
  
 
  

 1 
Dietary nitrate supplementation prevents radiotherapy-induced xerostomia 2 

 3 

Xiaoyu Feng1,2#, Zhifang Wu1,2#, Junji Xu1,2, Yipu Xu1,2, Bin Zhao1,2, Baoxing Pang1,2, Xingmin Qu1,2, 4 

Liang Hu1,2, Lei Hu1,2, Zhipeng Fan1,2, Luyuan Jin1,2, Dengsheng Xia1,2, Shimin Chang1,2, Jingsong 5 

Wang1,3, Chunmei Zhang1,2, and Songlin Wang1,2,3* 6 
 7 
1Beijing Laboratory of Oral Health, Capital Medical University, Beijing 100069, China. 8 
2Salivary Gland Disease Center and Molecular Laboratory for Gene Therapy & Tooth Regeneration, 9 

Beijing Key Laboratory of Tooth Regeneration and Function Reconstruction, School of Stomatology, 10 

Capital Medical University, Beijing 100050, China. 11 
3Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Capital Medical 12 

University, Beijing 100069, China. 13 

#These authors contributed equally to this study. 14 

*Correspondence should be addressed to S.W. (slwang@ccmu.edu.cn). 15 

 16 

Running title: Nitrate prevents irradiation induced xerostomia. 17 

Key words: nitrate; sialin; head and neck cancer; radiotherapy; parotid gland 18 

19 

mailto:slwang@ccmu.edu.cn




 3 

INTRODUCTION  35 

Head and neck cancer (HNC) is the sixth most common malignancy worldwide (Torre et al., 2015). 36 

Irradiation (IR) is an important treatment approach for HNC. Salivary glands, which are often included in 37 

the IR field, are highly radiosensitive, and IR often results in salivary gland hypofunction. Irradiation 38 

destroys salivary gland acinar cells, the sole site of fluid transport in the gland parenchyma, resulting in 39 

xerostomia, which severely impacts quality of life for affected patients (Bhide, Miah, Harrington, 40 

Newbold, & Nutting, 2009; Davies & Thompson, 2015; Mercadante, Al Hamad, Lodi, Porter, & Fedele, 41 

2017).  42 

Acinar cells in salivary glands include both serous and mucous cell types. Serous acinar cells are 43 

much more radiosensitive than mucous acinar cells. Notably, the parotid gland consists solely of serous 44 

acinar cells, which makes the parotid gland more radiosensitive than the submandibular and sublingual 45 

gland (Grundmann, Mitchell, & Limesand, 2009). As such, the parotid gland provides an excellent model 46 

organ to study IR-induced salivary gland hypofunction. Many studies have attempted to treat salivary 47 

hypofunction using gene transfer, stem cell transplantation, or salivary gland regeneration. These studies 48 

have elucidated the mechanisms involved in xerostomia, and allowed for development of new treatments 49 

for xerostomia (Vissink et al., 2010; Vissink, van Luijk, Langendijk, & Coppes, 2015). However, most of 50 

these treatment modalities are therapeutic and thus beneficial for patients with established xerostomia (i.e., 51 

when salivary glands are severely damaged) and have not been adequately resolved IR-induced 52 

xerostomia (Vissink et al., 2010). In addition, there have been no studies on the prevention of IR-induced 53 

xerostomia. New approaches for the prevention of IR-induced xerostomia are urgently required to 54 

maintain the tissue architecture of the parotid gland even after IR treatment. 55 

Inorganic nitrate is a component of the human diet, and is found in vegetables, fruits, and drinking 56 

water. At least 25% of circulating nitrate is actively taken up by salivary glands (via sialin) and secreted 57 

into saliva, such that the concentration of nitrate in saliva is approximately 10-fold greater than that in 58 

blood (Omar, Webb, Lundberg, & Weitzberg, 2016). Nitrate has been shown to offer protection against 59 

diseases such as obesity, diabetes mellitus, and heart disease (Gilchrist et al., 2014; Khambata et al., 2017; 60 
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Kina-Tanada et al., 2017; J. O. Lundberg, Carlstrom, & Weitzberg, 2018; Ma, Hu, Feng, & Wang, 2018; 61 

McNally, Griffin, & Roberts, 2016; Omar et al., 2016). Sialin (Slc17a5) is a transmembrane protein 62 

expressed most abundantly in the acinar cells of the parotid gland (Qin et al., 2012). Sialin transports 63 

nitrate and other essential cellular substances such as glutamate and aspartate, and contributes to 64 

maintenance of acinar cells physiological function (Qin et al., 2012). It is unclear why sialin is most 65 

strongly expressed in the parotid gland and facilitates nitrate influx into the gland. The interaction of 66 

sialin and nitrate is unique to the parotid gland and not found in other organs. It is highly likely that the 67 

interaction between nitrate and sialin contributes to the maintenance of parotid gland homeostasis. 68 

The parotid glands of mice and rats are not similar to those of humans (S. L. Wang et al., 1998). We 69 

previously demonstrated that the parotid glands of miniature pigs have similar anatomical and 70 

physiological characteristics to those of human parotid glands. Then we established miniature pig model 71 

of IR-induced parotid gland hypofunction using single-dose or fractionated IR (Guo et al., 2014; Li et al., 72 

2005). In this study, we investigated the preventive and therapeutic effects of dietary nitrate 73 

supplementation on IR-induced salivary gland hypofunction using an established miniature pig model, 74 

and characterized the mechanism underlying these effects.  75 

76 
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nitrate groups at 72 h post-IR, determined using RT-PCR and western blot (representative time point; all 700 
remaining time points exhibited similar trends). a-d Addition of different nitrate doses (0.1, 0.2 or 0.5 701 
mmol/L) to hPGCs culture medium prior to IR. Five hundred micromolar nitrate was used as the 702 
representative dose. All remaining doses exhibited similar trends.  a-e Data are expressed as the mean ± 703 
SEM, n=5 culture plates per group. *P <0.05, ** P <0.01 for each nitrate group versus the IR control 704 
group. f-i Effects of sialin on hPGCs. f Schematic of experimental design for sialin siRNA or sialin 705 
plasmid delivery to hPGCs. g Cell proliferation rate determined using CCK-8 assay at 24, 48, and 72 h 706 
after siRNA or plasmid transfection. The 12 h time point was used as baseline, and scrambled siRNA and 707 
empty plasmid served as the control groups. h Cell proliferation rate determined by number of 708 
EdU+/Hoechst+ cells at 24, 48, and 72 h after siRNA or plasmid transfection. Because plasmid 709 
transfection required 70% cell confluence, cell proliferation was determined at 24 and 48 h after plasmid 710 
transfection. i Cell cycle distribution analysis at 72 h (representative time point) after siRNA transfection. 711 
j  Cell apoptotic rate, determined by flow cytometry, at 72 h after siRNA transfection (representative time 712 
point). Slc17a5 overexpression did not affect apoptosis when hPGCs were cultured under normal 713 
conditions (data not shown). f-j  Data are expressed as the mean ± standard error of the mean (SEM), n=5 714 
culture plates replicates per group. *P <0.05, **P <0.01. k, l Submandibular gland cell proliferation 715 
compared between sgRNA two-cell embryo and wild-type (WT) mice. The expression level of sialin in 716 
sgRNA two-cell embryos was about 60% of that in WT mice. k Cell proliferation rate determined using 717 
CCK-8 assay. l Cell proliferation rate, determined by number of EdU+/Hoechst+ cells. k, l Data are 718 
expressed as the mean ± SEM, n=5 animals per group; *P <0.05, **P <0.01 for the sgRNA two-cell 719 
embryo group versus the WT group. m - n, Nitrate or sialin has an effect on cell proliferation, k The 720 
experimental design scheme (sialinH183R is defective in nitrate transportation). l. Cell proliferation rate, 721 
determined using CCK-8. Data are expressed as the mean ± SEM, n=5 culture plates per group. *P <0.05, 722 
** P <0.01 for the sialin plasmid group versus the empty plasmid group. 723 

Fig. 5 Sialin overexpression promoted cell proliferation and reduced cell apoptosis after irradiation in 724 
vitro. a-e Proliferation, apoptosis, and sialin expression of hPGCs cultured under physiological and IR 725 
conditions. a Schematic of experimental design. b, c Cell proliferation rate, determined using CCK-8 (b) 726 
or EdU assay (c). d Cell apoptotic rate, determined using flow cytometry. e, Sialin expression, measured 727 
using reverse transcription-PCR (RT-PCR; left) and western blot (right). b-e Sham group: hPGCs 728 
received 0 Gy; IR group: hPGCs received 5 Gy, n=5 culture plate replicates per group. Data are expressed 729 
as the mean ± SEM. *P <0.05, **P <0.01, ***P <0.005. f-j  Effects of sialin overexpression on cell 730 
proliferation and apoptosis. f Schematic of experimental design. g Sialin expression in the sialin plasmid 731 
and empty plasmid groups, determined using RT-PCR and western blot. h, i Cell proliferation rate, 732 
detected using CCK-8 assay (h) or EdU staining (i). j  Cell apoptotic rate, determined using flow 733 
cytometry assay, at 72 h post-IR. g-j  Data are expressed as the mean ± SEM, n=5 culture plates per group. 734 
*P <0.05, **P <0.01, ***P <0.005 for the sialin plasmid group versus the empty plasmid group.  735 

Fig. 6 Mechanism of nitrate regulation of cell proliferation. a Phosphorylation of EGFR, AKT, and ERK 736 
following nitrate administration for 0.5, 1, 2, and 4 h, and phosphorylation of EGFR, AKT, and ERK 737 
following sialin knockdown for 24 h, n=5 sample replicates per group. b Cell proliferation rate after 738 
nitrate administration plus blockade of EGFR, determined using CCK-8 assay at 24, 48, 72, and 96 h. The 739 
12 h time point was used as baseline. Data are expressed as the mean ± SEM, n=5 sample replicates per 740 
group. *P <0.05 for the nitrate plus gefitinib group versus the nitrate group. c Phosphorylation of EGFR, 741 
AKT, and ERK following EGFR blockade or nitrate administration plus EGFR blockade for 24 h, n=5 742 
sample replicates per group. d Sialin and Phosphorylation of EGFR expression after blocking nitrate-743 
nitrite-nitric oxide (NO) pathway by PTIO. a, b, c, d Nitrate administration dose: 0.5 mmol/L.  e 744 
Phosphorylation of EGFR, AKT, and ERK in parotid gland tissues of sham, nitrate and IR control group, 745 
in vivo study. f Schematic of the proposed nitrate�±sialin feedback loop in radioprotection of salivary 746 
glands (a: activation; pho: phosphorylation). 747 
  748 
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SUPPLEMENT FIGURE LEGENDS 749 

Figure 1-figure supplement 1. Parotid gland irradiation range diagrams, blood vessel distribution, 750 
salivary chemistry, and tissue apoptosis at 4 months after irradiation. a, Diagram of unilateral parotid 751 
gland irradiation (IR) range. b, Blood vessel distribution model of the normal miniature pig parotid gland. 752 
c, Clinical chemistry of saliva obtained from the single dose IR experiment at different time points. No 753 
significant differences were observed in saliva constituents (data not shown), or hematological or serum 754 
chemical parameters (data not shown). Data are expressed as the mean ± SEM, n=4 animals per group; *P 755 
<0.05, **P <0.01 for the nitrate group versus the IR control group. d, Tissue apoptosis in the sham, 756 
nitrate (2 mmol/kg day), and IR control groups 4 months after fractionated irradiation, measured using 757 
terminal deoxynucleotidyl transferase dUTP nick-end labeling in situ staining. Red cells indicate positive 758 
apoptotic cells. Scale bar: 100 µm (n = 4 per group). The proportion of positive cells was detected using 759 
fluorescence microscopy, and quantified using ImagePro. Few cells underwent apoptosis, and there were 760 
no significant differences among the experimental groups. Data are expressed as the mean ± SEM.  761 
 762 
Figure 2-figure supplement�������� �1�L�W�U�D�W�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �L�Q�� �V�H�U�X�P�����$�����D�Q�G�� �S�D�U�R�W�L�G�� �V�D�O�L�Y�D�����%�������D�Q�G��763 
�F�K�D�Q�J�H�V���L�Q���V�D�O�L�Y�D�U�\���F�R�Q�V�W�L�W�X�H�Q�W�V���D�W�������P�R�Q�W�K�V���D�I�W�H�U���I�U�D�F�W�L�R�Q�D�W�H�G���L�U�U�D�G�L�D�W�L�R�Q�����D�����1�L�W�U�D�W�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��764 
�L�Q���V�H�U�X�P�����E�����1�L�W�U�D�W�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q���S�D�U�R�W�L�G���V�D�O�L�Y�D�������F-�H�����6�D�O�L�Y�D�U�\���F�R�Q�V�W�L�W�X�H�Q�W�V���F�K�D�Q�J�H�V�����F�����3�R�W�D�V�V�L�X�P�����G����765 
�&�D�O�F�L�X�P�����H�����$�P�\�O�D�V�H�����)�R�X�U���P�R�Q�W�K�V���S�R�V�W-�L�U�U�D�G�L�D�W�L�R�Q�����,�5�����Z�D�V���X�V�H�G���D�V���W�K�H���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���W�L�P�H���S�R�L�Q�W�����,�Q���W�K�H��766 
�,�5���F�R�Q�W�U�R�O���J�U�R�X�S�����W�K�H���D�P�\�O�D�V�H���D�Q�G���F�D�O�F�L�X�P���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���W�K�D�Q���W�K�R�V�H���L�Q���W�K�H���V�K�D�P��767 
�J�U�R�X�S�����D�Q�G���W�K�H���S�R�W�D�V�V�L�X�P���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U�����'�D�W�D���D�U�H���H�[�S�U�H�V�V�H�G���D�V���W�K�H���P�H�D�Q���“���6�(�0����768 
�Q��� �������D�Q�L�P�D�O�V���S�H�U���J�U�R�X�S������3�������������������3��������������������3�����������������I�R�U���W�K�H���,�5���F�R�Q�W�U�R�O���J�U�R�X�S���R�U���H�D�F�K���Q�L�W�U�D�W�H���J�U�R�X�S��769 
�Y�H�U�V�X�V���W�K�H���V�K�D�P���J�U�R�X�S�� 770 
 771 
Figure 4- figure supplement 1. Effects of nitrate on human parotid gland cells (hPGCs) under 772 
physiological conditions and transfection efficiencies of sialin siRNA and plasmids to hPGCs. (a-d) 773 
Effects of nitrate on human parotid gland cells (hPGCs). a, Schematic of experimental design. b, Cell 774 
proliferation, determined by number of EdU+/Hoechst+ cells, at 24, 48, and 72 h. c, Cell proliferation 775 
rate, determined using CCK-8 assay, at 24, 48, 72, and 96 h. The 12 h time point was used as the baseline. 776 
d, Cell apoptosis rate, determined using flow cytometry, at 72 h (representative time point). N=5 culture 777 
plates replicates per group. (a-d) Data are expressed as the mean ±SEM. *P <0.05, **P <0.01, ***P 778 
<0.005. (e-h) Transfection efficiencies of sialin siRNA and plasmids to hPGCs. e, f Messsenger RNA (e) 779 
and protein levels (f) of sialin at 24, 48, and 72 h after siRNA transfection. Sialin was effectively knocked 780 
down at each time point. g, h Messenger RNA (g) and protein levels (h) of sialin at 24, 48, and 72 h after 781 
plasmid transfection. Sialin was effectively overexpressed at each time point. (e-h) Data are expressed as 782 
the mean ± SEM, n=5 per group. *** P <0.001. 783 
 784 
Figure 5- figure supplement 1 Reduction of sialin expression impaired cell proliferation and 785 
increased apoptosis after irradiation. a, Schematic of experimental design for nitrate administration to 786 
sialin siRNA +/- human parotid gland cells (hPGCs) subjected to 5 Gy irradiation (IR). b, Sialin 787 
expression, determined using RT-PCR (left) and western blot (right). Scrambled siRNA was used as the 788 
control. c, Cell proliferation, determined by number of EdU+/Hoechst+ cells, at 24, 48, and 72 h post-IR. 789 
d, Cell proliferation rate, determined using CCK-8 assay, at 24, 48, 72, and 96 h post-IR. The 12 h time 790 
point was used as baseline. e, Cell apoptosis rate, determined using flow cytometry, at 72 h post-IR. Data 791 
are expressed as the mean ± SEM, n=5 cell culture plates per group. *P <0.05, **P <0.01, ***P <0.005 792 
for each siRNA group or nitrate plus siRNA group versus the scrambled siRNA control group (b-e). 793 
 794 
 795 
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