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Abstract

The parotid glands are damaged by oxidative stress and a series of pathophysiological changes after irradiation. Rosmarinic acid
(RA) is a natural antioxidant that provides a radioprotective effect against harmful damage from ionizing radiation. The present
study aims to explore the protective effects of RA on radiation-induced parotid gland injury and its underlying mechanism.
Sprague-Dawley rats were irradiated with |5 Gy X-ray and treated with different concentrations of RA (30, 60, and 120 mg/kg) or
amifostine (AMI, 250 mg/kg). Saliva secretion function, oxidative stress, apoptosis, the inflammatory response, and fibrosis were
determined by the measurement of the salivary flow rate, enzyme-linked immunosorbent assay, transferase-mediated DUTP Nick
end labeling, Western blot, quantitative real time polymerase chain reaction, and hematoxylin and eosin staining. Here, we show
that RA treatment significantly attenuated reactive oxygen species by a direct hindrance effect and the indirect activation of
peroxisome proliferator-activated receptor gamma coactivator |-alpha/nicotinamide adenine dinucleotide phosphate oxidase
4 signaling. Rosmarinic acid not only reduced apoptosis by inhibiting p53/jun N-terminal kinase activation but also reduced parotid
gland tissue fibrosis by downregulating inflammatory factor levels. Compared to AMI, RA has the obvious advantages of late
efficacy and convenient usage. Moreover, 60 mg/kg is the minimum effective dose of RA. Therefore, RA can potentially be applied
as a therapeutic radioprotective agent to treat radiation-induced parotid gland injury in the future.
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including energy metabolism, stress response, and growth sig-
nals in redox reactions.” Moreover, ROS regulate cell death and
growth.'? Excessive ROS attenuate the antioxidant capacity of
cells through oxidative stress, which further leads to severe cel-
lular damage.'' Reactive oxygen species are regarded as crucial
players in radiation-induced salivary gland tissue injury. In vivo
and in vitro experiments showed that ROS levels sharply

Introduction

Head and neck cancer (HNC) is the seventh most common
group of cancers in the world.! The global incidence of HNC
is more than 5 million cases per year, and the annual incidence
in China is approximately 135 000 cases.” Radiotherapy is one
of the major treatments for patients with HNC and has achieved
good therapeutic effects.> However, patients with HNC inevi-
tably have several complications because of radiation damage
to normal tissues.* Xerostomia, which is due to radiation-
induced salivary gland injury, is the most common persistent
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oral sequela.’ It persists for several years or even the rest of the
patient’s life, and seriously affects the patient’s quality of life.®

Oxidative stress is a special state of cellular stress after expo-
sure to irradiation (IR) and results in the production of sub-
stances such as oxygen free radicals.” Reactive oxygen species
(ROS) play an important role in promoting intracellular signal
transduction.® On the one hand, ROS can activate cellular sig-
naling molecules, regulating different cellular functions,
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increase in salivary glands after IR.'> At present, many radio-
protectants prevent IR damage by inhibiting oxidative stress.

Several years ago, amifostine (AMI) was shown to reduce
xerostomia in patients with HNC undergoing radiotherapy and
was the first cytoprotective agent approved by the United
States Food and Drug Administration.'> However, AMI has
limited clinical use due to its high cost and adverse reactions,
namely, nausea and vomiting, low blood pressure, lethargy,
chills, and allergic symptoms.'* Many patients who simultane-
ously undergo chemotherapy and radiotherapy have a difficult
time enduring these adverse reactions. Therefore, there is still a
lack of low toxicity and highly effective radioprotectants that
can prevent salivary gland injury following IR. In recent years,
plant-derived antioxidants have attracted increasing attention
not only because they effectively protect against radiation-
induced salivary gland injury but also because they have low
toxicity and a lower cost.'>!'® In our previous study, we found
that a water extract of Sarcandra glabra had protective effects
against radiation-induced parotid gland damage in Guinea pigs.
The continued administration of S glabra following IR reduced
the content of malondialdehyde in parotid gland tissues and
simultaneously protected parotid gland tissues against y-ray-
induced oxidative stress and acute radiation damage.

Rosmarinic acid (RA), which is a water-soluble natural phe-
nolic compound, is one of the main active ingredients of §
glabra and is widely present in various plants.'” Rosmarinic
acid has multiple pharmacological activities, including anti-
inflammatory,'® antiangiogenic,'® and anticancer.?® In particu-
lar, it is a natural antioxidant®' that can compete with unsaturated
fatty acids for binding to lipid peroxyl groups to terminate the
chain reaction of lipid peroxidation and reduce the rate of lipid
peroxidation. The ability of RA to scavenge radiation-induced
ROS and prevent free radical-induced cell damage is stronger
than that of many other natural antioxidants, such as caffeic acid,
chlorogenic acid, and folic acid.**** Rosmarinic acid provides a
radioprotective effect against the harmful damage induced by
ionizing radiation.?* In the present study, we used a rat model of
local exposure to IR to assess whether RA can attenuate
radiation-induced parotid gland injury and clarify the possibly
influenced biomarkers and mechanisms in vivo.

Materials and Methods

Animals

This study was approved by the Committee on the Ethics of
Animal Experiments of Guangxi Medical University (permit
no. 201711014; Nanning, China). A total of 240 male specific
pathogen-free Sprague-Dawley rats (9 weeks old, weighing 230
+ 20 g) were purchased from the Laboratory Animal Center of
Guangxi Medical University. The rats were housed in suspended
plastic cages at 22°C to 24°C and 50% to 60% humidity on a 12-
hour light/dark cycle. Food and water were provided ad libitum.
The rats were randomly divided into 6 groups: the control (Ctrl)
group, the (IR alone) group, the IR + 30, 60, and 120 mg/kg RA
(IR and 30, 60, and 120 mg/kg RA, respectively) groups, and the

IR + AMI (irradiation and amifostine) group. Rosmarinic acid
(Shanghai Yuanye Biotechnology, Shanghai, China) was com-
pounded with saline and was intragastrically administered 7 days
before IR and until the rats were sacrificed. Amifostine (Sigma-
Aldrich, St. Louis, MO; 250 mg/kg body weight in 1 mL saline
solution) was intraperitoneally administered 30 minutes before
IR, which is effective and well tolerated by rats to prevent saliva-
flow dysfunction according to the previous research.”* Eight rats
from each group were randomly sacrificed at each time point (the
3rd, 10th, 30th, 60th, and 120th day after IR).

Radiation Exposure

All rats were fixed to a plane board after being anesthetized. The
rats inthe IR group, the IR 4 30, 60, and 120 mg/kg RA groups, and
the IR + AMI group received a single dose of 15 Gy by a 6 MeV
electron beam radiation delivered by a linear accelerator (Varian
Clinac iX, Varian Medical Systems Inc, Palo Alto, CA). The rats
were irradiated from the upper edge of the retroauricular region to
the sternum manubrium, including all potential parotid gland tis-
sues in the neck field (Source-skin distance = 100 cm, field size =
5 cm x 3 cm, dose rate= 400 MU/min, 5-mm bolus above the
neck). The other parts of the body were shielded by a lead block.

Salivary Flow Rate Measurement

Rats were injected intraperitoneally with 0.6 mg/kg pilocarpine
hydrochloride (Sigma-Aldrich), and then stimulated saliva was
collected 4 days before and 3, 10, 30, 60, and 120 days after IR
according to a previously described procedure.?® Cotton balls,
which were preweighed and kept in the oral cavity for 10
minutes to absorb saliva, were immediately weighed on an
electronic balance to prevent moisture loss. Assuming the spe-
cific gravity of saliva to be 1.0 g/cm?, the difference of pre and
postcollection cotton ball mass in grams was substituted by
milliliters. The salivary flow rate (SFR) was calculated as the
ratio of the saliva volume to the collection time (uL/min).

Quantitative Real Time Polymerase Chain Reaction

Total RNA was extracted from the parotid gland tissues using a
TRIzol plus kit (Invitrogen, Carlsbad, CA) for complementary
DNA (cDNA) synthesis. Synthesized cDNA was used for
quantitative real time polymerase chain reaction (QRT-PCR)
analysis using an Applied Biosystems 7500 Real Time Poly-
merase Chain Reaction System (Life Technologies, Waltham,
MA) following the manufacturer’s instructions to detect the
messenger ribonucleic acid (mRNA) expression levels of
peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1-o) and nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4), mouse double minute 2
(MDM2), BCL2-associated X (Bax), B-cell lymphoma 2
(Bcl-2), p53, Caspase-3, Collal, Colla2, and Col3al. All the
mRNA levels were determined by the 2-22% method, and P-
actin was used as an internal control for normalization. The
primer sequences used for qRT-PCR are shown in Table 1.
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Table I. Primer Sequences.

Gene Primer Sequences Annealing Temperature (°C) Product Length (bp) Accession Numbers
PGC-la-F ACAACCGCAGTCGCAACATG 62.12 174 NM_031347.1
PGC-la-R TGAGGAGGAGTCGTGGGAGG 62.50

NOX4-F ATTGTCCCAGTGTATCAGCA 56.53 139 NM_053524.1
NOX4-R GGAGGCAGTAGTAAATCTCG 55.09

MDM2-F CTTGATGATGGCGTAAGTGA 55.57 176 NM_001108099.1
MDM2-R TGATAGACTGTGACCCGATA 54.78

p53-F GTATGCTGAGTATCTGGACGACA 59.68 170 NM_030989.3
p53-R CCAGCGTGATGATGGTAAGG 58.41

Bax-F TGCTACAGGGTTTCATCCAGG 59.72 113 NM_017059.2
Bax-R GAGACACTCGCTCAGCTTCTTG 61.24

Bcl-2-F TGTGGCCTTCTTTGAGTTCG 58.41 149 L14680.1
Bcl-2-R CATCCCAGCCTCCGTTATCC 59.96

Caspase-3-F GAAAGCATCCAGCAATAGGC 57.21 125 NM_012922.2
Caspase-3-R AGCGATGACTCAGCACCTCC 61.95

Collal-F TACAGCACGCTTGTGGATGG 60.67 194 NM_053304.1
Collal-R CAGATTGGGATGGAGGGAGTT 59.15

Colla2-F AGGAGGCTATGACTTTGGTTTCG 60.62 170 NM_053356.1
Colla2-R TGCGGGCAGGGTTCTTTCTA 61.49

Col3al-F GCCTCCCAGAACATTACATACC 58.52 192 NM_032085.1
Col3al-R TGTCTTGCTCCATTCACCAG 57.81

B-actin-F CGTAAAGACCTCTATGCCAACA 58.14 100 bp NM_031144.3
B-actin-R TAGGAGCCAGGGCAGTAATC 58.58

Abbreviations, Bax, BCL2-associated X; Bcl-2, B-cell ymphoma 2; MDM2, mouse double minute 2; NOX4, nicotinamide adenine dinucleotide phosphate oxidase
4; PGClI-o, peroxisome proliferator-activated receptor gamma coactivator |-alpha.

Western Blot Analysis

Parotid gland tissues (30 mg) were homogenized in 200 to 400 puL
Radioimmunoprecipitation assay-phenylmethanesulfonyl
fluoride lysis buffer (Solarbio, Beijing, China). The concen-
tration of the supernatant was detected using a bicinchoninic
acid assay kit (Solarbio). The samples were boiled at 100°C for
10 minutes before electrophoresis. After electrophoresis, the
proteins were transferred to polyvinylidene fluoride mem-
branes (Millipore, Bedford, MA). Then, the membranes were
blocked using 8% nonfat milk in TBST buffer (50 mm Tris-
HCIl, 100 mm NacCl, and 0.1% Tween-20, pH 7.4) for 3 hours.
Then, the membranes were immunoblotted with one of the
following antibodies: phosphorylated c-jun N-terminal kinase
(p-JNK; Abcam, Cambridge, United Kingdom), jun N-
terminal kinase (JNK; Abcam), phosphorylated c-Jun (p-c-
Jun; Abcam), c-Jun (c-Jun; Abcam), PGC1-a (Abcam), NOX4
(Abcam), MDM2 (Abcam), Bax (Abcam), Bcl-2 (Abcam), p53
(Abcam), Caspase-3 (Abcam), Collagen I, Collagen III, and -
actin (Abcam). All blots were developed using the ECL West-
ern Blotting Detection Kit Reagent (Solarbio) and detected
using a gel imaging analysis system (Tanon 5200, Image
Quant LAS 4000 mini, GE, Piscataway, NJ).

Measurement of ROS and Total Antioxidant Capacity
Levels, Enzyme-Linked Immunosorbent Assay
Parotid gland tissues were rapidly removed, thoroughly homo-

genized and centrifuged at 5000 rpm/min for 10 minutes. The
supernatant was assayed in accordance with the manufacturer’s

instructions for the Rat Reactive Oxygen Species Cluster Kit
(Mlbio, Shanghai, China). The optical density value for each
specimen was determined by a microplate reader at 450 nm
(FilterMax F3, Molecular Devices Corporation, San Fran-
cisco, CA). Samples for total antioxidant capacity (T-AOC)
detection were homogenized and centrifuged at 10 000 rpm/
min for 5 minutes. The supernatant was assayed in accor-
dance with the manufacturer’s instructions for the T-AOC Kit
(Solarbio). The optical density value for each specimen was
determined by a microplate reader at 593 nm (MD, FilterMax
F3). According to the manufacturer’s instructions, the levels
of tumor necrosis factor-alpha (TNF-a), interleukin (IL)-6,
and IL-2 in the rat serum were determined using a TNF-o
enzyme-linked immunosorbent assay (ELISA) kit (R&D, Sao
paulo, MN), an IL-6 ELISA kit (R&D), and an IL-2 ELISA
kit (R&D), respectively.

Hematoxylin and Eosin Staining Analysis

Thin slices of tissues from all samples were delivered to our
histopathology department and were fixed in 4% formaldehyde
solution (pH 7.0). After rehydration and deparaffinization,
5-um longitudinal sections were stained with hematoxylin
solution for 5 minutes, dipped 5times in 1% acid ethanol (1%
HCI in 70% ethanol) and then washed with double-distilled
water. Then, the sections were stained with eosin solution for
3 minutes. Finally, dehydration, permeabilization, and sealing
were performed. The results were independently evaluated in a
blinded manner by 2 pathologists.
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Table 2. Salivary Flow Rate (uL/min).?

—4 Days 3 Days 10 Days 30 Days 60 Days 120 Days

Ctrl 130.5 + 7.62 139.01 + 9.44 142.38 + 7.73 161.63 + 9.09 174.63 + 7.31 188.5 + 8.83
IR 129.00 + 12.24 100.88 + 8.79° 91 + 5.76° 93.88 + 8.76° 89.13 + 5.3° 84.13 + 551°
IR+30 mg/kg RA  129.01 + 833  104.13 + 7.34>  104.63 + 5.5°¢ 126 + 85> 127.13 + 681> 13213 + 10.01®¢
IR+60 mg/kg RA  127.63 + 801  118.63 + 6.76°°% 116.88 + 6.22°¢ 142,13 + 7.64>9 14138 + 9.64>¢ 152.88 + |[.4]><1
IR+120 mg/lkg RA  131.13 + 923 124.13 + 5.44><¢ [17.75 + 5.44>¢ 144 + 771> 143,13 + 9.67°¢ 152.25 + 10.36><¢
IR+AMI 130.63 + 10.13 1125 + 475° 11538 + 4.98°¢ 143.01 + 9.8 146.25 + 9.84>¢  160.5 + 8.12><¢
Abbreviations: AMI, amifostine; Ctrl, control; IR, irradiation; RA, rosmarinic acid.
*The data are represented as the means + SDs (n = 8).
®Values significantly (P < .05) differ from the Ctrl group.
“Values significantly (P < .05) differ from the IR group.
YValues significantly (P < .05) differ from the IR+30 mg/kg RA group.
Terminal Deoxynucleotidyl Transferase-Mediated DUTP .
Nick End Labeling Staining Analysis b
A transferase-mediated DUTP Nick end labeling (TUNEL) - :§+nggj:9§:

. . el +60m
Assay kit (Abcam) was used to detect apoptotic cells. Accord- 1504 IR+120mgg ,igRA
ing to the kit manufacturer’s instructions, fixed samples were o IR+AMI

treated with hydrogen peroxide for 10 minutes at room
temperature to inactivate endogenous peroxidases and permea-
bilized with 0.1% Triton X-100 in 0.1% sodium citrate for
5 minutes on ice. The samples were exposed to terminal deox-
ynucleotidyl transferase solution for 1 hour at 37°C. After the
addition of chromogenic 3,3’-diaminobenzidine, the samples
were washed, dehydrated, permeabilized, and sealed. The num-
ber of TUNEL-positive stained cells was counted using optical
microscopy (Olympus, Tokyo, Japan).

Statistical Analysis

The data are expressed as the means + standard deviations and
analyzed by one-way analysis of variance, followed by multi-
ple comparison test using SPSS version 25.0 (SPSS Inc, Chi-
cago, IL). Statistical significance was set at P < .05.

Results

Rosmarinic Acid Prevents Radiation-Induced
Hyposalivation

To investigate the effects of RA on saliva secretion function,
the SFR was determined. Within 120 days, the SFR in the IR
group decreased compared to that in the Ctrl group (Table 2,
P < .05). The administration of 60 mg/kg and 120 mg/kg RA
effectively prevented the reduction in the SFR in irradiated rats
from 3 days to 120 days post-IR (Table 2, P < .05), whereas
AMI has no significant effect on saliva secretion function at the
very early stage (Table 2, IR vs IR + AMI, 3 days, P > .05). At
day 10, 30, 60, and 120 after IR, the difference in the SFR was
not statistically significant among the IR + 60 mg/kg RA group,
IR + 120 mg/kg RA group, and IR + AMI group (P > .05).
Higher levels of SFRs in the IR + 60 mg/kg RA group and IR +
120 mg/kg RA group in compared to IR + 30 mg/kg RA group
at different time points (Table 2, P < .05; Figure 1).

SFR(p/min)

e
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Time

Figure |. Effect of rosmarinic acid on the salivary flow rate. Stimu-
lated saliva was collected from each group 4 days before and 3, 10, 30,
60, and 120 days after irradiation (pL/min, n = 8 per group). AMI
indicates amifostine; Ctrl, control; IR, irradiation; RA, rosmarinic acid;
SFR, salivary flow rate.

Rosmarinic Acid Inhibited the Oxidative Stress Reaction in
the Irradiated Parotid Gland

To explore the relationship between oxidative stress reaction
and the suppression of radiation-induced parotid gland hypo-
salivation by RA, the ROS and T-AOC levels were examined
(Figure 2A); PGCl-o and NOX4 were also examined by
Western blot and RT-PCR (Figure 2B and C). We observed
that compared to those in the Ctrl group, the T-AOC levels
and the protein and mRNA expression of PGCl-a were
decreased substantially in the IR group, whereas ROS levels
and the expression of NOX4 were increased at the same time
point (Figure 2A-C). Reactive oxygen species level peaked at
day 10 after IR (Figure 2A). Furthermore, the application of
RA alleviated the post-IR changes in ROS and T-AOC levels,
the protein and mRNA expression of PGC1-a and NOX4 in
the IR + 60 mg/kg RA group and IR + 120 mg/kg RA group,
as in the IR + AMI group. There was no statistically signif-
icant difference among these three groups. Moreover, drug
suppression of oxidative stress reaction factors in these
3 groups was more effective than that in the IR + 30 mg/kg
RA group (Figure 2A-C).
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Figure 2. Effect of rosmarinic acid on the oxidative stress reaction. Reactive oxygen species and total antioxidant capacity levels were
determined (A). PGCI-o. and NOX4 were examined by Western blotting (B) and real-time polymerase chain reaction (C). * Values significantly
(P < .05) differ from the Ctrl group. # Values significantly (P < .05) differ from the IR group. % Values significantly (P < .05) differ from the
IR+30 mg/kg RA group. AMI indicates amifostine; Ctrl, control; IR, irradiation; NOX4, nicotinamide adenine dinucleotide phosphateoxidase4;
PGCl -0, peroxisome proliferator-activated receptor gamma coactivator |-alpha; RA, rosmarinic acid.

Rosmarinic Acid Suppressed Radiation-Induced Parotid
Gland Apoptosis

In our study, parotid gland apoptosis was investigated by
TUNEL staining. The positive cells were mostly acinar cells
(Figure 3B, red arrow). The results showed that the apoptosis
rates of parotid gland cells reached the highest level 30 days
post-IR in the IR group (Figure 3A). More inhibition of
apoptosis rates were in the IR + 60 mg/kg RA group, IR +
120 mg/kg RA group, and IR + AMI group than in the IR +
30 mg/kg RA group from 10 days to 60 days post-IR (Table 3,
P < .05). There were no significant differences among the
former 3 groups (Table 3, P > .05).

Because of endogenous enzymatic activity, TUNEL stain-
ing may be not reliable in the parotid glands. Figure 3D showed
that compared to that in the Ctrl group, the mRNA expression
of p53 was significantly increased in the IR group and peaked

at day 10 after IR; Bax and Caspase-3 were also increased and
peaked at day 30 after IR; meanwhile, Bcl-2 and MDM-2 were
significantly decreased. Importantly, we observed that treat-
ment with RA sharply reduced the expression of p-JNK, p-c-
Jun, p53, Bax and Caspase-3, whereas increased the expression
of Bcl-2 and MDM-2. These results indicated that RA blocked
the apoptotic signaling pathway in parotid glands upon IR
(Figure 3C and D).

Rosmarinic Acid Inhibited Interstitial Hyperplasia in

the Radiation-Exposed Parotid Gland in the Late Stage
Through lts Anti-Inflammatory Effect

Hematoxylin and eosin (HE) staining results showed that in the

Ctrl group, there were intensive congeneric serous secretory
acini (Figure 4A). Conversely, the parotid glands in the IR
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Table 3. Apoptosis Rate (%).%
3 Days 10 Days 30 Days 60 Days 120 Days

Ctrl 6.67 + 0.49 7.35 + 0.88 7.09 + 1.04 749 + 111 7.70 + 1.33
IR 6.95 + 1.18 37.17 + 3.97° 62.48 + 5.86° 3242 + 493° 852 + 1.28
IR+30 mg/kg RA 6.58 + 0.71 36.14 + 5.16° 44,17 + 6.89°¢ 27.07 + 2.54° 851 + 1.25
IR+60 mg/kg RA 72 + 1.00 31.08 + 4.58° 20.47 + 3.53><¢ 15.82 + 2.96><¢ 822 + 1.65
IR+120 mg/kg RA 721 + 097 33.58 + 4.56° 20.66 + 4.01><¢ 14.86 + 2.86>¢ 8.04 + 0.90
IR+AMI 701 + 1.14 32.12 + 4.07° 21.34 + 475 1547 + 2.36>¢ 7.75 + 1.10

Abbreviations: AMI, amifostine; Ctrl, control; IR, irradiation; RA, rosmarinic acid.

*The data are represented as the means + SDs (n = 8).

®Values significantly (P < .05) differ from the Ctrl group.

“Values significantly (P < .05) differ from the IR group.

YValues significantly (P < .05) differ from the IR+30 mg/kg RA group.

group exhibited a significant reduction in acinar number, acinar
atrophy, duct luminal dilation, vacuolization, interstitial fibro-
sis, and capillary congestion. The structure of the glandular
lobule disappeared and was replaced by fibrosis tissue, at day
60 after IR, and this was further aggravated at day 120 (Figure
4A). In addition, RA substantially reduced the fibrosis of the
parotid glands, but AMI did not have the same effect on fibrosis
(Figure 4A). Collagen I and Collagen III are important related
indicators of interstitial hyperplasia. The trends of the protein
expression of Collagen I and Collagen III (Figure 4B) were as
the same as those shown by HE staining. The mRNA expres-
sion of Collal, Colla2, and Col3al was higher in the IR group
than that in the Ctrl group from 30 days to 120 days post-IR
(Figure 4C, P < .05). Moreover, treatment with 60 mg/kg or
120 mg/kg RA significantly reversed the mRNA overexpres-
sion of Collal, Colla2, and Col3al after IR in parotid gland
tissues at these time points. Amifostine did not have any sig-
nificant effect on irradiated parotid gland tissues.

Tumor necrosis factor-alpha, IL-2,*” and IL-6% are inflam-
matory factors that play an important role in the development
of interstitial fibrosis. As shown in Figure 4D, the levels of
TNF-a, IL-2, and IL-6 were increased after IR in the IR group
and peaked 30 days after IR. On the other hand, RA (60 mg/kg
and 120 mg/kg) significantly reversed the radiation-mediated
changes in these 3 inflammatory factors (Figure 4D, P < .05),
but 30 mg/kg RA and AMI did not induce such significant
changes in parotid gland tissues post-IR.

Discussion

Radiation causes structural damage to acini, ducts, nerves,
blood vessels, and lymphatic vessels in the salivary glands,
which gradually induces salivary gland hypofunction or a per-
manent loss of function and ultimately results in xerostomia.
There are 3 large salivary glands (the parotid gland, subman-
dibular gland, and sublingual gland) and many small salivary
glands in humans. The parotid gland and submandibular gland
contribute the majority of saliva volume. As the largest salivary
gland, the parotid gland is more sensitive than the submandib-
ular gland to IR.* Therefore, parotid gland injury is considered
to be the main cause of xerostomia.*® In the present study, we

focused on radiation-induced parotid gland damage, specifi-
cally the inherent association between damage and apoptosis,
oxidative stress, inflammation, fibrosis and assessed the possi-
ble therapeutic potential of RA against both early and late
radiation effects.

During the early stage of radiation-induced damage, ioniz-
ing radiation interacts with body components and produces a
large amount of ROS by converting water. Reactive oxygen
species can destroy cell structures by acting directly or indir-
ectly on DNA, proteins, and lipids and consequently result in
apoptosis and necrosis.>' Our current data showed significant
upregulation in ROS production and downregulation in T-AOC
levels in IR-exposed parotid gland tissues (Figure 3A), which is
in accordance with earlier observations.>> On the other hand,
RA treatment significantly restricted radiation-induced
increases in ROS levels (Figure 3A), thereby reducing further
oxidative damage. The reasons may be that RA can absorb and
neutralize ROS through their catechol structures and that RA
has a direct hindrance effect of ROS production.®*3?

Peroxisome proliferator-activated receptor gamma coacti-
vator l-alpha is a transcriptional coactivator involved in the
control of the oxidative stress pathway and lipid metabolism.>*
Peroxisome proliferator-activated receptor gamma coactivator
l-alpha regulates intracellular redox status by reducing ROS
generation and upregulating antioxidant enzymes®> and regu-
lates the expression of NOX4.*® Nicotinamide adenine dinu-
cleotide phosphate oxidase 4 is a member of the NOX family,
which is a group of oxidatively active proteins in the cell that
are widely expressed in various cells and tissues. Nicotinamide
adenine dinucleotide phosphate oxidase 4 significantly cata-
lyzes ROS production and affects apoptosis.>’ In this study,
IR significantly regulated PGC1-a/NOX4 signaling, as evi-
denced by the significantly low expression of PGC1-a and the
overexpression of NOX4. On the other hand, RA significantly
reversed this signaling, and this effect may be associated with
the antioxidant and radical-scavenging effect of RA. Moreover,
RA indirectly reduced the production of ROS and attenuated
oxidative stress.

Earlier investigations revealed that ROS activate apoptosis
by modulating the expression of different apoptosis-associated
proteins.*® The overproduction of ROS activates p53 and INK/
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¢-JUN and inhibits MDM2.*° p53, as a genome guardian, can
initiate apoptosis when the DNA of cells is damaged and can-
not be repaired. Most apoptotic factors depend on the regula-
tion of p53. Mouse double minute 2 is the major negative
regulator of p53, regulating it by inhibiting its transcription and
promoting its degradation.*® There is complex regulation
between p53 and MDM2 under oxidative stress. The imbalance
of these 2 factors leads to apoptosis or growth retardation.*' Jun
N-terminal kinase, as a mitogen-activated protein kinase, plays
a central role in ROS-mediated apoptotic signaling. Reactive
oxygen species mediate apoptosis by regulating the JNK
pathway.** Multiple studies have indicated that JNK/c-JUN
signaling may initiate apoptosis through the transcription of
pro-apoptotic proteins.** Jun N-terminal kinase may physically
bind to and phosphorylate the pro-apoptotic gene Bcl-2 to trig-
ger Bax-dependent apoptosis.**** B-cell lymphoma 2 is a
proto-oncogene that can inhibit apoptosis. Bax, as a Bcl-2
antagonist, belongs to the Bcl-2 gene family. B-cell lymphoma
2 family members can also change the permeability of the
mitochondrial membrane and activate the caspase-related
apoptotic response. Caspase-3 is the key protease in mamma-
lian apoptosis and is critical for the activation of the caspase
cascade.*® In this study, p53/JNK activation and MDM2 inhi-
bition (Figure 3) were observed in irradiated parotid gland
tissues, and this may be correlated with radiation-induced ROS
production. The activation of p53/JNK activation can further
activate and impair proapoptotic and antiapoptotic signal trans-
duction, respectively. A significant downregulation of Bcl-2
expression and a significant upregulation of Bax and
Caspase-3 expression were observed in irradiated parotid gland
tissues. On the other hand, RA significantly reversed Bax/Bcl-2
signaling and Caspase-3 expression in parotid gland tissues
after IR, and these changes were correlated with the impair-
ment of pS3/INK activation via the antioxidant effect of RA.
Fibrosis is common in advanced IR injury. Radiation-
induced oxidative stress can promote the inflammatory
response, which may further develop into interstitial fibrosis
and increase the production of inflammatory cytokines.*’
Reactive oxygen species cause tissue damage and trigger sev-
eral inflammatory reactions. During the inflammatory reaction
process, ROS induce the production of inflammatory cyto-
kines.*® Previously, elevated levels of the pro-inflammatory
factors TNF-a, IL-6,28 and IL-2%" were linked to radioactive
pulmonary fibrosis and other types of pulmonary fibrosis.
Recently, there has been little research on the causes of
radioactivity-induced salivary gland fibrosis. In our experi-
ment, TNF-o, IL-6, and IL-2 levels, like Collagen I and Col-
lagen III levels, were significantly upregulated. On the other
hand, RA significantly reversed the radiation-induced changes
in TNF-a, IL-6, IL-2, collagen I, and collagen III expression.
All our results showed that 60 mg/kg was the minimum
effective dose of RA; RA was more effective when it was
administered at a dose of 60 mg/kg or 120 mg/kg than when
it was administered at a dose of 30 mg/kg. A similar result was
observed with a dose—effect relation curve in preliminary
experiments, which showed that RA is not dose-dependent.**

This can be attributed to the fact that after RA reaches a certain
dosage, the antioxidant action plateaus. In the present study,
AMI had the same effects on the inhibition of oxidative stress
and apoptosis but not on fibrosis. Additionally, using AMI is
not convenient because of its intravenous administration and
is unbearable for patients because of its side effects. Rosmari-
nic acid showed radioprotective effects and low toxicity when
administered orally. Moreover, except for the strong acute
radioprotective effect on the parotid gland after IR, RA had
an obvious effect on protecting parotid gland tissues in the
later stage. We speculate that RA can not only suppress apop-
tosis by inhibiting radiation-induced oxidative stress but also
inhibit parotid gland tissue fibrosis by constraining the
inflammatory response.

Conclusions

The present study suggests that the radiation-induced enhance-
ment of the production of ROS potentially contributes to the
pathophysiology of the rat parotid glands. Rosmarinic acid
treatment significantly attenuated ROS through a direct hin-
drance effect and the indirect activation of PGC1-a/NOX4
signaling. Moreover, RA reduced cell apoptosis by inhibiting
p53/INK activation and suppressed fibrosis by downregulating
inflammatory factor levels in the parotid glands. Therefore, RA
demonstrates superior potential for treating radiation-induced
parotid gland injury.
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