clara,
CA, USA). Subsequent biotin-labeled
cRNA synthesis, purification and frag-
mentation were performed according to
the manufacturer’s recommendations. A
total of 12.5 ug fragmented biotinylated
cRNA was subsequently hybridized onto
Affymetrix Mouse Genome 430 2.0 Array
chips. Image analysis was performed
using GeneChip Operating Software
with the Affymetrix GeneChip Scanner
3000 according to the manufacturer’s
protocol. Microarray Suite software
(Affymetrix) was used to generate .dat
and .cel files. To examine the quality of
the various arrays, several R packages
(including affyQCreport [24]) were run
starting from the .cel files. All created
plots, including the percentage of present
calls, RNA degradation, NUSE and RLE
indicated a high quality of all samples
and an overall comparability. Raw inten-
sity values of all samples were normal-
ized by RMA normalization (Robust
Multichip Analysis) (background correc-
tion and quantile normalization) using
Partek version 6.4 (Partek Inc., St. Louis,
MO, USA).

The normalized datafile was trans-
posed and imported into OmniViz ver-
sion 6.0.1 (BioWisdom Ltd., Cambridge,
UK) for further analysis. For each probe
set, the geometric mean of the hybridiza-
tion intensity of all samples was calcu-
lated. The level of expression of each
probe set was determined relative to this
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Figure 1. Summary of microarray data by PCA and Venn diagrams. (A) PCA-mapped scatter plot. The global gene expression profiles of
the submandibular glands for different freatment groups and control analyzed by PCA. The figure represents the first three principal com-
ponents of microarray analysis data (PC1, PC2 and PC3) in x, y and z axes, respectively. (B) Venn diagram that represents the number of
differentially expressed Affymetrix probe sets in RT versus control (red circle), HBOT versus control (green circle) and RT + HBOT versus RT
(black circle), with the number overlapping probe sets inside the circles.

geometric mean and log,-transformed.
The geometric mean of the hybridization
signal of all samples was used to ascribe
equal weight to gene expression levels
with similar relative distances to the geo-
metric mean. Differentially expressed
genes were identified using statistical
analysis of microarrays (SAM). Cutoff
values for significantly expressed genes
were a false discovery rate (FDR) of 0.1
or less and a fold change of =1.5.

Functional Annotation

Functional annotation of the statistical
analysis of microarrays results was done
using Ingenuity Pathway Analysis (Inge-
nuity, Mountain View, CA, USA). The re-
sults are shown for biological processes,
which are significantly (P < 0.05) en-
riched after multiple testing.

Quantitative Real-Time Reverse
Transcription Polymerase Chain
Reaction

Total RNA from submandibular glands
of four animals per experimental group
was reverse transcribed using the iScript

cDNA Synthesis Kit (Bio-Rad Laborato-
ries, Hercules, CA, USA). The resulting
c¢DNA was amplified in 40 cycles (enzyme
activation at 95°C for 20 s, denaturation
at 95°C for 3 s, annealing/extension at
60°C for 30 s) with a Bio-Rad CFX 96
Real-Time Detection System (software
version Bio-Rad CFX Manager 2.0) using
Fast SYBR Green Master Mix (Applied
Biosystems, Life Technologies Europe BV,
Bleiswijk, the Netherlands) and primers
for: a smooth muscle actin (a-Sma),
B-cell translocation gene 2 (Btg2), Cd83
antigen (Cd83), connective tissue growth
factor (Ctgf/Ccn2), cysteine rich protein
61 (Cyr61/Ccnl), early growth response 1
and 2 (Egr1 and Egr2), glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), ser-
pin peptidase inhibitor, calde E, member
1 (Serpinel/Pail), SRY-box containing
gene 2 (Sox2), transferring receptor (Tfrc),
transforming growth factor p 1 (Tgfp1)
and thrombospondin 1 (Thbs1). For
primer sequences see Supplementary
Table S1). Each PCR reaction was per-
formed in duplicate and the average
threshold cycle (Ct) value was used for

relative quantification of gene expression
compared with the housekeeping gene
Gapdh, with the comparative Ct method
(AAC,).

(Immuno-)Histochemistry

Immediately after euthanization, sub-
mandibular glands were excised and
stored in 10% buffered formalin for 24 to
36 h. Tissues were then dehydrated, em-
bedded in paraffin blocks and 5-um slides
were cut. Standard hematoxylin and eosin
(H&E) and picrosirius red stainings were
performed to visualize fibrosis and colla-
gen content. For the detection of TGFf1,
Serpinel and a-SMA, sections blocked
with 5% nonfat milk powder and then
probed with a primary antibody against
TGFp1 (1:50, Santa Cruz Biotechnology
Inc, Dallas, USA), Serpinel or o-SMA
(1:100, Novus Biologicals Ltd., Cam-
bridge, UK) overnight at 4°C. Biotinylated
goat anti-rabbit IgG (Dako, Carpinteria,
CA, USA) was used as secondary anti-
body (30 min at room temperature). De-
tection of the antibody complex was per-
formed with streptavidin—peroxidase
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Table 1. Cellular and physiological functions.®

Activation
Category Functional Annotation p Value zscore
RT Cell death and survival apoptosis 4.14E-12 -1.285
necrosis 8.00E-12 -0.863
cell death 4.68E-10 -1.104
cell death of connective tissue cells 6.76E-10 0.515
cell survival 9.86E-08 2.742
Cell cycle arrest in intferphase 5.19E-11
intferphase 2.26E-10 0.512
cell cycle progression 6.63E-09 2.092
G1 phase 3.74E-07 -0.018
Gene expression binding of DNA 4.58E-10 -0.274
franscription of RNA 1.01E-07 0.441
binding of protein binding site 3.47E-07 0.839
expression of RNA 5.59E-07 0.914
expression of DNA 5.96E-06 1.485
Cellular growth, development and proliferation proliferation of cells 7.07E-09 0.710
proliferation of connective fissue cells 4.59E-08 1.905
differentiation of connective fissue cells 6.38E-08 2.668
differentiation of cells 2.20E-07 1.256
HBOT Cellular function and maintenance function of leukocytes 2.57E-14 -0.751
function of blood cells 3.58E-13 -0.751
function of mononuclear leukocytes 1.20E-09 -0.684
function of lymphocytes 3.20E-09 -0.684
Cellular movement chemotaxis of leukocytes 1.46E-11 -3.641
cell movement of leukocytes 1.68E-11 -4.942
homing of leukocytes 4.30E-11 -3.753
chemotaxis of myeloid cells 6.64E-11 -3.110
Cellular development proliferation of lymphocytes 2.00E-10 -2.036
proliferation of immune cells 7.99E-10 -2.268
proliferation of blood cells 1.45E-09 -2.083
Cell-to-cell signaling and interaction activation of cells 2.32E-10 -3.952
activation of leukocytes 3.17E-10 -4.119
activation of blood cells 2.04E-09 -3.932
RT + HBOT Cellular growth, development and proliferation proliferation of cells 6.44E-08 2.676
proliferation of fibroblast cell lines 4.57E-05 0.873
differentiation of connective ftissue cells 1.62E-04 2.074
formation of cells 1.95E-04 0.528
proliferation of connective tissue cells 4.71E-04 1.728
Cell death and survival necrosis 3.13E-06 -0.182
cell death 7.26E-06 -0.101
apoptosis 8.46E-06 -0.521
cell viability of fibroblasts 3.66E-04 0.647
Cell cycle arrest in G1 phase 6.09E-05
polyploidization of cells 1.30E-04 -0.640
arrest in interphase 1.77E-04
Cellular function and maintenance fransport of D-glucose 3.38E-05 2419
concenfration of D-glucose 8.41E-05 -0.491
quantity of carbohydrate 2.69E-04 0.585

“Cellular and physiological functions that are affected by RT, HBOT and RT + HBOT, divided into categories. z Scores of <2 (inhibition) or >2
(activation) are considered statistically significant.
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(R&D Systems, Oxon, UK) and 3,3'-
diaminobenzidine (Dako). Hematoxylin
served as counterstain.

Quantification

Slides stained for a-SMA were scanned
using a slide scanner (Hamamatsu Pho-
tonics KK, Japan). A representative 10x
magnified picture was taken for each
gland and o-SMA staining was analyzed
by Cell* (Olympus Life Science Europe
GmbH) to detect the percentage of
a-SMA positive staining.

Statistical Analysis

All data are expressed as mean values
with standard deviation (SD), and were
analyzed using SPSS PASW 17.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). Uni-
variate tests with post hoc Bonferroni cor-
rection were used to identify statistical
differences (P < 0.05) between groups.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Gene Expression Analysis of
Submandibular Glands

To investigate the effect of hyperbaric
oxygen therapy on molecular pathways
in irradiated and nonirradiated salivary
glands, gene expression analysis was
performed on submandibular salivary
glands of control mice, irradiated mice
two weeks after radiotherapy (RT), mice
treated with daily hyperbaric oxygen
therapy for two weeks (HBOT) and irra-
diated mice treated with hyperbaric oxy-
gen therapy for two weeks (RT + HBOT)
(n = 4/group). Principal component
analysis (PCA) indicates a clear cluster-
ing of groups, with samples of both irra-
diated groups closest to each other (Fig-
ure 1A).

Differentially expressed probe sets
were identified in salivary glands of all
experimental groups using statistical
analysis of microarrays (SAM, = 1.5-fold
change, FDR 0.1). Treatment with RT or
HBOT resulted in a change in expression
levels of 613 probe sets and 872 probe
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Figure 2. Differentially expressed probe sets between the RT- and RT + HBOT group. OmniViz
freescape showing the hierarchical clustering of differentially expressed Affymetrix probe
setfs between the submandibular glands of the RT and RT + HBOT group (middle groups). Ex-
pression of these probe sets for the control and HBOT-group is shown on the outside. Red in-
dicates upregulated probe sets compared with the geometric mean and blue indicates
downregulated probe sets compared with the geometric mean. The color intensity corre-
lates with the degree of change. Rectangle shows probe setfs that are upregulated in the
RT group, while downregulated in the RT + HBOT group. Genes within this rectangle are

summarized.

sets, respectively. Treatment of irradiated
glands with HBOT led to the identifica-
tion of 124 differentially expressed probe
sets, of which 84 were unique to this
group (Figure 1B), indicating that HBOT
has a different effect on irradiated and
healthy glands. The lists of significantly
up- and downregulated genes of the dif-
ferent groups are shown in Supplemen-
tary Tables 52-S5. These sets of up- and
downregulated genes were used for fur-
ther functional annotation of pathways
and functional categorization using In-
genuity Pathway Analysis (IPA). The

canonical pathways that were affected
by RT were anticipated for on the basis
of existing knowledge and included the
P53 and ATM signaling, NRF2-mediated
oxidative response and the acute phase
response. Table 1 shows cellular and
physiological functions that are most
significantly influenced by RT, HBOT or
RT + HBOT. Irradiated salivary glands
of the groups with and without HBOT
showed clear differential expression of
genes that enhance survival, cell prolif-
eration and differentiation of connective
tissue cells. Strikingly, apoptosis was re-
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Table 2. Upstream regulators.®

RT versus control

RT + HBOT versus RT

Upstream regulator Activation z score p Value Activation zscore  pValue
PDGF BB 5.039 6.79E-23 -3.449 1.91E-09
EGF 4.835 6.21E-20 -3.378 6.88E-12
TGFB1 3.632 4.02E-14 -3.175 1.60E-05
IL1B 2.506 5.82E-22 -2.829 2.42E-05
IL4 3.040 1.18E-06 -2.771 9.84E-04
TNFSF11 3.330 5.31E-05 -2.741 1.54E-05
P38 MAPK 3.598 2.71E-14 -2.731 3.68E-07
IL3 3.450 2.44E-07 -2.728 2.08E-05
FGF2 4.145 6.45E-10 -2.601 5.14E-04
CSF2 3.475 2.42E-07 -2.587 1.32E-04
Pkc(s) 3.703 1.73E-08 -2.503 6.37E-06
F2 4.361 1.01E-10 -2.442 1.60E-06
Ins1 3.030 2.57E-06 -2.439 1.04E-05
MAPK14 2.345 1.80E-06 -2.433 9.74E-07
CHRM1 2.423 1.09E-07 -2.423 6.17E-12
Jnk 3.647 8.55E-09 -2.414 4.30E-06
CSF3 3.109 2.81E-03 -2.401 6.07E-06
NfkB (complex) 3.823 4.77E-14 -2.396 3.32E-06
CSF1 2.964 4.82E-06 -2.375 8.40E-05
LEP 2.225 7.91E-08 -2.371 2.65E-03
ERK 3.772 1.41E-10 -2.258 2.58E-07
CREBBP 2411 2.07E-09 -2.219 6.03E-07
EPHBI 2.425 5.06E-08 -2.216 7.11E-10
GNRH1 2.763 1.84E-05 -2.202 1.27E-06
IGF1 3.595 5.00E-19 -2.197 2.51E-06
Gm-csf 2.391 5.55E-04 -2.189 1.87E-06
POMC 2.404 1.36E-02 -2.187 3.77E-05
F7 2.934 2.63E-08 -2.183 3.11E-07
A 2.391 4,43E-04 -2.168 1.63E-03
ELK1 2.542 7.79€E-07 -2.146 9.07E-09
AGT 2.953 5.97E-07 -2.047 2.15E-05

“Upstream regulators that were predicted to be activated by RT, and inhibited when HBOT
was applied after RT, on the basis of the microarray data of the submandibular glands.
z Scores of <2 (inhibition) or >2 (activation) are considered significant.

Table 3. Genes of inferest.®

RT versus control

RT + HBOT versus RT

Process Gene (fold change) (fold change)
Fibrosis Cyrl +4.3 -4.6
Ctgf +3.4
Egrl +6.5 -12.2
Regeneration Btg2 +2.9 -4.9
Sox2 +2.6
Tfrc +2.6
Immune response Cd83 +2.3 -2.2

“Genes of interest that were selected for gPCR validation with fold changes from the

microarray.
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duced and cell survival enhanced.
HBOT resulted in a change in a remark-
able number of functions associated
with the immune response and inflam-
mation in the salivary glands of nonirra-
diated mice. No such strong immuno-
logical response of HBOT was detected
in the irradiated tissue. To elaborate on
the influence of HBOT on irradiated tis-
sues, the expression levels of the differ-
entially expressed genes of the RT +
HBOT versus the RT group were ana-
lyzed by treescape and revealed a group
of genes that was upregulated after RT,
but significantly downregulated if
HBOT was applied after RT (Figure 2).
This group consisted mostly of immedi-
ate early response genes like Fos, Jun
and members of the Egr and Ier family,
indicating that HBOT can prevent or in-
hibit the radiation-induced expression of
these genes.

By using the Ingenuity software, acti-
vation or inhibition of upstream regula-
tors was predicted on the basis of up-
and downregulated genes in the dataset.
In this way, regulatory cascades and bio-
logical activities occurring in the tissue
were determined. Table 2 shows the list
of RT-activated regulators that were sig-
nificantly inhibited after HBOT treat-
ment, a considerable amount of which
are cytokines and growth factors known
to play roles in radiation-induced
processes such as fibrosis, apoptosis, tis-
sue regeneration and inflammation.

qPCR Validation

On the basis of their expression pro-
files and putative roles in tissue repair,
nine genes of interest were selected for
qPCR-validation (Table 3). The first
group consisted of genes that are linked
to fibrosis and that were significantly
downregulated by HBOT in irradiated
salivary glands while upregulated by RT
alone: Egrl1, Egr2 and Cyr61. Ctgf was in-
cluded because of its direct link to fibro-
sis and the fact that it was less upregu-
lated in irradiated glands after HBOT
treatment as well.

On the basis of their differential ex-
pression patterns, Btg2 (antiproliferative



capacities), Sox2 (stem cell maintenance),
Tfrc (control of cell proliferation and
growth) and Thbs1 (negative regulation
of regeneration and angiogenesis) were
selected because of their putative roles
in regeneration. In addition, Cd83 was
included in the qPCR analysis as it is in-
volved in the immune response and was
affected considerably by HBOT accord-
ing to the microarray analysis. By qPCR,
differential expression was confirmed for
all selected genes, although for Egr2 and
Thbs1, the differences were not statisti-
cally significant (Figure 3).

TGFB-Pathway

Because of its known role in (radia-
tion-induced) fibrosis, we further ana-
lyzed the TGFB-pathway in our dataset
using IPA. The TGFp1 regulator path-
way was predicted to be activated in the
RT group and to be inhibited if HBOT
was applied after RT (see Table 2). Fig-
ure 4 shows an upregulation of a set of
target genes of the canonical TGFp1-
pathway in the RT group compared with
controls (Figure 4A), and an inhibition
when HBOT was given to irradiated tis-
sue (Figure 4B). Expression analysis of
the Tgfp1 gene and its effector gene Ser-
pinel by qPCR at 2 wks after RT was
performed to confirm the inhibitory ef-
fect of HBOT on the TGFp-pathway (Fig-
ure 4C). Both genes showed lower ex-
pression 2 wks after RT if HBOT had
been applied. Inmunohistochemical
staining for TGFB1 and Serpinel also
showed an RT-induced upregulation
that was partly counteracted by HBOT
(Figure 4D). The expression of a-SMA,
which is a profibrotic factor expressed
by myofibroblasts, but also by myoep-
ithelial cells in the salivary gland,
showed a similar pattern with higher ex-
pression in the RT-treated group at 2 and
10 wks after RT (Figure 5A). Immuno-
histochemistry showed a significantly
higher expression in RT-treated glands
at 24 wks after RT compared with irradi-
ated glands that received HBOT (Figure
5B). Although expression analysis
showed a potential inhibitory effect of
HBOT on profibrotic markers, we were
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Figure 3. gPCR validation of genes of interest. gPCR validation of microarray results for the
expression of genes of interest at 2 wks after RT in the submandibular glands. y Axis shows
mean fold change relative to controls. Lines above bars represent statistically significant

differences (*P < 0.05, **P < 0.01, ***P < 0.001).

unable to identify major signs of fibrosis
in H&E- and picrosirius red—stained tis-
sue, at 2, 10 and 24 wks after RT.

DISCUSSION

Radiation-induced damage to salivary
glands is a serious, irreversible complica-
tion of RT to the head and neck region.
Hyperbaric oxygen therapy is used in
the treatment of radiation-induced injury
to normal tissues in the head and neck
region while its mechanism of action re-
mains poorly understood. Especially, lit-
tle is known about the molecular path-
ways that are influenced by HBOT on
irradiated salivary glands. Therefore, we
investigated the effects of radiotherapy
and HBOT on gene expression in sub-
mandibular glands of mice, 2 wks after a
single dose of 15 Gy and after 10 consec-
utive HBO treatments.

As expected, RT resulted in the activa-
tion of pathways involved in cell cycle
and DNA damage repair, such as the p53
pathway, the NRF2-mediated oxidative
response and the acute phase response
signaling. HBOT did not have an effect
on these pathways. The microarray data
predict that RT has an inhibiting effect
on apoptosis and increases cell survival
2 wks after irradiation. This apoptotic re-
sponse may seem unexpected since it is
known that p53 signaling after irradia-
tion leads to apoptosis (25) and apoptosis
of acinar cells after RT of salivary glands
has been reported (26). However, in re-
sponse to RT, pro- as well as antiapo-
ptotic and cell survival signaling path-
ways are activated, which occurs in
waves. For instance, to allow DNA repair
to take place after RT-induced damage,
specific signaling pathways stimulate cell
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Figure 4. Influence of HBOT on the TGFp-pathway. Differential expression of genes involved in the TGFp-pathway in irradiated submandibular
glands compared with control (A) and in irradiated glands that received HBOT compared with irradiated glands (B), by Ingenuity Pathway
Analysis of microarray data. Colors show up- (red) and downregulated (green) genes (= 1.2-fold change, FDR 0.05). Nofice the reverse ex-
pression of genes when HBOT is applied to iradiated glands. gPCR validation (C) and immunohistochemical staining (D) of Tgfp1 and
Serpinel at 2 wks affer RT. Scale bars left pictures 200 um, right pictures 50 um.

cycle arrest and prevent apoptosis
(27,28). The balance between these path-
ways will decide whether more pro- or
antiapoptotic proteins will be expressed
(28). Our microarray data don’t reveal
significant effects of HBOT on apoptosis
or cell survival pathways, which corre-
sponds to our previous histological
study in which no profound effect of
HBOT on apoptosis levels was detected
in salivary glands after RT (10).
Radiation causes vascular damage
and thereby hypoxia (29). It is generally

264 | SPIEGELBERG ET AL. |

assumed that HBOT can positively in-
fluence angiogenesis (reviewed in [30]).
In a previous study, we showed an in-
creased blood vessel density due to
HBOT in irradiated submandibular
glands of mice at ten weeks after RT
(10). The microarray performed in the
present study, at 2 wks after RT, did not
show a discernible effect of HBOT on
gene expression profiles associated with
angiogenesis, possibly because the 2-wk
time point is too early to detect these
effects.

MOL MED 20:257-269, 2014
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In healthy submandibular glands,
HBOT led to a remarkable amount of dif-
ferentially expressed probe sets, even
more than RT alone (872 versus 613
probe sets) indicating that HBOT induces
changes in healthy, nonhypoxic tissue. In
particular biological functions that are
associated with the immune system,
such as the movement, activation and
adhesion of different immunological
cells, were decreased by HBOT. In a
wound model, suppressive effects of
HBOT on the expression of inflammatory
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Figure 4. Continued.

genes have been described and are a
basis of its use in treating chronic (dia-
betic) wounds (31-33).

Genes that were most upregulated by
RT included the early response genes
Fos, Jun and Egr1. This upregulation has
been reported before in mammalian cells
shortly after RT (34,35) and our in vivo
model shows that this upregulation still
persists 2 wks after RT. Interestingly,
HBOT significantly downregulated the
expression of these early response genes,
when applied in irradiated salivary
glands, indicating a counteraction of
HBOT on RT-induced mechanisms. Strik-
ingly, the predicted activation of the
TGEFp1 regulatory pathway by RT ap-
pears to be significantly attenuated if
HBOT is applied. The TGFp-pathway is
strongly associated with radiation-
induced fibrosis in different organs, and
is the subject of investigation regarding
possible antifibrotic therapies (36-39).

This pathway regulates the formation of
extracellular matrix (ECM), and has been
shown to be activated by RT (40-43). The
binding of TGFp to its receptor can lead,
via Smad dependent and independent
pathways, to the expression of target
genes such as Ctgf and Serpinel. CTGF
stimulates differentiation of fibroblasts to
myofibroblasts, which express a-SMA
and produce (components of the) ECM.
Serpinel is a protease inhibitor which
suppresses matrix metalloproteases
(MMPs) from breaking down ECM and
is thus matrix preserving (44,45). Exces-
sive matrix formation/preservation leads
to fibrosis since functional cells are re-
placed by ECM leading to dysfunction of
the tissue (38). Conditional overexpres-
sion of Tgff1 has been shown to induce
fibrosis in salivary glands of mice as seen
under pathological conditions (46).
Different genes that were upregulated
by RT and downregulated when HBOT
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was applied to irradiated tissue are in-
volved in the TGFB-pathway. Increased
Egrl and Egr2 expression have been pos-
tulated as key mediators of TGFf signal-
ing and fibrosis and thereby as potential
targets for antifibrotic therapy (47-50).
Cyr61, which is a member of the CTGF
family, can be regulated by TGFf and has
proinflammatory properties (51,52).
THBSI is an activator of latent TGFp so it
can bind to its receptor (53). All together,
our microarray results indicate that the
TGFp-pathway is repressed by HBOT in
irradiated tissue, which was confirmed
by immunohistochemical staining for
TGFp1 and Serpinel. Staining for a-SMA
in the submandibular glands also showed
an HBOT-induced decrease at 24 wks
after RT. Myofibroblasts express a-SMA,
but it is also expressed by myoepithelial
cells that are abundant in the salivary
glands. Myoepithelial cells can differenti-
ate into myofibroblasts by epithelial-to-
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mesenchymal transition (EMT), a process
that is induced by TGFf and is known to
contribute to fibrosis (54,55). Fibrosis or
higher collagen content was not detected
in the submandibular glands at any of
the time points studied, but the higher
expression level of a-SMA in the RT-
group could precede fibrosis. Presumably
in our model, fibrosis is not yet revealed
at 24 wks after RT. It has been shown that
irradiation-induced lung fibrosis in mice
can take 30 wks to develop and is highly
strain-dependent (56).

An effect of HBOT on TGFp signaling
in vivo has been observed before in non-
irradiated tumor tissue by Moen et al.
(57). They found reduced Tgfp expres-
sion after HBOT and stated that HBOT is
able to induce mesenchymal-to-epithelial
transition (MET), the opposite of EMT. In
vitro, TGFf expression and secretion by
fibroblasts has been shown to be de-
creased in response to HBOT (12,58). A
reduction of fibrosis by HBOT has been
demonstrated in animal models of
laminectomy, tracheal anastomosis and
myocardial infarction (59-61), although
in a tendon healing model, HBOT
seemed to enhance fibrosis (62).

Except for TGFp1, HBOT was pre-
dicted to inhibit other regulatory factors,
such as platelet derived growth factor
(PDGF). PDGF has been shown to influ-
ence the TGFp-pathway and is impli-
cated to be involved in fibrosis as well
(63). The suppression of TGFf} and
PDGEF as potential antifibrotic therapies
is of interest and has been investigated
in several studies (37,41). Fibrosis is a
complex process involving several path-
ways that are interconnected and the
concurrent suppression of more of these
factors is more likely to have an effect on
a biological process. Therefore, multitar-
geted therapies may be more effective
and HBOT could potentially be such a
therapy.

We cannot distinguish whether 100%
oxygen only or 100% oxygen delivery
under pressure leads to the reported
changes in gene expression. However,
HBOT is an established therapy in the
treatment of radiation-induced injury
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and the elevated pressure has been
shown to increase oxygen tension in tis-
sue more than elevated oxygen levels
only (64). Under pressure, oxygen con-
centrations are increased in the plasma,
allowing better oxygenation of ob-
structed tissue areas, since these are not
reached by the oxygen that is bound to
the hemoglobin of the red blood cells
(30). Therefore it is thought that HBOT is
more effective in oxygenation and
restoration of hypoxic tissues.

CONCLUSION

We showed that HBOT influences a
number of pathways and genes in irra-
diated salivary glands. With respect to

radiation-induced damage, the TGFp-
pathway is of particular interest, since
it is directly related to the pathogenesis
of fibrosis. On the basis of our microar-
ray data, HBOT seems to inhibit the ra-
diation-induced activation of this path-
way. In our model, at 24 wks after RT,
lower levels of the profibrotic marker
a-SMA were detected in the salivary
glands of mice that underwent HBOT,
indicating that this therapy could possi-
bly affect the process of fibrosis. There-
fore it is of interest to further investi-
gate the influence of HBOT on the
TGEFpB-pathway and fibrosis, not only
for salivary glands, but also for other
tissues that are sensitive to radiation-in-

duced fibrosis such as lung, kidney,
heart and intestine
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