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Abstract 

Irreversible hypofunction of salivary glands is common in head and neck cancer survivors treated with 
radiotherapy and can only be temporarily relieved with current treatments. We found recently in mouse 
models that transient activation of Hedgehog pathway following irradiation rescued salivary gland function by 
preserving salivary stem/progenitor cells, parasympathetic innervation and microvessels. Due to huge 
differences between salivary glands of rodents and humans, to examine the translational potential of this 
approach, we evaluated effects of Shh gene transfer in a miniature pig model of irradiation-induced 
hyposalivation.  
Methods: The right parotid of each pig was irradiated with a single dose of 20 Gray. Shh and control GFP genes 
were delivered into irradiated parotid glands by noninvasive retrograde ductal instillation of corresponding 
adenoviral vectors 4 or 16 weeks after irradiation. Parotid saliva was collected every two weeks. Parotid glands 
were collected 5 or 20 weeks after irradiation for histology, Western blot and qRT-PCR assays.  
Results: Shh gene delivery 4 weeks after irradiation significantly improved stimulated saliva secretion and local 
blood supply up to 20 weeks, preserved saliva-producing acinar cells, parasympathetic innervation and 
microvessels as found in mouse models, and also activated autophagy and inhibited fibrogenesis in irradiated 
glands.  
Conclusion: These data indicate the translational potential of transient activation of Hedgehog pathway to 
preserve salivary function following irradiation. 
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Introduction 
Head and neck cancers (HNC) including cancers 

in the oral cavity, pharynx, nasal cavity, sinuses and 
larynx account for about 4.2% of all cancers in USA 
with 70,340 estimated new cases in 2017 [1] and with 
about 577,550 estimated survivors in 2026 [2]. 
Radiotherapy for HNC frequently exposes 
nondiseased salivary glands to irradiation (IR). Due to 
the exquisite radiosensitivity of salivary glands, 
irreversible hyposalivation is common (68.1%–90.9%) 

in long-term HNC survivors treated with 
conventional radiotherapy [3]. The reduction of saliva 
secretion correlated significantly with the mean 
irradiation dose received by salivary glands [4]. Novel 
intensity-modulated radiotherapy (IMRT) signifi-
cantly decreased IR dose to salivary glands and the 
incidence of hyposalivation, but around 20% of 
patients treated with IMRT still have long-term 
hyposalivation and related weight loss [5]. 
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Hyposalivation exacerbates dental caries and 
periodontal disease, and causes dysgeusia and 
problems of sleep and speech, which severely impair 
the quality of life of patients. The irreversible 
hyposalivation is caused by the loss or impairment of 
saliva-producing acinar cells and the replacement by 
connective tissue and fibrosis. Multiple mechanisms 
contribute to IR-induced hyposalivation including the 
loss of functional glandular stem/progenitor cells [6], 
the impairment of parasympathetic innervation [7] 
and microvessels [8], and cellular senescence [9]. 
Current treatments for IR-induced hyposalivation, 
such as artificial saliva and saliva secretion 
stimulators, can only temporarily relieve these 
symptoms. Gene therapy transferring water channel 
protein Aquaporin-1 locally showed promises to 
restore salivary gland function [10], but the rescue 
effect varies and needs to be improved. 

Hedgehog (Hh) intercellular signaling pathway 
is highly conserved during evolution, required for 
branching morphogenesis of salivary glands [11] and 
activated during functional regeneration of adult 
salivary glands after obstructive damage [12]. Hh 
signaling is triggered by the binding of Hh ligands 
such as Sonic Hedgehog (Shh) to receptor Patched 
(Ptch), which derepresses G protein-coupled receptor 
Smoothened (Smo) to activate Gli family zinc finger 
transcription factors and the consequent transcription 
of Hh target genes including Gli1 and Ptch1 [13]. 
Using mouse models we found recently that IR did 
not activate Hh/Gli signaling, whereas transient 
activation of Hh pathway in salivary gland by 
inducible expression of Shh transgene in Keratin5+ 
epithelial cells or adenovirus-mediated intragland 
transfer of Shh gene rescued IR-induced 
hyposalivation [14, 15]. The underlying mechanisms 
of this rescue effect include the preservation of 
parasympathetic innervation, putative salivary 
stem/progenitor cells and microvessels through 
upregulation of angiogenic and neurotrophic factors.  

Due to the huge difference between salivary 
glands of humans and rodents, it is necessary to 
re-examine our recent findings in large animal 
models. Here we report that in a miniature pig model 
of IR-induced hyposalivation, transient activation of 
Hh signaling by intragland transfer of Shh gene 
effectively mitigated the detrimental effect of IR on 
function of salivary glands. The underlying 
mechanisms are related to the alleviation of IR 
damages on microvessels and parasympathetic 
innervation, the inhibition of IR-induced cellular 
senescence, and the activation of autophagy. These 
data indicated that transient activation of Hh pathway 
is promising to preserve salivary gland function 
following radiotherapy in HNC patients.  

Results 
Retrograde ductal instillation of Ad-Shh 
transiently activated Hh pathway in parotids of 
miniature pigs 

To determine the effect of adenovirus carrying 
rat Shh gene (Ad-Shh) on the activation of Hh/Gli 
signaling in salivary glands of miniature pigs, 2×1010 
particles per gland of Ad-Shh or control adenoviral 
vector carrying the gene of green fluorescence protein 
(Ad-GFP) were delivered via retrograde instillation 
through duct cannulation into parotid glands. In 
non-treated (NT) and Ad-GFP-transferred parotid 
glands, Shh protein expression was undetectable (UD) 
by immunohistochemistry (IHC) at any time points 
examined, whereas, in Ad-Shh transferred parotids, 
Shh expression (brown) was strong on Day 3, weak on 
Day 7, and marginal on Day 14 as indicated by IHC 
(Figure 1A-B). In glands collected 3 days after Ad 
instillation, the expression of Hh target genes Gli1, 
Hhip and Ptch1 was significantly increased in Ad-Shh 
group but not in Ad-GFP group in comparison with 
NT controls as indicated by quantitative reverse 
transcription PCR (qRT-PCR) analysis (Figure 1C, p < 
0.01, n = 3). In glands collected 7 and 14 days after 
Ad-Shh instillation, the expression levels of these Hh 
target genes were either slightly higher or not 
significantly changed compared to NT group but 
were all significantly lower than that in Day 3 Ad-Shh 
group. Consistently, the expression of Gli1 protein 
(brown) was increased by intragland transfer of Shh 
but not GFP gene on Day 7, whereas IR did not 
activate Gli1 protein expression on Day 7 (Figure 
1D-E). These data indicated that Shh gene delivery 
transiently and efficiently activated Hh/Gli pathway 
in parotid glands of miniature pigs. 

Shh gene delivery preserved function of 
irradiated parotids 

To establish the swine model of IR-induced 
hyposalivation, the parotid gland area at the right side 
of minipigs was irradiated with a single dose of 20 
Gray (Gy) as we reported previously [16]. To examine 
the effect of Ad-Shh delivery on IR-induced 
hyposalivation, 2×1010 particles of Ad-GFP or Ad-Shh 
were delivered into the right parotid gland of each pig 
via retrograde ductal instillation 4 or 16 weeks after IR 
(IR+Ad-GFP or IR+Ad-Shh, 4w or 16w) (Figure S1). 
In IR-only group, the stimulated parotid saliva flow 
rate was significantly reduced from Week 6, 
decreased to the bottom by Week 12 and was stable 
thereafter till the endpoint at Week 20 with a >90% 
decrease as expected (Figure 2A). Shh gene delivery 4 
weeks after IR significantly improved the stimulated 
saliva flow rate of irradiated glands from Week 8 
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compared to IR or IR + Ad-GFP treatment, and 
maintained it at ~40% of NT glands of the same 
animal from Week 12 till the endpoint (Figure 2A, n = 
3). Shh gene delivery 16 weeks after IR significantly 
improved the stimulated parotid saliva flow rate at 
Weeks 18 and 20 to about 18% of normal level 
compared to about 6% of normal level in IR or IR + 
Ad-GFP groups (Figure 2A, n = 3; Figure S3). After 
the last saliva collection on Week 20, the parotid 
glands were completely excised and weighed 

immediately. IR significantly deceased parotid weight 
normalized with NT parotid weight by Week 20, 
whereas the delivery of Ad-Shh but not Ad-GFP at 
either 4 or 16 weeks after IR significantly increased 
normalized parotid weight (Figure 2B, n = 3). H&E 
and Masson's trichrome staining of parotid sections 
indicated that IR induced a significant reduction of 
acinar area and an increase of interlobular collagen 
deposition as reported [17, 18]. 

 

 
Figure 1. The expression of Shh transgene and Hh target genes after retrograde ductal instillation of Ad-Shh into pig parotids. (A) The representative IHC 
images of rat Shh protein (brown) encoded by Ad-Shh in parotids with no treatment (NT), 3 days after intragland delivery of Ad-GFP, and 3, 7 or 14 days after intragland delivery 
of Ad-Shh. (B) The quantification of Shh+ areas in IHC data from 3 independent samples and 10 fields per sample (n=30). Shh signal was undetected (ud) in NT and Ad-GFP 
groups. After Ad-Shh instillation, the Shh signal was highest on day 3 but successively decreased at day 7 and 14. (C) qRT-PCR analyses on the expression of Hh target genes Gli1, 
Ptch1, and Hhip in the above 5 groups of parotids indicated strong, weak and no upregulation of these Hh target genes 3, 7 and 14 days after Ad-Shh delivery, respectively (n=3). 
(D) Representative IHC images of pig Gli1 protein (brown) in parotids collected 5 weeks after IR or 1 week after Shh or GFP gene delivery. (E) Quantification of Gli1+ areas from 
IHC data (n=30). Gli1+ positive area was detected only in the Ad-Shh group. *, P < 0.05; **, P < 0.01; ***, P < 0.005; ns, not significant, P > 0.05. 
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Figure 2. Effects of Shh gene delivery on the function and histology of irradiated parotids. (A) Stimulated parotid saliva flow rates from the irradiated side or the NT 
side of animals with no further treatment or of animals who received delivery of Ad-GFP or Ad-Shh 4 or 16 weeks after IR into irradiated parotids were measured separately 
every two weeks from two weeks before IR until 20 weeks after IR. Percentages of saliva flow rate from the irradiated parotid to that from the NT parotid of the same pig are 
shown. (B) The wet weights of irradiated parotids collected 20 weeks after IR were normalized to that of NT parotid of the same pig. (C-D) Parotids collected 20 weeks after 
IR were examined by H&E staining and acinar areas were quantified from 30 fields from 3 independent samples (n=30). (E-F) Parotids collected 20 weeks after IR were examined 
by Masson's trichrome staining and the blue-stained fiber areas were quantified (n=30). (G) The expression of acinar markers AQP5 and Chrm3 in parotids collected 20 weeks 
after IR were examined by qRT-PCR (n=3). 

 
Ad-Shh delivery at Week 4 obviously preserved 

acini structure and decreased collagen deposition, 
whereas Ad-Shh delivery at Week 16 or Ad-GFP 
delivery at either time points did not show any clear 
protective effects on both histology indexes (Figure 
2C-F). Consistently, the mRNA expression of acinar 
marker Aquaporin 5 (AQP5) and Muscarinic 
Acetylcholine Receptor M3 (CHRM3) in parotid 
glands 20 weeks after IR was significantly 
downregulated by IR as reported [19-21], but 
improved by Shh gene delivery 4 weeks after IR as 
indicated by qRT-PCR (Figure 2G, n = 3). Notably, 
earlier delivery of Shh gene resulted in significantly 
better preservation of saliva secretion and Aqp5 
expression than later delivery. These data indicate 
that single Shh gene delivery into parotid mitigated 
the detrimental effect of IR on parotid function.  

Intragland Shh gene delivery mitigated the 
microvascular damage by IR 

The microvascular damage by IR is a major cause 
of hyposalivation following IR [8, 22]. We examined 
blood flow rate in parotid glands with laser Doppler 
flowmetry 20 weeks after IR and confirmed that IR 
significantly decreased blood flow in irradiated 
glands to about 35% of that in non-treated glands (P < 
0.001). Ad-Shh delivery at Week 4 significantly 
increased blood flow compared to IR alone and all 
other treatments (Figure 3A). Parotid glands collected 
20 weeks after IR were examined for the 
microvascular density (MVD) by immunohisto-
chemistry staining (IHC) against the endothelial 
marker CD31 as reported [8, 23], and the expression of 
CD31 was further quantified with Western blot and 
qRT-PCR. IR significantly decreased CD31+ MVD and 
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the expression of CD31 at both protein and mRNA 
levels, whereas Ad-Shh instillation on Week 4 but not 
Week 16 after IR significantly preserved both indexes 
in parotid gland (Figure 3B-E). In multiple mouse 
organs, Hh/Gli signaling promotes angiogenesis 
during tissue repair and/or regeneration via inducing 
the secretion of pro-angiogenic factors [24]. In glands 
collected 5 weeks after IR, qRT-PCR indicated that IR 

significantly decreased the mRNA expression of 
vascular endothelial growth factor A (VEGFA), 
whereas Ad-Shh but not Ad-GFP transfer at Week 4 
significantly preserved VEGFA expression (Figure 
3F). These data indicate that transient Hh activation 
alleviates the IR damage to microvascular endothelial 
cells likely through the upregulation of 
pro-angiogenic factors. 

 

 
Figure 3. Effects of Shh gene delivery on the microvascular damage caused by IR. (A) 20 weeks after IR, blood flow rates in both parotids were measured by Doppler 
flowmetry directly and presented as ratios between that of irradiated and non-irradiated parotid of the same pig. (B-C) Parotids collected 20 weeks after IR were examined with 
IHC for the endothelial marker CD31, and the numbers of CD31+ microvessel endothelial cells per 200x field in each treatment group were counted as microvascular densities 
(MVD) from 30 fields from 3 independent samples (n=30). (D-E) The expression levels of CD31 protein and mRNA in parotids 20 weeks after IR were examined with Western 
blot and qRT-PCR analyses (n=3). (F) The expression level of VEGFA mRNA in parotid 5 weeks after IR was examined by qRT-PCR (n=3). 



 Theranostics 2018, Vol. 8, Issue 16 
 

 
http://www.thno.org 

4326 

 
Figure 4. Effects of Shh gene delivery on the IR-induced cellular senescence. 5 weeks after IR, we collected parotids not irradiated (NT), irradiated alone (IR), and 
transduced with Ad-GFP or Ad-Shh 4 weeks after IR for the following assays. (A) The activity of senescence marker SA-β-gal (blue) in parotids was clearly increased by IR 
compared to the marginal activity in NT samples, and this increase was inhibited by Ad-Shh but not Ad-GFP delivery 4 weeks after IR. (B-C) IHC for the proliferation marker 
Ki67 indicated that Ki67 expression was significantly decreased by IR compared to the NT samples, and Ad-Shh but not Ad-GFP delivery 4 weeks after IR preserved Ki67 
expression. (D) qRT-PCR analysis (n=3) indicated that the mRNA expression of senescence marker p21/CDKN1A was significantly increased by IR compared to NT samples, 
and this increase was significantly inhibited by Ad-Shh but not Ad-GFP delivery 4 weeks after IR. 

 

Intragland Shh gene delivery alleviated 
IR-induced cellular senescence  

IR induces persistent DNA damage and cellular 
senescence in mouse salivary glands, which is a major 
cause of hyposalivation following IR in mouse models 
[9]. We have revealed recently that Shh gene transfer 
in mouse salivary glands inhibited IR-induced 
cellular senescence by promoting DNA repair and 
reducing oxidative stress [25]. To determine whether 
IR induces cellular senescence in pig salivary glands, 
we performed staining for senescence-associated 
β-galactosidase (SA-β-gal) on sections of parotid 
glands collected 5 weeks after IR. Compared to 
neglectable SA-β-gal signals in NT samples, IR alone 
induced obvious SA-β-gal activity mostly in ductal 
cells, whereas Ad-Shh but not Ad-GFP delivery at 
Week 4 after IR clearly inhibited the upregulation of 
SA-β-gal activity by IR (Figure 4A). Consistently, IHC 
for the proliferation marker Ki67 (brown) indicated 
that the proliferation of parotid cells was significantly 
inhibited by IR, and this inhibition was mitigated by 
Ad-Shh but not Ad-GFP delivery at Week 4 after IR 
(Figure 4B-C). On the other hand, qRT-PCR indicated 

that the expression of p21/CDKN1A, a cell cycle 
inhibitor and senescence marker, was significantly 
increased by IR, whereas Ad-Shh but not Ad-GFP 
delivery at Week 4 after IR abolished the p21 
upregulation by IR (Figure 4D). These data indicated 
that transient activation of Hh pathway inhibited 
IR-induced cellular senescence in pig parotid glands. 

Intragland Shh gene delivery preserved 
parasympathetic innervation 

Parasympathetic stimulation improves 
regeneration of mouse embryonic salivary gland after 
IR, and adult human salivary glands damaged by IR 
have reduced parasympathetic innervation [7]. We 
found previously that IR impaired parasympathetic 
innervation similarly in adult mouse submandibular 
glands (SMGs), whereas transient expression of Shh 
transgene in salivary glands ameliorated such 
damage in adult mice by increasing production of 
neurotrophic factors such as brain-derived 
neurotrophic factor (Bdnf), nerve growth factor (Ngf) 
and Neurturin (Nrtn) [15, 21]. Immunofluorescence 
(IF) staining for acetylcholinesterase (ACHE), a 
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marker of parasympathetic nerve [26], in pig parotids 
collected 20 weeks after IR indicated that IR clearly 
decreased ACHE expression, whereas Ad-Shh but not 
Ad-GFP delivery at Week 4 after IR significantly 
preserved ACHE expression (Figure 5A-B). 
Consistently, IHC indicated that the expression of 
Chrm1, the receptor of Acetylcholine related to 
preservation and expansion of mouse salivary 
progenitor cells regulated by parasympathetic 
innervation [27], was decreased by IR but preserved 
by Shh gene transfer 20 weeks after IR (Figure 5C-D). 
The IHC data were verified by the Western blot 
results of Chrm1 (Figure 5E-F). Consistent with the 
previous findings in mouse models [21], in parotids 
collected 5 weeks after IR the mRNA expression of 
neurotrophic factors BDNF and Neurturin was 
significantly decreased by IR but preserved by 
Ad-Shh instillation 4 week after IR (Figure 5G-H). 
These data indicated that Shh gene transfer following 
IR preserved the parasympathetic innervation in pig 
parotids likely through maintaining the expression of 
neurotrophic factors including BDNF and Neurturin. 

Intragland Shh gene delivery preserved 
autophagy activity in irradiated parotids likely 
through AMPK-ULK1 pathway 

Autophagy, the natural mechanism of the cell to 
disassemble unnecessary or dysfunctional 
components, correlates with maintenance of salivary 
gland function following IR [28]. Shh induced 
autophagy in cardiomyocytes undergoing oxygen or 
glucose deprivation through AMP-activated protein 
kinase (AMPK) / unc-51 like autophagy activating 
kinase 1 (Ulk1) pathway to protect cardiomyocytes in 
myocardial infarction [29]. To determine whether 
intragland Shh gene could activate autophagy in 
miniature pig parotid after IR, we examined the 
expression of microtubule associated protein 1 light 
chain 3β (LC3B) and P62/sequestosome 1 that 
positively and negatively correlate to autophagy 
respectively by Western blot in parotids collected 5 
weeks after IR. IR down-regulated positive autophagy 
marker LC3B and up-regulated negative autophagy 
marker P62, whereas Ad-Shh but not Ad-GFP 
delivery after IR maintained both LC3B and P62 
expression at levels comparable to NT (Figure 6A-B). 
Similar data of LC3B expression were obtained in 
parotid glands collected 20 weeks after IR (Figure S4), 
suggesting that the effects of IR and Shh gene delivery 
on autophagy were persistent. We also examined the 
relative mRNA expression of AMPK and ULK1 in 
Week 5 samples by qRT-PCR. The expression of both 
genes was down-regulated by IR and maintained by 
Ad-Shh but not Ad-GFP delivery at Week 4 after IR 
(Figure 6C). These data indicated Shh gene delivery 

preserved autophagy likely through the AMPK-ULK1 
pathway in miniature pig parotid after IR. 

Discussion 
In our previous studies, the transient activation 

of Hh pathway in salivary glands by transient 
expression of Shh transgene rescued IR-induced 
hyposalivation in mouse models. However, rodent 
salivary glands are very different from those of 
humans in their size, morphology and gene 
expression profile. For instance, rodent SMGs contain 
a unique granular convoluted tubular structure 
producing a variety of growth factors that is absent in 
human salivary glands [30], whereas only about 65% 
of human salivary gland-specific genes showed 
similar levels of enrichment in mouse salivary glands 
[31].  

Compared to rodents, the pig is a more suitable 
model for studies of human salivary gland diseases 
due to the similar size, shared morphological 
characteristics including the ductal system and the 
distribution of distinct types of acini, as well as the 
similar saliva flow rate [32]. The miniature pig model 
has successfully predicated the clinical efficacy of 
Aqp1 gene therapy [16], and verified the essential role 
of microvessel damage in IR-induced hyposalivation 
[22]. In order to verify the potential therapeutic effects 
of transient Hh activation on irradiated salivary 
glands in large animal models comparable to those of 
humans, we performed intragland Shh gene delivery 
in miniature pigs who received unilateral IR at the 
parotid region. We observed effectively preserved 
function of irradiated parotids up to 20 weeks after IR 
as indicated by the improved parotid saliva flow rate, 
the preservation of acinar structures and expression of 
acinar markers, and the inhibition of fibrogenesis. 
Consistent with our previous studies in mouse 
models, transient Hh activation in pig parotid glands 
preserved microvessels and parasympathetic 
innervation. Moreover, we confirmed that IR induced 
cellular senescence in pig parotid glands similarly to 
that in mouse SMGs, and found that transient Hh 
activation after IR effectively inhibited cellular 
senescence and preserved proliferation capacities of 
pig parotid cells, which likely also contributes to the 
Hh-mediated preservation of salivary gland function. 
In addition, we found that IR inhibited autophagy in 
parotid glands, whereas intragland Shh gene delivery 
preserved autophagy in both short-term and 
long-term likely through AMPK-ULK1 pathway.  

The safety of intragland delivery of Ad-Shh was 
examined by histology analysis of multiple vital 
organs (heart, liver, spleen, kidneys and lungs) 
collected 20 weeks after IR and 16 weeks after Shh 
gene delivery. No obvious differences were observed 
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between Shh and NT groups, which verified the 
safety of this strategy (Figure S5). Multiple Clinical 
laboratory analyses of serum including ALT, AST, 

ALP, LDH, Ca2+, K+, Na+, Cl- were also performed, 
and no changes were found except K+ (Table S1), 
which was consistent with our previous studies [16].  

 

 
Figure 5. Effects of Shh gene delivery on the IR damage to parasympathetic innervation in parotids. (A-B) In parotids collected 20 weeks after IR, IF staining of 
parasympathetic innervation marker ACHE and quantification of ACHE signals indicated that parasympathetic innervation was impaired by IR but preserved by Ad-Shh transfer 
4 weeks after IR, whereas Ad-Shh transfer 16 weeks after IR and Ad-GFP transfer at either time point did not significantly preserve ACHE expression (n=30). (C-D) IHC staining 
and quantification of cholinergic receptor muscarinic 1 (Chrm 1) in parotids 20 weeks after IR indicated that the Chrm1 expression was downregulated by IR but preserved by 
Ad-Shh transfer 4 weeks after IR, whereas Ad-Shh transfer 16 weeks after IR and Ad-GFP transfer at either time point did not significantly preserve Chrm1 expression (n=30). 
(E-F) Western blot and quantification of Chrm1 confirmed the IHC data (n=3). (G-H) In parotids collected 5 weeks after IR, qRT-PCR assays indicated that the mRNA 
expression of BDNF and NRTN was decreased by IR alone or IR plus GFP gene transfer, but was preserved by Shh gene transfer 4 weeks after IR (n=3). 
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Figure 6. Effects of intragland Shh gene delivery on autophagy activity and AMPK-ULK1 pathway in irradiated parotids. (A-B) In parotids collected 5 weeks 
after IR, as indicated by Western blot analyses, IR significantly decreased the level of the positive autophagy marker LC3B and increased the level of the negative autophagy marker 
P62, whereas Ad-Shh but not Ad-GFP delivery significantly inhibited effects of IR on the expression of these two autophagy markers (n = 3). (C) In parotids 5 weeks after IR, the 
mRNA expression of AMPK and ULK1, two autophagy activators regulated by Hh signaling, was concurrently decreased by IR and resorted by Shh but not GFP gene delivery as 
indicated by qRT-PCR (n = 3). 

 
Taken together, our data indicated that Shh gene 

transfer is a feasible approach to mitigate the 
detrimental effect of IR on salivary gland function, 
likely through multiple mechanisms mentioned 
above.  

Methods 
Animals 

Healthy littermate BA-MA male miniature pigs 
around 8 months old and weighing 25-35 kg were 
purchased from the Institute of Animal Science of the 
Chinese Agriculture University (Beijing, China). In 
total, 42 animals were housed and fed under 
conventional conditions as reported previously [12]. 
This study was approved by the Institutional Animal 
Care and Use Committee of Capital Medical 
University (AEEI-2015-089). 

Preparation and delivery of Adenoviral vectors 
Adenoviral vectors encoding GFP or rat Shh 

(Ad-GFP or Ad-Shh, Applied Biological Materials 
Inc., Canada) were expanded in 293A cells and 
purified by two rounds of ultracentrifugation in a 
cesium chloride gradient. The titers (particles/mL) of 
purified vectors were determined by qPCR using 
Adeno-x rapid titer kit (Clontech). Miniature pigs 
were anesthetized with Ketamine (60 mg/kg) and 
Xylazine (8 mg/kg) intraperitoneally, and then 
vectors were delivered to the right side of the parotid 
gland by retrograde ductal instillation as reported [16] 

at a dose of 2×1010 particles per gland based on our 
experiences with similar adenoviral vectors [17].  

Irradiation of parotid glands 
We performed axial computerized tomographic 

scans to determine the irradiation (IR) plan using a 
three-dimensional treatment planning system 
(Pinnacle3, version 7.6; ADAC Inc., Concord, CA, 
USA). Calculations showed that more than 95% of the 
irradiation dose covered the whole target volume of 
the parotid gland. The reference point for all dose 
calculations was the center-targeted parotid gland. 
We used image-guided radiation therapy (IGRT) 
technology for all IR. Miniature pigs were 
anesthetized with Ketamine and Xylazine as 
mentioned above. Before irradiation, the real-time 
image of the parotid gland area by iViewGT was 
aligned with the determined plan, and then the 
imaging workflow was integrated into the system. 
Thereafter, the animals were irradiated with 6 mV of 
photon energy at 3.2 Gy/min by Elekta Synergy 
accelerator (Elekta AB, Stockholm, Sweden) and 
received a single dose of 20 Gy (Figure S2). 

Collection of saliva and blood 
Parotid saliva was collected and salivary flow 

rates were determined using a modified Carlson– 
Crittenden cup as described previously [14] on 
anesthetized animals following an intramuscular 
injection of pilocarpine (0.1 mg/kg). In this study, we 
used a mechanical vacuum device (Shanghai Zhang 
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Dong Medical, Shanghai, China), connected with the 
Carlson–Crittenden cup. Parotid saliva was collected 
from each parotid gland of all animals for ~10 min at 
the time points indicated in the Results section. 
Meanwhile, about 2 mL blood was collected from the 
precaval vein, and then serum was isolated for 
chemical analyses. 

Histological and immunohistochemical 
analyses 

Twenty weeks after irradiation the animals were 
sacrificed, the parotid glands were removed and 
weighed, then cut into pieces of ~5×5×5 mm3, and 
fixed in 4% paraformaldehyde. After being 
dehydrated with gradient ethanol, the samples were 
embedded in paraffin, and then sectioned at 5 μm 
thickness. The sections were stained either with 
hematoxylin and eosin for the evidence of 
pathological changes or immunohistochemically for 
the evidence of CD31 (1:50, Cell Signaling Technology, 
USA), Shh (1:100, Santa Cruz, USA), Gli 1(1:100, Santa 
Cruz), Chrm1 (1:100, Abcam, USA), Ki67 (1:100 
Abcam) expression. Microvascular density (MVD) 
was determined by counting the number of CD31 
positive cells per field at ×200 magnification. Frozen 
parotid sections were used for immunofluorescent 
staining. Sections were first incubated in a 1:50 
dilution of anti-Ache (1:200, Abcam) or LC3B (1:400, 
Abcam). Primary antibodies were detected with 
appropriate secondary antibodies labeled with FITC 
(Vector Lab), and nuclei were counter-stained with 
DAPI. All parotid samples were labeled with 
numerical codes by investigators performing the 
treatment and sample collection, whereas the 
sectioning, histology/immunology staining, imaging 
and signal quantification of these samples were 
performed by investigators blinded to the 
experimental treatment. Two sections from two 
separate pieces of each parotid were randomly chosen 
for each type of staining, and 5 random 200x fields of 
each section were imaged for quantification (n = 3 × 2 
× 5 = 30).  

Quantitative RT-PCR and Western blot 
analysis 

Quantitative RT-PCR (qRT-PCR) was done as 
reported [12]. Primers for GAPDH, HHIP, PTCH1, 
CD31, GLI1, AQP5, BDNF, NRTN, C-KIT, P21, AMPK, 
ULK1, CHRM1, CHRM3 and VEGFA were designed 
with the Primer3 software (http://bioinfo.ut.ee/ 
primer3/). For Western blot, fresh parotid samples 
were homogenized with 40 µL T-PRE reagent 
containing protease inhibitors (Pierce, USA) per mg 
followed by centrifugation at 10,000 ×g for 5 min to 
collect supernatant. Western blot was done as 

reported [12] with antibodies against CD31 (1:1000, 
Cell Signaling Technology), LC3B (1:2000, Abcam), 
P62 (1:5000, Abcam), Chrm1 (1:1000, Abcam) (Details 
in supplemental methods). 

Clinical laboratory analyses of serum samples 
Serum samples were analyzed for standard 

clinical biochemistry and enzyme indexes including 
serum calcium (Ca2+), potassium (K+), sodium (Na+), 
chloride (Cl-), alkaline phosphatase (ALP), alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), lactatedehydrogenase (LDH) with commercial 
kits. 

Statistics 
All quantified data were analyzed using 

one-way ANOVA followed by Tukey’s 
multiple-comparison test. Statistical analyses and 
graphical generation of data were done with 
GraphPad Prism software. P < 0.05 was considered 
significant. 

Supplementary Material  
Supplementary materials and methods, figures and 
table. http://www.thno.org/v08p4321s1.pdf  
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