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Introduction
Globally, over 630,000 people are diagnosed with head and 
neck cancer each year, many of whom require radiation treat-
ment (Vigneswaran and Williams 2014). Salivary gland dys-
function is a common side effect of radiation therapy to this 
region, stemming from loss of the secretory cells that produce 
saliva in the parotid gland and submandibular gland (SMG). 
Clinically, this injury manifests as radiation-induced hyposali-
vation (RIH) and xerostomia (dry mouth). Reduced saliva 
secretion predisposes patients to oral and systemic infection, 
loss of teeth, impaired swallowing, and speech, resulting in 
significantly diminished quality of life (Berk et al. 2005).

Amifostine (Am), the only Food and Drug Administration 
(FDA)–approved drug in use for xerostomia prophylaxis, is 
administered intravenously (IV) prior to fractionated radio-
therapy. Am, a prodrug, is dephosphorylated to its active 
metabolite, WR-1065 (WR), by alkaline phosphatases on vas-
cular cell membranes (Eisbruch 2011). Both compounds act as 
reactive oxygen species scavengers and are able to mitigate 
DNA damage to healthy tissue (Grdina et al. 2000). Am pre-
treatment can rescue saliva secretion in patients after radio-
therapy (McDonald et al. 1994).

Am induces systemic side effects, which include nausea, 
vomiting, and a rapid decrease in blood pressure (BP; hypoten-
sion) that occur within an hour following administration 
(Yuhas 1980; Ryan et al. 1996; Antonadou et al. 2002; Rades  
et al. 2004). Due to rapid clearance, the onset of off-target 
effects interferes with the timing of radiation therapy. Thus, 

despite the efficacy of Am in reducing xerostomia, patients are 
either unlikely to complete treatment or often decrement to a 
better tolerated but less effective dose (Rades et al. 2004).

Retrograde injection through the Wharton’s excretory duct 
enables localized delivery to the SMG (Kuriki et al. 2011). 
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Abstract
Radiotherapy for head and neck cancers commonly causes damage to salivary gland tissue, resulting in xerostomia (dry mouth) and 
numerous adverse medical and quality-of-life issues. Amifostine is the only Food and Drug Administration–approved radioprotective drug 
used clinically to prevent xerostomia. However, systemic administration of amifostine is limited by severe side effects, including rapid 
decrease in blood pressure (hypotension), nausea, and a narrow therapeutic window. In this study, we demonstrate that retroductal 
delivery of amifostine and its active metabolite, WR-1065, to murine submandibular glands prior to a single radiation dose of 15 Gy 
maintained gland function and significantly increased acinar cell survival. Furthermore, in vivo stimulated saliva secretion was maintained 
in retrograde-treated groups at levels significantly higher than irradiated-only and systemically treated groups. In contrast to intravenous 
injections, retroductal delivery of WR-1065 or amifostine significantly attenuated hypotension. We conclude that localized delivery 
to salivary glands markedly improves radioprotection at the cellular level, as well as mitigates the adverse side effects associated with 
systemic administration. These results support the further development of a localized delivery system that would be compatible with 
the fractionated dose regimen used clinically.
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Retrograde delivery was used in clinical trials to administer 
adenoviral vectors to the SMG for xerostomia relief (Baum et 
al. 2010; Baum et al. 2012). Retroductal injection has also been 
used in numerous murine models to deliver growth factors, pri-
mary cells, small interfering RNA (siRNA), and cytokines to 
the salivary glands (Redman et al. 2009; Arany et al. 2013; 
Marmary et al. 2016).

We hypothesized that retroductal delivery of Am or its acti-
vated form, WR, directly to the SMG can enhance radioprotec-
tion and long-term secretory function in comparison to 
systemic administration. We further proposed that adverse side 
effects, namely hypotension, can be diminished by retroductal 
versus systemic delivery. The results of this study support the 
development of a localized delivery system that can be applied 
clinically to fractionated dosing regimens.

Materials and Methods

Animals

Adult female C57/BL6 mice, 8 to 10 wk of age, were pur-
chased from Jackson Laboratory. Food and water were pro-
vided ad libitum. All procedures were approved by the 
University Committee on Animal Resources at the University 
of Rochester. This study conforms to ARRIVE (Animal 
Research: Reporting of In Vivo Experiments) guidelines (sup-
plemental information).

Compounds and Study Design

The irradiation studies were performed using 8 groups of mice 
(n ≥ 4) to test systemic versus local delivery of either Am 
(A5922; Sigma-Aldrich) or its aminothiol metabolite WR 
(W2020; Sigma-Aldrich) versus saline controls (Fig. 1A, B). 
Experimental groups are as listed (Appendix Table 1). All 
groups, except nonirradiated, received a single radiation dose 
of 15 Gy and were analyzed at 48 h, 2 wk, 6 wk, or 12 wk fol-
lowing treatment (Fig. 1C). Based on pilot toxicity studies, 
intraperitoneal (IP) dosing of WR was 50 mg/kg, and the retro-
ductal dose of both WR and Am was 50 mg/kg. The Am dose 
(150 mg/kg) administered IP was based on previous studies 
(Okumura et al. 2009).

Retroductal Injections

Mice were anesthetized with ketamine (100 mg/kg) and xyla-
zine (10 mg/kg). Following ductal cannulation with 32-gauge 
tubing (CS-32; Braintree Scientific), 1 mg/kg muscarinic 
antagonist atropine was administered IP to reduce salivation. 
Using a 50-µL Hamilton syringe, retroductal injection was per-
formed and injection pressure maintained for 1 min to improve 
retention. Mice received unilateral SMG injection of Am, WR, 
or saline (Sal) (1 µL/g body weight).

Cardiovascular Measurements

Mice were anesthetized with isoflurane and flow was adjusted 
to target heart rate (HR) above 450 beats/min. Animals were 

catheterized for BP monitoring and compound administration. 
For continuous recordings of BP and HR, a pressure transducer 
(1F Mikro-tip; Millar Instruments) was placed into the 
descending aorta through the femoral artery. For IV injections, 
a saline-filled catheter (CS-32; Braintree Scientific) was 
inserted into the femoral vein and advanced into the inferior 
vena cava. Experimental groups are as listed (Appendix Table 
2). Hemodynamic parameters were acquired for 5 min before 
and 12 min after injections. At the end of each experiment, a 
single dose of phenylephrine (Phe; 0.6 mg/kg; IV) was given to 
assess BP pressor responses, as previously described (Peotta et 
al. 2001). Pulsatile and mean arterial pressure (MAP), as well 
as HR parameters, were electronically recorded and analyzed 
using PowerLab (AD Instruments).

Irradiation

Mice were anesthetized with ketamine/xylazine. SMG received 
gamma radiation at a single dose of 15.0 Gy, using a JL 
Shepherd 137Cs irradiator with single-slit collimator (Appendix 
Fig. 1) as previously described (Arany et al. 2013). Mice were 
irradiated within 30 min of IP or retroductal injections.

Saliva Collection

Mice were anesthetized with ketamine/xylazine. Tracheotomy 
was performed to ensure a patent airway. An IP injection of mus-
carinic agonist pilocarpine (100 mg/kg) was given to stimulate 
saliva secretion. Total saliva was collected by fluid aspiration for 
10 min. Following euthanasia, SMGs were excised and weighed. 
Saliva secretion measurements are reported as saliva weight/gland 
weight, assuming a saliva density of 1.0 g/mL (Arany et al. 2013). 
Saliva collection was performed by 2 blinded, independent 
researchers on up to 5 randomly selected mice at a time.

Figure 1.  Experimental overview. (A) Structures of amifostine (Am) 
(left) and its dephosphorylated active metabolite, WR-1065 (WR) 
(right). (B) Unilateral retroductal (Ret) injection of Texas Red solution 
(50 µg) into the left submandibular gland (SMG) is detected using IVIS 
imaging (right) and noninjected control (left). (C) Experimental timeline. 
Injections of Am or WR were completed less than 30 min prior to 
administration of 15 Gy IR. Tissue was harvested at 48 h, 2 wk, 6 wk, 
or 12 wk (timeline not to scale). IP, intraperitoneal; IR, irradiation; Ret, 
retroductal; WR, WR-1065.
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Histology and Immunofluorescence

SMG tissue was fixed in 4% paraformaldehyde overnight, 
embedded in paraffin, and 6-micron sections cut. Sections were 
stained with hematoxylin and eosin (H&E) for gross morpho-
logical assessment. Antigen retrieval was performed in Tris-
EDTA (pH 9.0) or citrate (pH 6.0) HIER buffer for Mist-1 and 
γH2AX immunofluorescence (IF), respectively. Ten percent 
normal donkey serum in 0.1% PBSA or CAS block (casein 
blocking buffer) (00-8120; Thermo Fisher Scientific) was used 
to block for 1 h for Mist-1 or γH2AX, respectively. Primary 
antibodies (rabbit–anti-Mist1 [1:200, ab187978; Abcam] and 
mouse–anti-γH2AX [1:100, 05-636; Millipore]) were applied 
overnight at 4°C. Secondary staining was performed using don-
key–anti-rabbit Alexa 594 conjugated secondary antibody 
(1:500, A21207; Thermo Fisher Scientific) or donkey–anti-
mouse 594 conjugated secondary antibody (1:500, A21203; 
Thermo Fisher Scientific). DAPI (D1306; Thermo Fisher 
Scientific) was used (1:1,000) as a nuclear counterstain. 
Quantification of Mist-1–positive cells and γH2AX staining, on 
representative images at ×200 and ×1,575 magnification (n = 5 
mice, 5 images per mouse), respectively, was performed by a 
blinded, independent observer and was automated using ImageJ 
(National Institutes of Health). Quantification of γH2AX was 
performed as previously reported (Marmary et al. 2016).

Statistics

All statistical analyses were performed using GraphPad Prism 
6.0 software. One-way analysis of variance (ANOVA) was 
used with appropriate post hoc testing to correct for multiple 
comparisons as indicated to assess significant differences 
between means with α = 0.05. For all plots, the mean is repre-
sented with standard error shown as error bars.

Results

Retroductal Injection of Amifostine or WR-1065 
Significantly Mitigates Radiation-Induced DNA 
Damage

Am and WR have been shown to decrease double-strand 
breaks (DSBs) following irradiation (Hofer et al. 2016). To 
address the effect of drug treatment on DNA damage, we mea-
sured the accumulation of γH2AX, a histone modification that 
occurs as a reaction to DSBs, by immunofluorescence (Paull et 
al. 2000). SMG tissues were isolated and fixed at 48 h postir-
radiation. Immunological staining showed increased DNA 
damage concentrated in the ducts in all irradiated samples, in 
contrast to nonirradiated controls (Fig. 2A–D). Systemically 
(IP) administered WR was not associated with a significant 
decrease in DSBs per duct cell (Fig. 2C, G), whereas IP Am 
demonstrated a reduction in DSBs compared to irradiated and 
sham controls (Fig. 2D, G). Retrograde Am and WR cohorts 
showed significant 2- to 3-fold reductions in DSBs versus irra-
diated, sham, and systemic intervention groups (Fig. 2E–G). 

Figure 2.  Immunofluorescent staining for γH2AX (red punctate dots) 
localizes to sites of DNA damage in nuclei of duct cells at 48 h after 
15 Gy irradiation (scale bars = 5 μm). Sections of submandibular gland 
isolated from control (A), 15 Gy (B), IP WR+ 15 Gy (C), IP Am + 15 
Gy (D), Ret WR + 15 Gy (E), and Ret Am + 15 Gy (F) labeled with 
antibody to γH2AX. Nuclei stained with DAPI. (G) Quantification of 
γH2AX foci, per duct cell per field. All groups are significantly different 
from group a. Group e is significantly different from all other groups. 
Group c is not different from all members of group b. Group d is 
significantly different from all groups except c (mean ± SEM, n = 5, 1-way 
analysis of variance with Tukey’s post hoc test for multiple comparisons). 
Am, amifostine; IP, intraperitoneal; IR, irradiation; Ret, retroductal; Sal, 
saline; WR, WR-1065.
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The data indicate that Am and WR 
pretreatment can dampen acute 
genotoxic stress following irradia-
tion, and this effect is significantly 
enhanced when the drugs are admin-
istered retroductally.

Localized Delivery of 
Radioprotectant Improves 
Acinar Cell Survival in 
Irradiated SMGs

Radiation treatment results in a dra-
matic but gradual loss of salivary 
gland acinar cells (Konings et al. 
2005). To evaluate and compare the 
ability of systemic and localized 
delivery of Am and WR to preserve 
SMG secretory cells, SMG sections 
isolated at 12 wk following radiation 
were stained with H&E or antibody 
to Mist1, an acinar cell–specific tran-
scription factor (Pin et al. 2000; Aure 
et al. 2015). Notably, SMG acinar cell 
depletion does not occur by 2 or 6 wk 
following irradiation (Appendix Fig. 
2). As expected, at 12 wk postirradia-
tion, H&E staining showed a loss of 
acinar cells in irradiated tissue versus 
nonirradiated controls (Fig. 3A, B). 
Tissue from mice administered Am or 
WR by IP showed similar acinar cell 
loss (Fig. 3C, D). In contrast, acinar 
area was widely preserved in sections 
from retrograde-treated groups, and 
SMG morphology can be compared 
to nonirradiated controls (Fig. 3I, J; 
Appendix Fig. 3). To corroborate this observation, we stained 
with Mist-1 antibody to detect acinar cells, which demonstrated 
an approximately 4.5-fold decrease in the percentage of Mist-1–
positive cells in irradiated and saline-treated groups versus nonir-
radiated controls (Fig. 3E, F, M). IP-treated groups of WR and 
Am show a 2-fold decrease in Mist-1–positive cells from nonir-
radiated controls (Fig. 3G, H, M). In contrast, the percentage of 
Mist1-positive cells in retrograde-treated WR and Am groups 
was not statistically different from nonirradiated controls (Fig. 
3K–M). These data show that retrograde administration of WR 
and Am increases the long-term preservation of secretory acinar 
cells up to 12 wk following irradiation.

Localized Delivery of Amifostine or WR-1065 
Significantly Improves Saliva Secretion  
in Irradiated Glands

To examine whether retroductally administered Am or WR 
preserves functional secretion, stimulated saliva secretion was 
evaluated at 2, 6, and 12 wk postirradiation. As expected, 

salivary function was significantly decreased in the irradiated 
and saline-treated groups in comparison to nonirradiated con-
trols at all 3 time points (Fig. 4A–C). Saliva secretion in IP 
Am- and WR-treated groups was not significantly different 
from nonirradiated or all irradiated controls across all time 
points (Fig. 4A–C). Retrograde-treated groups receiving Am 
or WR likewise showed no difference from either nonirradi-
ated or irradiated and Sal-treated groups at 2 and 6 wk (Fig. 
4A, B). However, at 12 wk postirradiation, saliva function in 
retrograde-treated WR and Am groups was maintained at lev-
els significantly higher than irradiated controls (Fig. 4C). 
These functional data are consistent with the increased number 
of acinar cells present at 12 wk in the irradiated SMG follow-
ing retroductal administration of Am or WR.

Localized WR-1065 Delivery Alleviates Systemic 
Drop in Mean Arterial Pressure

The current therapeutic prophylaxis for xerostomia is IV 
administration of Am, which causes a profound and rapid BP 

Figure 3.  Gland histology and Mist1 immunofluorescence at 12 weeks postirradiation. (A–D, I, J) 
Hematoxylin and eosin staining shows gross morphology of acini and ducts in submandibular gland 
at 12 wk after IR (scale bars = 200 μm). (E–H, K, L) Corresponding immunofluorescence shows 
nuclei stained with antibody to Mist-1 (red) in acinar cells with nuclear counterstain (DAPI) at 12 wk 
after IR (scale bars = 75 μm). Quantification of acinar cell areas is shown (M). Mean ± SEM, n = 5, 
****P < 0.0001, **P < 0.01 versus IR, IP Saline (Sal), and Ret Sal, using 1-way analysis of variance with 
Tukey’s post hoc test for multiple comparisons. Am, amifostine; IP, intraperitoneal; IR, irradiation; Ret, 
retroductal; Sal, saline; WR, WR-1065.
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decrease (Eisbruch 2011). The functional consequences of this 
severe hypotension limit the clinical use of Am. To determine 
if localized delivery by retroductal injection could mitigate this 
effect, we compared localized to systemic drug delivery, using 
a pressure transducer introduced into the aorta through femoral 
catheterization to measure hypotension. Averaged pulsatile BP 
traces are shown in Figure 5A, B, with arrows indicating the 
timepoint of drug or Sal infusion. Injections of Sal (IV and Ret) 
had a minimal effect on MAP (Fig. 5). IV injection of Am 
resulted in a gradual decrease in MAP (maximal at 200 mg/kg), 
while WR (maximal at 50 mg/kg) caused a rapid and signifi-
cant decrease followed by recovery (Fig. 5A, C, D). No signifi-
cant MAP changes were observed with IV or Ret administration 
of Am at the 50-mg/kg dose compared to the Sal controls (Fig. 
5). However, Ret WR attenuated the hypotensive effect by 
more than 2-fold compared to IV injection of WR at the 
50-mg/kg dose (Fig. 5C, D). Altogether, our results demon-
strate that localized delivery may reduce the detrimental 
decrease in MAP, which occurs upon systemic administration.

Discussion
The major finding of this study is that localized delivery of Am 
or WR to the murine SMG significantly preserves secretory 
cells and protects against radiation-induced hyposalivation 
compared to systemic administration. Specifically, we have 
demonstrated that 1) net DNA damage is reduced in treated 
glands directly after radiation; 2) acinar cell number is main-
tained in treated glands up to 12 wk postirradiation; 3) saliva 
secretion levels are maintained in both Am- and WR-treated 
glands at 2, 6, and 12 wk following radiation; and 4) local 
WR-1065 administration reduces the hypotensive response 
observed following systemic delivery.

Retroductal cannulation and injection provide direct SMG 
access, bypassing the systemic circulation (Kuriki et al. 2011). 
This can also reduce or obviate the side effects that limit clini-
cal use of Am, most notably, hypotension. Our findings under-
score the efficacy of a localized delivery strategy and the 
advantages it provides over systemic drug administration, 
including reducing the risk of unintended tumor protection.

Consistent with previous reports, 
we observed that net DNA damage 
is mitigated through administration 
of Am or WR (Hofer et al. 2016). 
Both compounds act in the setting of 
radiation as radical scavengers and 
are hypothesized to stabilize DNA 
strands through charge interactions 
and potentiation of double-strand 
break repair (Grdina et al. 2000). 
While there is disagreement on the 
exact mechanism of salivary gland 
radiosensitivity, mitigating the net 
genotoxic stress of radiation using 
these and similar compounds has 
been shown to enhance cell viability 
and tissue function (Konings et al. 

2005; Soref et al. 2012). Our data demonstrate that localized 
delivery of both drugs significantly lowers the number of 
γH2AX foci in comparison to all other experimental cohorts. IP 
WR did not show a significant decrease in DSBs relative to 
irradiated controls. This may be due to its rapid metabolism to 
the disulfide WR-33278 and subsequent clearance from the cir-
culatory system, preventing adequate SMG accumulation 
(Newton et al. 1996).

The retrograde dosages of 50 mg/kg for Am and WR were 
based on pilot toxicity and efficacy studies. It is important to 
note that this Am dose would be subtherapeutic if given IV 
against 15 Gy irradiation. Thus, although the IP Am dosage 
was 3 times higher, the retrograde doses were more effective at 
preserving salivary function. Biodistribution studies have 
shown 0.5% uptake of Am in the salivary glands following sys-
temic administration (400 mg/kg IP), demonstrating that drug 
accumulation of 40 µg per gland is sufficient to protect secre-
tory function (Rasey et al. 1984). Through retroductal injec-
tion, we administer approximately 25 times this dose without 
significant deleterious effects. Our data also show that sub-
stances injected retrogradely are cleared, likely via normal 
gland secretion (Appendix Fig. 4).

Severe radiation injury to the salivary glands results in 
depletion of acinar cells, concomitant with ductal expansion, 
and an increase in fibrosis and inflammation (Cheng et al. 
2011; Nam et al. 2016). Secretory cell loss appears to be a late 
effect, as SMG acinar cell depletion is not obvious at 2 or 6 wk 
following irradiation (Appendix Fig. 2). Immunofluorescence 
and histology reveal significant preservation of acinar cells at 
12 wk postirradiation in glands treated with retrograde Am or 
WR. As in earlier studies of radioprotective compounds or 
strategies, the targets are unclear. The maintenance of secretion 
could be through direct action upon acinar cells, indirect pres-
ervation and protection of supporting cells, or likely a combi-
nation of the two (Zheng et al. 2011; Arany et al. 2013). 
Protection of the microvasculature has also been shown to con-
tribute to the maintenance of salivary gland function (Mizrachi 
et al. 2016).

In long-term studies, Am has a radiation dose modification 
factor (DMF) greater than 2, meaning that a 15-Gy salivary 

Figure 4.  Measurement of stimulated saliva secretion normalized by gland weight at (A) 2 wk, (B) 
6 wk, and (C) 12 wk after 15 Gy IR. Superscripts (a, b, c) are used to group cohorts for statistical 
comparisons. At 2 and 6 wk, b groups are significantly different from a, and c groups are not 
significantly different from a or all b groups. At 12 wk, control and Ret WR and Am groups are 
significantly different from all 3 IR and Sal groups (mean ± SEM, n ≥ 4, ****P < 0.0001, **P < 0.01 
versus IR, IP Sal, and Ret Sal, using 1-way analysis of variance with Tukey’s post hoc test for multiple 
comparisons). Am, amifostine; IP, intraperitoneal; IR, irradiation; Ret, retroductal; Sal, saline; WR, WR-
1065.
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gland dose can be mitigated to an equivalent of <7.5 Gy 
(Sodicoff et al. 1978). DMF is a function of amifostine concen-
tration, which we have maximized through local delivery 
(Stewart and Rojas 1982). It has been shown that saliva flow 
from the rat SMG at 3 mo following doses <7.5 Gy is not sig-
nificantly lower than baseline (Nagler et al. 1998). In this 
study, acinar cell numbers are preserved on histology, although 
ductal structures sustain DNA damage at 48 h (Fig. 2). This is 
consistent with published reports indicating that Am and WR 
can effectively reduce but not block an absorbed radiation dose 
(Junn et al. 2012; Vasin and Ushakov 2015).

Saliva production progressively decreases in irradiated con-
trol cohorts from 2 to 12 wk after irradiation. However, saliva 
secretion is maintained by Am or WR delivered retroductally, 
with the protective effect most apparent at 12 wk. At the 
selected dosages, Am and WR delivered IP are not as effective. 
Higher systemic doses may be used but with greater risk of 
side effects.

While there is not a significant difference in acinar cell 
maintenance or gland function between Ret Am and Ret WR 
groups, contralateral glands do show differential radioprotec-
tion. Namely, in Ret Am–treated mice, contralateral glands 
show preserved acinar area, whereas in Ret WR–treated mice, 

they do not (Appendix Fig. 5). This may be attributable to the 
2-step metabolism of Am versus the 1-step metabolism of WR 
(Newton et al. 1996).

Retrograde WR injection elicits a low hypotensive effect at 
50 mg/kg, in contrast to a 2-fold decrease in MAP following IV 
administration. At 50 mg/kg, WR is more potent than Am in its 
hypotensive effect, and when administered retroductally, WR 
significantly attenuates MAP decrease compared to IV treat-
ment. Interestingly, we also observed no decrease in pressor 
response to the α-1 agonist phenylephrine (Appendix Fig. 6) 
following preadministration of either Am or WR (IV or Ret). 
This supplements prior work using epinephrine (α- and 
β-agonist) following Am pretreatment in rats and provides 
mechanistic evidence to suggest that clinical hypotension fol-
lowing Am or WR could be reversed with an appropriate pres-
sor (Soref et al. 2012).

Our MAP results are consistent with clinical trials that 
showed improvement in hypotensive effects after subcutane-
ous Am administration compared to IV administration 
(Koukourakis et al. 2000). Although subcutaneous administra-
tion reduced radiation-induced oral toxicities, including muco-
sitis and esophagitis, rates of xerostomia were not reduced 
(Koukourakis et al. 2000; Bardet et al. 2011).

Figure 5.  Mean arterial pressure (MAP) change after intravenous (IV) or Ret injection compared to no treatment baseline (Delta MAP is the 
difference in pretreatment baseline MAP and minimum posttreatment MAP). (A, B) Representative MAP traces over time after IV injection or Ret 
injection (marked by arrow) of Sal, Am, or WR. (C) MAP decrease from baseline per treatment group (mean ± SEM). Ret WR and Ret Am were 
administered at 50 mg/kg; IV WR was administered at 10, 25, and 50 mg/kg; IV Am at 50, 100, and 200 mg/kg. (D) Pairwise comparisons between Delta 
BP values to show significance (mean ± SEM, n ≥ 5, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 using 1-way analysis of variance with Tukey’s 
post hoc test for multiple comparisons). Am, amifostine; IV, intravenous; Ret, retroductal; Sal, saline; WR, WR-1065.
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Our results demonstrate that localized Am, retroductally 
administered to the SMG, is protective against RIH even 
though the compound itself is not delivered in its active form. 
Oral Am application has likewise been shown to confer protec-
tion against radiation-induced mucositis in guinea pigs, dem-
onstrating drug efficacy without introduction into the 
vasculature (Li et al. 2014). It is possible that alkaline phosphatase 
activity, present in saliva, may result in conversion of Am to 
WR following retroductal injection (Patel et al. 2016). We note 
that given the slight, though insignificant, decrease in blood 
pressure following retroductal amifostine administration, we 
cannot rule out diffusion from the main excretory duct into the 
proximal SMG blood supply.

Am is the only FDA-approved drug in use for xerostomia 
prophylaxis. As more candidate drugs become available, the 
retroductal delivery strategy coupled with localized SMG irra-
diation (Appendix Fig. 1) is a practical preclinical platform to 
test in vivo radioprotective efficacy. Moreover, localized deliv-
ery may allow higher doses of these compounds to be delivered 
to increase the concentrations available to gland parenchyma. 
When first discovered, Am was found to be better tolerated than 
WR, as reflected by its higher LD50 value (Sweeney 1979). 
Our pilot toxicity studies confirmed this finding and may sug-
gest a dosing limitation on WR-1065, both local and systemic.

We have demonstrated that localized, noninvasive delivery 
of the known radioprotective agent, Am, to the SMG markedly 
improves radioprotection at the cellular level and mitigates off-
target side effects. Previous work has explored the radioprotec-
tive efficacy of localized Am delivery, but this study is the first 
to do so in the salivary gland (France et al. 1986; Koukourakis 
et al. 2000; Li et al. 2014). The significant protection of sali-
vary gland function following a single dose of radiation moti-
vates further development of this strategy for use with a 
fractionated dose scheme in a clinical setting.
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