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Introduction

Head and neck cancer is a disease in which abnormal 
and uncontrolled cell division occurs in the tissues and 
organs around the head and neck, such as the gums, 
tongue, throat, sinuses, nose, and salivary glands.1 
According to the Cancer Facts & Figures 2015, approxi-
mately 3% of new cancer cases in the United States 
occur in the head and neck.2 Despite recent technical 
advances in treatment, the 5-year survival rates of 
patients with head and neck cancer have not changed 
over the past five decades.2,3 Multimodality therapy is 
common in head and neck cancer treatment, with fre-
quent utilization of radiation.4,5 During these treatments, 
patients are exposed to high-energy gamma rays, and 
they can experience several side effects, including 

nausea, vomiting, osteoradionecrosis, trismus, loss or 
alteration of taste, weight loss, and salivary gland dys-
function (resulting in dry mouth, caries, oral infections, 
and mucositis).5,6 Specifically, dry mouth is a significant 
clinical concern because it can lead to oral infections, 
sleep disturbances, oral pain, and difficulty in chewing 
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or swallowing food, all of which reduce the quality of life 
for many individuals.7–9 Saliva stimulants, saliva substi-
tutes, and oral moisturizers have been used to treat dry 
mouth, but they only provide temporary pain relief.10,11 
To develop new treatments, it is important to understand 
the effects of radiation on salivary glands.

Extensive investigations are underway to examine 
the effect of radiation on saliva secretion. In 1999, 
Henson et al. reported that saliva flow rate is reduced 
by ~50% to 60% with accompanying changes in saliva 
composition.12 In addition, loss of acinar cells, glandu-
lar shrinkage, and radiation-induced oral mucositis 
have been reported.13–15 More recently, Knox et  al. 
reported that irradiated human salivary glands display 
reduced parasympathetic innervation.16 However, the 
exact cause of salivary gland dysfunction after radia-
tion is still unclear. The aim of this study is to under-
stand the structural changes that occur in post-irradiated 
submandibular glands (SMGs) as compared with 
untreated ones. Specifically, we determined changes in 
epithelial polarity, presence of collagen deposition, and 
alteration in adipose tissue.

Materials and Methods

Materials

Formalin was purchased from Baker (Phillipsburg, NJ). 
Goat serum was purchased from Sigma-Aldrich (St. 
Louis, MO). Rabbit anti-zonula occludens-1 (ZO-1) anti-
body was purchased from Invitrogen (Carlsbad, CA). 
Mouse anti-E-cadherin antibody was purchased from 
BD Biosciences (San Jose, CA). Triton X-100, phos-
phate buffered saline (PBS), Alexa Fluor 488 conju-
gated goat anti-rabbit secondary antibody, Alexa Fluor 
568 conjugated goat anti-mouse secondary antibody, 
Alexa Fluor 538 conjugated phalloidin, TO-PRO-3 
iodide, and ProLong Gold antifade reagent were pur-
chased from Thermo Fisher Scientific (Newington, NH).

Patients

Formalin-fixed, paraffin-embedded human SMGs 
from the subjects listed in Table 1 were obtained 

from the University of Utah, Department of 
Otolaryngology, Head and Neck Surgery. All human 
specimen usage was conducted under the strict 
guidelines and approval of the University of Utah 
Health Sciences Institutional Review Board, and 
informed consent was obtained for each patient. 
Head and neck irradiation causes structural altera-
tion of SMGs. Our studies are consistent with previ-
ous studies showing structural alterations after 
irradiation. This is the first study to quantify the 
amount and distribution of adipocytes and collagen 
deposition after irradiation in humans. Furthermore, 
we showed tight junction alteration after irradiation. 
These findings are an important first step in improv-
ing our understanding of the individual risk and 
variation in radiation-related salivary gland 
dysfunction.

Paraffin-Embedded Tissue

SMGs from irradiated and non-irradiated head and 
neck cancer patients were fixed in 10% formalin for 24 
hr at room temperature. Paraffin-embedded, 5-µm 
sections were prepared at the ARUP Laboratories 
(Salt Lake City, UT). Formalin-fixed, paraffin-embed-
ded SMG slides were deparaffinized by washing three 
times for 5 min in 100% xylene. Slides were washed 
for 5 min in xylene:ethanol (1:1), twice for 5 min in 
100% ethanol, followed by 5 min washes in 95%, 80%, 
70%, and 50% ethanol and twice in distilled water, 
respectively.

Hematoxylin and Eosin Staining

The rehydrated slides were stained with Harris 
Hematoxylin for 6 min and washed for 2 min with 
distilled water, 1 min with 0.5% lithium carbonate 
(Li

2
CO

3
; w/v), and 1 min with distilled water. Slides 

were washed for 1 min with 95% ethanol, followed by 
a 1-min incubation with Eosin and washed for 1 min 
with 95% ethanol. Finally, sections were washed 
three times with 100% ethanol, cleared in xylene, 
and mounted with a xylene-based mounting medium. 
The samples were examined using a Leica DMI6000B 

Table 1. Patient Information.

Patient Gender Age Treatment Dose (Gy) Treatment Duration SMG Collection (After IR)

1 Female 81 None None None
2 Male 81 None None None
3 Female 65 73.8 2 months 6 years 7 months
4 Female 39 70.2 2 months 6 months

Abbreviations: SMG = submandibular gland; IR = irradiated.
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inverted microscope (Leica Microsystems, Wetzlar, 
Germany).

Masson’s Trichrome Staining

The rehydrated slides were re-fixed in Bouin’s solution at 
60C for 1 hr. Slides were rinsed in running tap water for 
10 min to remove yellow color from sections. Then, slides 
were washed with distilled water for 5 min. For nuclei 
staining, slides were stained in Weigert’s iron hematoxy-
lin solution for 10 min, rinsed with running warm tap 
water for 10 min, and washed with distilled water for 5 
min. For cytoplasm staining, slides were incubated in 
Biebrich scarlet-acid fuchsin solution for 5 min and 
washed three times with distilled water for 2 min. For col-
lagen staining, slides were incubated in phosphotung-
stic/phosphomolybdic acid for 15 min, transferred directly 
to aniline blue solution, stained for 5 min, and washed 
three times with distilled water for 2 min. Then, sections 
were differentiated in 1% acetic acid solution for 1 min 
and washed two times with distilled water for 2 min. 
Finally, sections were dehydrated in 95% and 100% eth-
anol, cleared in xylene, and mounted with a xylene-
based mounting medium. The samples were examined 
using a Leica DMI6000B imaging system.

Immunofluorescence

Antigen retrieval was performed by transferring the 
rehydrated slides into pre-warmed (95C) sodium citrate 
buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) 
for 30 min. Slides were allowed to cool to room tempera-
ture at least 20 min and washed twice for 5 min with 
distilled water. Then, slides were rinsed twice for 5 min 
with 1× PBS. Tissue sections were permeabilized with 
0.1% Triton X-100 in 1× PBS for 45 min at room tem-
perature and washed three times for 5 min with 1× PBS. 
Then, tissue sections were blocked for 1 hr in 5% goat 
serum at room temperature. For ZO-1 and E-cadherin 
dual staining, tissue sections were incubated with a rab-
bit anti-ZO-1 antibody (1:100) and mouse anti-E-cad-
herin antibody (1:100) in 5% goat serum overnight at 
4C. The following day, tissue sections were warmed to 
room temperature for 20 min and washed three times 
for 5 min with 1× PBS. Tissue sections were incubated 
for 1 hr with their corresponding secondary antibodies 
(Alexa Fluor 488 conjugated goat anti-rabbit, Alexa 
Fluor 568 conjugated goat anti-mouse, 1:500) and then 
washed three times with 1× PBS. For nuclear staining, 
all slides were incubated with TO-PRO-3 iodide (1:1000) 
for 15 min and washed three times with 1× PBS. Then, 
samples were mounted under glass coverslips with 
ProLong Gold antifade reagent, and the edges of the 
coverslip were sealed with clear nail polish.

Confocal Laser Scanning Microscopy

The immunostained tissue sections were examined 
with a Carl Zeiss 700 LSM confocal microscope and 
ZEN software (Carl Zeiss, Thornwood, NY). All micro-
scope settings were kept consistent for all samples. 
Exposure times of secondary antibody control images 
match their corresponding experimental images.

Adipocyte Quantification

For this study, we used five tissue sections per each 
SMG. The tile scanned bright-field images of SMG 
were captured at 10× optical magnification using a 
Leica DMI6000B inverted microscope. The diameter 
and percentage of adipocytes per each tissue section 
were calculated using ImageJ software. All statistical 
analyses were performed with GraphPad Prism 6. 
Data were analyzed by one-way analysis of variance 
(ANOVA) followed by pairwise post hoc Tukey’s t-tests 
where p < 0.001 represents significant differences 
between experimental groups.

Results

Gamma Irradiation Causes Structural Alteration 
in Human SMG

As shown in Fig. 1A to F and Supplemental Fig. 1A and 
B, SMG from the 81-year-old female patient (non-irradi-
ated, patient 1) as well as the 81-year-old male patient 
(non-irradiated, patient 2) displayed organized acinar 
and ductal structures (i.e., presence of aligned acinar 
and ductal cells surrounding lumens). We also observed 
a small inflammatory infiltrate, indicative of aging.17,18 
Conversely, SMG from the 65-year-old female patient (6 
years 7 months post-irradiation, patient 3) displayed dis-
organized acinar and ductal structures (Fig. 1G–I, yellow 
arrow and Supplemental Fig. 1C). We also observed the 
presence of intralobular adipocytes (Supplemental Fig. 
1C) and lymphocytic infiltration (Fig. 1I, red arrow). 
Similar to patient 4, SMG from the 39-year-old female 
patient (6 months post-irradiation, patient 4) displayed 
disorganized acinar and ductal structures (Fig. 1J–L, 
yellow arrow and Supplemental Fig. 1D), however, to a 
lesser degree than patient 3. Interestingly, the adipose 
tissue was observed mainly at the interlobular regions 
(Supplemental Fig. 1D), and lymphocyte infiltration also 
observed (Fig. 1L, red arrow).

Gamma Irradiation Causes Collagen Deposition 
in Human SMG

To further investigate collagen deposition in the differ-
ent glands, we used Masson’s Trichrome staining. As 
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shown in Fig. 2A to F and Supplemental Fig. 2A and B, 
SMG from the 81-year-old female patient (patient 1) 
and the 81-year-old male patient (patient 2) displayed 
low levels of collagen deposition (blue staining), which 
appears to be typical for the patient’s age.17,18 In con-
trast, SMG from the 65-year-old female patient (patient 
3) displayed high collagen deposition levels in more 
than half of the gland, typical of long-term radiation 
exposure (see blue staining, Fig. 2G–I and 
Supplemental Fig. 2C).19 Interestingly, SMG from the 
39-year-old female patient (patient 4) displayed high 
levels of collagen deposition (although less than 
patient 3), which appears to be typical of early 

radiation stages20 (see blue staining, Fig. 2J–L and 
Supplemental Fig. 2D).

Gamma Irradiation Causes Loss of Cell Junctions 
in Human SMG

To determine the degree of cell junction loss in the differ-
ent glands, we used fluorescent staining. As shown in 
Fig. 3A to H, SMG from the 81-year-old female patient 
(patient 1) and the 81-year-old male patient (patient 2) 
displayed organized apical ZO-1 and basolateral 
E-cadherin. In addition, intact nuclear structures sur-
rounded acinar and ductal lumens, typical of healthy 

Figure 1. Hematoxylin and eosin (H&E)-stained histological sections of non-irradiated healthy (A–C, female; D–F, male), 6 years post-
irradiated (G–I) and 6 months post-irradiated (J–L) head and neck cancer patients. H&E stain shows lymphocytic infiltration (red arrows) 
and disorganized ductal structures (yellow arrows). (A, D, G, J) Magnification 5×, bars = 400 µm; (B, E, H, K) magnification 10×, bars = 
200 µm; (C, F, I, L) magnification 20×, bars = 100 µm.
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glands.21 In contrast, SMG from the 65-year-old female 
patient (patient 3) showed disorganized nuclei and nei-
ther ZO-1 nor E-cadherin staining; however, we were 
able to see lumens (Fig. 3I–L, white arrows). Interestingly, 
SMG from the 39-year-old female patient (patient 4) dis-
played loss of ZO-1 staining but maintained organized 
basolateral E-cadherin (Fig. 3O) and presence of lumens 
(Fig. 3M–P, white arrows).

Gamma Irradiation Increases Adipocyte 
Numbers in Human SMG

To further investigate the presence of adipocytes in 
the irradiated tissues, we quantified the diameter 
and percentage of adipocytes using GraphPad 

Prism 6 and ImageJ software.22,23 As shown in Figs. 
4B and E, and 5A, SMG from the 81-year-old female 
patient (patient 1) and the 81-year-old male patient 
(patient 2) displayed a low percentage of adipocytes 
(patient 1: 4.35% ± 0.46%; patient 2: 7.62% ± 
0.53%), typical for the patient’s age.18 In contrast, 
SMG from the 65-year-old female patient (patient 3) 
displayed a high percentage of adipocytes (22.32% 
± 4.05%; Figs. 4H and 5A). SMG from the 39-year-
old female patient (patient 4) displayed the highest 
percentage (36.33% ± 2.78%) of adipocytes (Figs 
4K and 5A). The percentage of adipocytes was 
highly significant (p < 0.001). However, the percent-
age of adipocytes is not significantly different 
between the genders. In addition, the diameter of 

Figure 2. Masson’s Trichrome stained histological sections of non-irradiated healthy (A–C, female; D–F, male), 6 years post-irradiated 
(G–I) and 6 months post-irradiated (J–L) head and neck cancer patients. Blue staining indicates the collagen deposition. (A, D, G, J) 
Magnification 5×, bars = 400 µm; (B, E, H, K) magnification 10×, bars = 200 µm; (C, F, I, L) magnification 20×, bars = 100 µm.
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adipocyte was not statistically significant difference 
between the groups (p = 0.356).

Discussion

Radiation treatment for head and neck cancer 
patients may result in oral side effects, which can 
reduce their quality of life.5–9 Previous studies dem-
onstrated that head and neck gamma irradiation sig-
nificantly alters salivary gland structure and function. 
Particularly, there is loss of parenchymal tissue, aci-
nar atrophy, dilated ducts, and fibrosis in major sali-
vary glands.24 Fibrosis is of particular interest, as it 

may limit function by reducing the innervation and 
irrigation of acinar and ductal structures. To investi-
gate alteration of tissue structure after irradiation, we 
used SMG from two patients with very similar radia-
tion doses (approximately 70 Gy). However, one sub-
ject (patient 3) was irradiated 6 years ago whereas 
the other subject (patient 4) was irradiated only 6 
months ago. Results showed that patient 3 exhibited 
high levels of collagen while patient 4 displayed less 
collagen but more adipocytes when compared with 
patient 3. These results are consistent with previous 
studies indicating that fibrosis and collagen accumu-
lation occurs as part of the post-irradiation wound 

Figure 3. Zonula occludens-1 (ZO-1) and E-cadherin organization in non-irradiated healthy (A–D, female; E–H, male), 6 years post-
irradiated (I–L) and 6 months post-irradiated (M–P) head and neck cancer patients. TO-PRO-3 iodide nucleic acid stain (A, E, I, M), ZO-1 
(green; B, F, J, N), and E-cadherin (red; C, G, K, O). White arrows indicate lumens. Magnification 20×, bars = 100 µm.
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healing process.25 Furthermore, fibrosis in post-irra-
diated animals slowly increases over time.26

Regarding the number of adipocytes, we found that 
patient 3 had fewer adipocytes as compared with 
patient 4. In both cases, adipocytes were located 

within acinar and ductal structures, while in the healthy 
patient, adipocytes were located in the parenchymal 
region (as expected). Moreover, the total area of adi-
pocytes in patient 4 was greater than in patient 3. 
These results suggest that the number of adipocytes, 

Figure 4. The presence of adipocytes in non-irradiated healthy (A–C, female; D–F, male), 6 years post-irradiated (G–I) and 6 months 
post-irradiated (J–L) head and neck cancer patients. Tiled images of SMG (hematoxylin and eosin [H&E] stain; A, D, G, J, magnification 
10×, bars = 1 mm), adipocytes (B, E, H, K), and total tissue area (C, F, I, L) are shown.
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as well as area, is higher right after irradiation and 
slowly decreases over time. Interestingly, it was previ-
ously reported that adipocyte size and number were 
significantly lower in post-irradiated mice when com-
pared with healthy controls, while the size of adipo-
cytes was not significantly altered in subcutaneous 
tissue.27 However, these differences may be attribut-
able to the different species and tissue location.

Adipose tissue is the most common tissue in the 
human body, and it plays an important role in numer-
ous physiological processes. During adipocyte tissue 
expansion and differentiation, the extracellular matrix 
(ECM) requires remodeling to accommodate adipo-
cytes; in turn, adipocytes secrete various peptides, 
cytokines, and complement factors. The most impor-
tant change is the deposition of collagen at the cell–
ECM border and biogenesis of the basement 
membrane. The function of adipose tissue is regulated 
by the interaction between cells and a variety of ECM 
proteins. The levels of type IV collagen, laminin, entac-
tin, and glycosaminoglycans increase during the adi-
pocyte tissue expansion and differentiation process. 
We are particularly interested in adipocytes as it has 
been previously reported that adipose tissue plays a 
role in wound healing by increasing angiogenesis 
while promoting tissue regeneration.28 In addition, adi-
pocytes have been shown to promote fibroblast migra-
tion into the wound.29 Therefore, we could speculate 
that patient 3 had more fibroblasts and fewer adipo-
cytes due to the wound healing process over time, 
while patient 4 may display early stages of the post-
irradiation wound healing process. Consequently, we 
could propose that future clinical studies should be 
directed toward minimizing fibrosis by modulating adi-
pocytes, as adipocytes cause collagen deposition.29

Regarding collagen deposition, it is known that 
when irradiation levels are low (≤40 ~ 50 Gy), a physi-
ological wound healing process occurs.30 For 
instance, large amounts of randomly oriented colla-
gen are produced, then disorganized collagen is 
replaced with a more organized collagen during tis-
sue remodeling.31 However, after excessive radiation 
exposure, large amounts of collagen fibers replace 
the natural tissue, leading to loss of function. We 
observed high collagen deposition in SMG with a 
long post-irradiation time (see Table 1). In contrast, 
SMG with a short post-irradiation time (see Table 1) 
only showed a modest amount of collagen deposi-
tion. These results suggest that collagen deposition 
occurs over time after radiation exposure. Similar to 
other case studies, one limitation is the small sample 
size. Ideally, additional subjects would be analyzed 
over time to determine average rates of collagen 
deposition as a function of time and radiation dose. 
With such low subject numbers, individual heteroge-
neity in the healing response to radiation could 
equally be attributed for the differences noted. Once 
normative data are available, we could look at the 
individual variation in response to radiation therapy.

To prevent high amounts of post-irradiation collagen 
deposition, it would be important to study at what point 
collagen deposition becomes pathological. This could 
be accomplished by understanding the molecular com-
position of the collagen fibers post-irradiation. Changes 
in collagen deposition after irradiation cause the sur-
rounding tissues to change. In fact, collagen levels 
induce tight junction phosphorylation and reorganiza-
tion.32 We observed loss of tight junction expression in 
post-irradiated SMG with a short post-irradiation time 
(Fig. 3N). In contrast, the adherens junction protein 

Figure 5. The percentage (A) and diameter (B) of adipocytes per each tissue section were calculated. Data represent the mean ± SD 
from five specimens per patient where asterisks indicate significant differences between experimental groups by an analysis of variance 
(ANOVA; *p < 0.001). However, the percentage of adipocytes is not significantly different between genders (**p > 0.001). The diameter 
of adipocytes is not significantly different between the four patients, p = 0.356.
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E-cadherin was not only conserved but also maintained 
its basolateral localization (Fig. 3O). These results sug-
gest that tight junctions may be one of the first struc-
tures to be altered in the post-irradiated glands. There 
are no previous studies showing alteration of tight junc-
tions in the post-irradiated salivary glands. However, 
these proteins are critical for salivary gland function as 
they allow unidirectional fluid secretion as well as main-
tain a fence between apical and basolateral compart-
ments for secretory function and need to be better 
understood.33–35 A limitation of this study is that we only 
studied the scaffold protein, ZO-1, which links trans-
membrane tight junction proteins to the cytoskele-
ton.36–39 Therefore, future studies including the 
transmembrane proteins (i.e., occludin, claudins, junc-
tional adhesion molecules, ticellulin, and Coxsackie-
adenovirus receptors) will be necessary to confirm that 
tight junction proteins are completely lost after irradia-
tion of the glands. Head and neck irradiation causes 
structural alteration of SMGs. Our studies are consis-
tent with previous studies showing collagen deposition 
after irradiation. However, this is the first study to dem-
onstrate alteration of apico-basal polarity in post-irradi-
ated salivary glands. In addition, there are no previous 
studies quantifying the amount and distribution of adi-
pocytes under these conditions. These findings are an 
important first step in improving our understanding of 
the individual risk and variation in radiation-related sali-
vary gland dysfunction.
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