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INTRODUCTION 
 

Aging is characterized by a time-dependent decrease in 
body function or loss of adaptation [1]. As aging 

progresses, there is an increase in the incidence of 

cancer and cardiovascular, lung, kidney, and digestive 

diseases, as well as the occurrence of physiological 

changes such as decreased bone density, decreased 

epithelial barrier function, and skin atrophy [2–6]. 

Middle-aged women are prone to menopausal 

syndromes such as hot flashes, sleep disturbances, 

depressive moods, decreased libido, osteoporosis, and 
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ABSTRACT 
 

The mechanism underlying xerostomia after menopause has not yet been fully elucidated. This study aimed to 
investigate the mechanism of xerostomia and the effect of the ferroptosis inhibitors deferoxamine (DFO) and 
ferrostatin-1 (FER) on salivary gland dysfunction in a postmenopausal animal model. Twenty-four female 
Sprague–Dawley rats were randomly divided into four groups: a SHAM group (n = 6, sham-operated rats), an 
OVX group (n = 6, ovariectomized rats), an FER group (n = 6, ovariectomized rats injected intraperitoneally with 
FER), and a DFO group (n = 6, ovariectomized rats injected intraperitoneally with DFO). GPX4 activity, iron 
accumulation, lipid peroxidation, inflammation, fibrosis, and salivary gland function were analyzed. Recovery of 
GPX4 activity and a decrease in iron accumulation and cytosolic MDA + HAE were observed in the DFO group. In 
addition, collagen I, collagen III, TGF-β, IL-6, TNF-α, and TGF-β levels were decreased in the DFO group 
compared to the OVX group. Recovery of GPX4 activity and the morphology of mitochondria, and reduction of 
cytosolic MDA + HAE were also observed in the FER group. In addition, decreased expression of inflammatory 
cytokines and fibrosis markers and increased expression of AQP5 were observed in both the DFO and FER 
groups. Postmenopausal salivary gland dysfunction is associated with ferroptosis, and DFO and FER may 
reverse the postmenopausal salivary gland dysfunction after menopause. DFO and FER are hence considered 
promising treatments for postmenopausal xerostomia. 
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fatigue [7–10]. In addition, dry mouth, along with dry 

skin and dry eyes, are typical symptoms that appear 

after menopause [11]. Postmenopausal women with 

xerostomia are more prone to food dysphagia, a burning 

sensation in the oral mucosa, loss of appetite, as well as 

pronunciation and dental problems, and they may be 

more susceptible to oral infections [12, 13]. 

Consequently, xerostomia can reduce an individual’s 

quality of life. 

 

Xerostomia can be defined as a subjective sensation 

associated with reduction of lubrication and dehydration 

of the oral mucosa [14]. Xerostomia is known to be 

common in elderly people, especially women, and its 

prevalence is thought to range from 5.5% to 46% [15]. 

Xerostomia is caused by autoimmune diseases such as 

Sjögren’s syndrome, a history of drug use, head and 

neck radiation therapy, diabetes, malnutrition, and 

psychological problems [16]. In women, post-

menopausal hormonal changes are also a cause of 

xerostomia [17]. Although xerostomia occurs frequently 

after menopause, the mechanism is not well known. 

 

Treatments for xerostomia include medications, topical 

agents, and oral rinses that may help relieve symptoms, 

but the effects are temporary [18]. Hormone therapy has 

been attempted in postmenopausal xerostomia, but its 

safety remains controversial [19, 20]. Recently, tissue 

engineering or regenerative medical treatment using 

stem cells or exosomes for postmenopausal xerostomia 

has been attempted, but there is still no standard 

treatment for postmenopausal xerostomia [21–23]. 

 

The mechanisms of menopause-induced xerostomia 

have been studied to involve salivary gland atrophy, 

oxidative stress, and cell death [24–26]. However, a 

clear mechanism for this has not yet been identified. 

The level of serum iron increase markedly after 

menopause and estrogen deficiency in postmenopausal 

women increases the expression of genes involved in 

lipogenesis [27–29]. The increased serum iron and 

lipogenesis could induce ROS production, and the 

authors hypothesized that increased serum iron level 

and ROS might be related to ferroptosis. 

 

Recently, Kwon et al. reported iron accumulation, 

increased lipid peroxidation, and decreased GPX4 

activity in the salivary gland of ovariectomized rats, and 

reported the relationship between salivary gland 

dysfunction and ferroptosis [30]. Although the 

mechanism by which ferroptosis acts on the salivary 

gland is not clear, it could be a novel treatment strategy 

for postmenopausal xerostomia if ferroptosis can be 
inhibited and salivary gland dysfunction can be 

restored. However, no study has evaluated the effect of 

anti-ferroptotic agents on menopause-induced  

xerostomia. This study aims to investigate the 

mechanism of menopausal xerostomia and the effect of 

deferoxamine (DFO) and ferrostatin-1 (FER), known as 

representative drugs of anti-ferroptotic agents, on the 

salivary gland dysfunction in the post-menopausal 

animal model. 

 

RESULTS 
 

Food intake, body weight, and serum sex-hormone 

concentration and sex-hormone receptors 

 

Weight gain is the most common characteristic of 

menopause. All rat groups were measured weekly for 

food intake and body weight. The average food intake 

was higher in the OVX group than in the SHAM group 

(p < 0.001), but there was no difference in the amount 

of food intake between the DFO and FER groups and 

the OVX group. The median body weight of the OVX 

group was significantly higher (p < 0.001) than that of 

the SHAM group. However, no difference was 

observed between the DFO and the FER group and the 

OVX group (Figure 1A, 1B and Table 1). The serum 

estradiol concentration was significantly decreased in 

the OVX group (p < 0.001) compared to that in the 

SHAM group. However, the estradiol levels in the 

DFO and FER groups were similar to that observed in 

the OVX group (Figure 1C). To evaluate the effect of 

sex hormones on sex hormone receptors, we performed 

qPCR analysis to determine the expression levels of the 

estrogen receptor, Erβ, in the submandibular gland. 

The expression levels of ErβI and ErβII did not differ 

between any of the groups (Figure 1D). The results 

indicate that ovariectomy led to a significant reduction 

in the amount of estradiol, and DFO and FER had no 

effect on serum estradiol levels. Erβ expression was not 

changed by ovariectomy, and DFO and FER also had 

no effect on Erβ expression in submandibular gland 

tissue. 

 

Lipid deposition 

 

Lipid deposition was observed in the submandibular 

glands. The results showed that the lipid distribution 

was significantly higher in the OVX group than in the 

SHAM group (p < 0.001), and the FER group exhibited 

a decrease compared to the OVX group (p < 0.05) 

(Figure 2A). The degree of lipid deposition was 

quantified by counting the number of lipid vacuoles 

(Figure 2B). 

 

Inhibitory effect on ferroptosis 

 

MDA and HAE are lipid peroxidation products and 

common ferroptosis markers. Compared with the 

SHAM group, the cytosolic MDA and MDA + HAE 
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concentrations of the submandibular gland increased in 

the OVX group and decreased in the DFO and FER 

groups (p < 0.05) (Figure 3A and 3B). GPX4 

(glutathione peroxidase 4) activity is important for 

regulation of the ferroptosis pathway. GPX4 activity 

was significantly reduced in the OVX group and 

recovered in the DFO and FER groups (Figure 3C). To 

assess the iron content, which is a key marker of 

ferroptosis, we assayed the iron level in the 

submandibular gland. Compared to the SHAM group, 

the cytosolic iron level increased in the OVX group 

(p < 0.01) and was significantly decreased in the DFO 

group (p < 0.001). There was no difference between the 

FER group and the OVX group (Figure 3D). We 

observed the status of mitochondria in the 

submandibular gland because mitochondria play an 

important role in oxidative metabolism. In the SHAM 

group, there was clear condensation of mitochondria 

and their shape was normal, but in the OVX group, the 

shape was irregular and the integrity was decreased. In 

the DFO and FER groups, mitochondrial recovery 

was confirmed morphologically (Figure 3E). 

 

 
 

Figure 1. Food intake, body weight, and sex hormone change. Food intake (A) and body weight (B) in each of the four groups. Food 
intake and body weight increased in the OVX group compared with the SHAM group, but there was no difference in the DFO and FER 
groups compared with the OVX group. (C) The level of serum estradiol concentration in each of the four groups. The serum estradiol levels 
were lower in the OVX group than in the SHAM group. Neither DFO nor FER treatment affected the serum estradiol level. (D) Quantitative 
real-time PCR analysis of ErβI and ErβII gene expression in the submandibular gland. The expression of ErβI and ErβII did not differ between 
the groups. Two-way ANOVA was performed. ***p < 0.001 vs. SHAM group. Abbreviations: NS: not significant; SHAM: sham surgery group; 
OVX: ovariectomized group; DFO: deferoxamine injection group; FER: ferrostatin-1 injection group; ER: estrogen receptor. 
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Table 1. Primers. 

Gene Direction Sequence 

ErβI 
Forward GCTTCGTGGAGCTCAGCCTG 

Reverse AGGATCATGGCCTTGACACAGA 

ErβII 
Forward GAAGCTGAACCACCCAATGT 

Reverse CAGTCCCACCATTAGCACCT 

Tnfα 
Forward GGTCAACCTGCCCAAGTACT 

Reverse CTCCAAAGTAGACCTGCCCG 

Il-6 
Forward ATCTGCCCTTCAGGAACAGC 

Reverse GAAGTAGGGAAGGCAGTGGC 

Col1a1 
Forward CAGGATGCAGTCCCTGAAAT 

Reverse GAGGTGGCCTAGGTGGTGTA 

Col3a 
Forward GGCCCTGTGTGTACTGGTCT 

Reverse AGCATCAGAGGGAGTGAGGA 

Tgf-βI 
Forward GACGTTCGCCATAACCAAGT 

Reverse CTGCAGGTTCTCAATGCAAA 

Tgf-βII 
Forward CCAATCACGCAATAGTTCTGG 

Reverse CGCTGTATCGTATGGCGAT 

Aqp3 
Forward AATTGTCTGGAGCCCACTTG 

Reverse CAGCTTGATCCAGGGCTCTC 

Aqp5 
Forward CATGAACCCAGCCCGATCTT 

Reverse AGAAGACCCAGTGAGAGGGG 

Amy1 
Forward GCAACCAAGTAGCTTTTGGCA 

Reverse TGCCATCGACTTTGTCTCCAG 

Gapdh 
Forward ATCAAGAAGGTGGTGAAGCA 

Reverse AAGGTGGAAGAATGGGAGTTG 

 

Inflammatory cytokines 
 

The inhibitory effects of DFO and FER on the secretion 

of pro-inflammatory cytokines were evaluated. As 

shown in Figure 4A, the expression level of interleukin 

6 (Il-6) mRNA was increased in the OVX group (p < 

0.001) and decreased in the DFO (p < 0.05) and FER 

groups (p < 0.05). In addition, the level of tumor 

necrosis factor-alpha (Tnf-α) mRNA was also increased 

in the OVX group (p < 0.01) and decreased in the DFO 

(p < 0.05) and FER (p < 0.01) groups (Figure 4B). 

These results indicate that DFO and FER can suppress 

the increased secretion of pro-inflammatory cytokines 

by OVX. 

 

Fibrosis markers 
 

Masson’s trichrome staining showed that the degree of 

fibrosis in the submandibular gland tissue was 

significantly higher in the OVX group than that in the 

SHAM group. However, both the DFO and FER groups 

exhibited significantly decreased fibrosis (Figure 5A). 

The expression of collagen type I alpha 1 chain 

(Col1a1) and collagen type III alpha chain (Col3a) 

mRNAs was also significantly increased in the OVX 

group and decreased in the DFO and FER groups 

(Figure 5B). Immunohistochemical analysis showed 

that the level of TGF-βI was higher in the OVX group 

and lower in the DFO and FER groups (Figure 5C). The 

expression of Tgf-βI and Tgf-βII mRNAs also 

significantly increased in the OVX group and decreased 

in the DFO and FER groups (Figure 5D). 

 

Expression of aquaporin and amylase 

 

To determine whether ferroptosis inhibitors could 

improve submandibular gland function, we assayed 

aquaporin (AQP) and α-amylase levels, as they are 

important for saliva generation. Immunohistochemical 

analysis showed that the level of AQP5 decreased in the 
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OVX group and significantly increased in the DFO and 

FER groups (Figure 6A). Quantitatively, the expression 

of Aqp3 mRNA was increased in the FER group 

compared to the OVX group (p < 0.01), but there was 

no difference with the DFO group. The expression of 

Aqp5 mRNA was increased in both the DFO and FER 

(p < 0.01) groups compared to the OVX group (p < 

0.01) (Figure 6B). Salivary α-amylase activity 

decreased in the OVX group (p < 0.001) and increased 

in the DFO group (p < 0.01) (Figure 6C). 

Quantitatively, the expression of alpha-amylase 1 

(Amy1α) mRNA was decreased in the OVX group (p < 

0.05) and increased in the DFO group (p < 0.01) 

(Figure 6D). These results suggest that the ferroptosis 

inhibitors can reverse the submandibular gland 

dysfunction that occurs after menopause. 

 

DISCUSSION 
 

Menopause is a normal aging process and is 

accompanied by changes in the body due to hormonal 

fluctuations. Decreased female hormone levels can 

result in changes in lipid metabolism, increased iron 

deposition, abdominal obesity, cardiovascular disease, 

hot flashes, osteoporosis, and other menopausal 

syndromes [27, 31]. In addition, dry skin, dry eyes, 

and xerostomia can occur [32]. Although xerostomia 

significantly affects the quality of life of post-

menopausal women, the exact mechanism by which 

this occurs has not yet been reported. Recently, it was 

reported that ferroptosis in the salivary gland may be 

related to the xerostomia that occurs after menopause 

[30]. However, no studies to date have used anti-

ferroptosis drugs to investigate the mechanisms 

underlying postmenopausal salivary gland dys-

function. 

 

Ferroptosis was identified in 2012 as a type of cell death 

[33], and it is defined as a process of programmed cell 

death characterized by increased iron accumulation, 

lipid peroxidation, and decreased GPX4 activity. 

Morphologically, condensation of nuclei does not occur 

in ferroptosis, but mitochondrial contraction and 

mitochondrial outer membrane rupture do occur [34]. 

 

 
 

Figure 2. Lipid deposition in the submandibular gland. (A) Lipid deposition in the submandibular gland (H&E staining, 40×). Yellow 

circles indicate lipid vacuoles. The lipid distribution increased in the OVX group and decreased in the FER group, but there was no significant 
difference in the DFO group. (B) Morphometric analysis of lipid vacuoles in the SHAM, OVX, DFO, and FER groups. Lipid vacuoles were 
significantly increased in the OVX group than in the SHAM group. The FER group exhibited decreased lipid vacuoles compared with the OVX 
group. Two-way ANOVA was performed. ***p < 0.001 vs. SHAM group, #p < 0.05, vs. OVX group. Abbreviations: NS: not significant; SHAM: 
sham surgery group; OVX: ovariectomized group; DFO: deferoxamine injection group; FER: ferrostatin-1 injection group. 
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Figure 3. Inhibitory effect on ferroptosis. Cytosolic MDA (A) and cytosolic MDA + HNE (B) concentrations in the submandibular gland 

tissue. Compared to the SHAM group, the cytosolic MDA and MDA + HAE concentrations in the submandibular gland increased in the OVX 
group (p < 0.001) and decreased in the DFO group (MDA + HAE; p < 0.01 and MDA; p < 0.05) and FER group (MDA + HAE; p < 0.001 and 
MDA; p < 0.01) (Figure 3A and 3B). (C) GPX4 activity. GPX4 activity was reduced in the OVX group (p < 0.001), while the DFO (p < 0.05) and 
FER (P < 0.01) groups exhibited increased GPX4 activity. (D) Cytosolic iron content. Compared to the SHAM group, the cytosolic iron level 
increased in the OVX group and significantly decreased in the DFO group. (E) Electron microscopy images of mitochondria in the 
submandibular gland. The yellow arrow for indicating mitochondrial swelling, and blue arrow for indicating mitochondrial degeneration In 
the SHAM group, there was clear condensation of mitochondria and the shape was normal, but in the OVX group, the shape was irregular 
and the integrity was decreased. In the DFO and FER groups, mitochondrial recovery could be confirmed morphologically. Two-way ANOVA 
was performed. **p < 0.01, ***p < 0.001 vs. SHAM group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. OVX group. Abbreviations: NS: not significant; 
SHAM: sham surgery group; OVX: ovariectomized group; DFO: deferoxamine injection group; FER: ferrostatin-1 injection group; MDA: 
malondialdehyde; HAE: 4-hydroxynonenal; GPX4: glutathione peroxidase 4. 
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Several studies have reported the relationship between 

ferroptosis and various diseases, including neuro-

degenerative diseases, stroke, sepsis, and kidney and 

liver diseases [35, 36]. In this study, we confirmed that 

salivary gland function was reduced after OVX and 

improved after the administration of ferroptosis 

inhibitors (DFO and FER) in a postmenopausal animal 

model. 

 

Ferroptosis inhibitors can act at multiple stages of the 

ferroptosis pathway, inhibiting several factors 

including iron accumulation, GPX4 activity, and lipid 

peroxidation. Entities that block ferroptosis can be 

classified into class I and class II inhibitors [37, 38]. 

Class I substances inhibit the accumulation of iron, 

and they include compounds such as deferoxamine 

(DFO), mesylate, and 2,2′-pyridine. Class II inhibitors, 

such as ferrostatin-1 (FER), liprostatin-1, SRS16-86, 

and vitamin E play a role in inhibiting lipid 

peroxidation. In this study, among various ferroptosis 

inhibitors, DFO is a representative of class I, and 

Ferrostatin-1 is one of the most representative agents 

of class II. So, by selecting the most representative 

drug in each class, we investigated the effects of 

ferroptosis inhibitors on salivary gland dysfunction in 

ovariectomized rat model. 

 

DFO is an iron chelator approved by the FDA in 1968 

and has a hexadentate structure that exhibits a high 

affinity for iron. When DFO comes into contact with 

iron, its structure is altered, and it binds to iron ions via 

three hydroxamic acid groups, thereby decreasing the 

amount of iron accumulated in the body [39]. In this 

study, administration of DFO resulted in recovery of 

GPX4 activity and reduction of iron accumulation and 

lipid peroxidation. These results are similar to those of 

other studies that reported an increase in GPX4 activity, a 

decrease in iron, and a decrease in ROS by DFO 

administration [40–42]. In addition to the suppression of 

ferroptosis by DFO administration, decreased expression 

of inflammatory cytokines and fibrosis markers and 

increased expression of AQP5 and salivary α-amylase 

activity were observed. These results suggest that DFO is 

a useful drug that can be applied to the treatment of 

postmenopausal xerostomia by inhibition of ferroptosis. 

However, administration of DFO is known to cause side 

effects such as visual and auditory disorders, growth 

retardation, allergic reactions, and pulmonary and 

neurological disorders [43–47]. Therefore, long-term 

administration of DFO is controversial and requires 

regular monitoring of ferritin levels and side effects. 

 

FER is a synthetic arylalkylamine compound that is a 

potent inhibitor of ferroptosis [47]. FER plays a role in 

ferroptosis through inhibition of lipid peroxidation by 

trapping transport chain radicals [48]. In this study, the 

recovery of GPX4 activity and the status of 

mitochondria, as well as reduction of lipid peroxidation 

 

 

 
Figure 4. Inflammatory cytokine secretion in the submandibular gland. Quantitative real-time PCR analysis of Il-6 (A) and Tnf-α (B) 
gene expression in the submandibular gland. The expression levels of Il-6 and Tnf-α mRNA were increased in the OVX group and decreased 
in the DFO and FER groups. Two-way ANOVA was performed. **p < 0.01, ***p < 0.001 vs. SHAM group, #p < 0.05, ##p < 0.01 vs. OVX group. 
Abbreviations: NS: not significant; SHAM: sham surgery group; OVX: ovariectomized group; DFO: deferoxamine injection group; FER: 
ferrostatin-1 injection group; Il-6: interleukin 6; Tnf-α: tumor necrosis factor-alpha. 
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were observed when FER was administered in a 

postmenopausal animal model. These results are similar 

to those of other studies reporting an increase in GPX4 

activity and a decrease in mitochondrial damage by 

FER administration [49, 50]. Moreover, similar to the 

effect of DFO administration, decreased expression of 

inflammatory cytokines and fibrosis markers and 

increased expression of AQP3 and AQP5 were 

 

 

 
Figure 5. Fibrosis in the submandibular gland. (A) Collagen distribution in the salivary gland tissue. The fibrotic area was significantly 
larger in the OVX group than in the SHAM group, while in both the DFO and the FER group it was smaller than in the OVX group. (B) 
Expression of Col1a1 and Col3a mRNAs. The expression of collagen type I alpha 1 chain (Col1a1) and collagen type III alpha chain (Col3a) 
mRNAs also increased in the OVX group (p < 0.001) and decreased in the DFO (Col1a1; p < 0.001 and Col3a; p < 0.05) and FER (Col1a1; p < 
0.001 and Col3a; p < 0.01) groups. (C) Immunohistochemical assessment of TGF-βI levels. The brown staining reflects TGF-βI expression. 
The TGF-βI staining was higher in the OVX group than in the SHAM group and decreased in both the DFO and the FER group compared with 
that in the OVX group. (D) Expression of Tgf-βI and Tgf-βII mRNAs. The expression of Tgf-βI and Tgf-βII mRNAs increased in the OVX 
group (Tgf-βI; p < 0.001 and Tgf-βII; p < 0.01) and decreased in the DFO (Tgf-βI; p < 0.001 and Tgf-βII; p < 0.05) and FER (Tgf-βI; p < 0.001 
and Tgf-βII; p < 0.01) groups. Two-way ANOVA was performed. **p < 0.01, ***p < 0.001 vs. SHAM group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 
OVX group. Abbreviations: SHAM: sham surgery group; OVX: ovariectomized group; DFO: deferoxamine injection group; FER: ferrostatin-1 
injection group; Col1a1: Collagen type I alpha 1 chain; Col3a: Collagen type III alpha chain; TGF: Tumor growth factor. 



www.aging-us.com 2426 AGING 

observed following FER administration. These results 

suggest that FER may be involved in restoration of 

salivary gland function by inhibition of ferroptosis in a 

postmenopausal animal model. 

 

This study can be summarized as follows. As 

menopause progresses, accumulation of iron and lipids 

occurs in the salivary glands. This can promote lipid 

peroxidation, which leads to ferroptosis. Ferroptosis 

induces tissue inflammation and fibrosis of the 

salivary gland, leading to decreased salivary gland 

function. These results are similar to those reported by 

Kwon et al. [30]. As a chelating agent, DFO interferes 

with the ferroptosis pathway by inhibiting iron 

accumulation, thereby increasing GPX4 activity and 

decreasing lipid peroxidation. FER exerts anti-

ferroptosis effects by increasing GPX4 activity and by 

inhibiting lipid peroxidation. (Figure 7). This is the 

 

 
 

Figure 6. Aquaporin and amylase in the submandibular gland. (A) Immunohistochemical assessment of AQP5 expression. The 
brown staining reflects AQP5 expression. The expression AQP5 was lower in the OVX group than in the SHAM group and increased in both 
the DFO and FER groups compared with that in the OVX group. (B) Expression of Aqp3 and Aqp5 mRNAs. The expression of Aqp3 mRNA was 
increased in the FER group compared to the OVX group (p < 0.01), but there was no difference in the DFO group, and the expression of 
Aqp5 mRNA was increased in both the DFO and FER groups compared to the OVX group (p < 0.01). (C) Salivary α-amylase activity and 
(D) expression of Amy1 mRNA. Salivary α-amylase activity and Amy1 mRNA expression were also significantly increased in the DFO group 
compared to the OVX group, but there was no difference in the FER group. Two-way ANOVA was performed. *p < 0.05, **p < 0.01, ***p < 
0.001 vs. SHAM group, ##p < 0.01 vs. OVX group. Abbreviations: NS: not significant; SHAM: sham surgery group; OVX: ovariectomized group; 
DFO: deferoxamine injection group; FER: ferrostatin-1 injection group. 
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first study to investigate the effect of ferroptosis 

inhibitors on the salivary glands of ovariectomized 

rats. Therefore, ferroptosis is involved in salivary 

gland dysfunction after menopause, and ferroptosis 

inhibitors may present a new treatment method for 

postmenopausal xerostomia. Our results provide a 

background for applying various antioxidant agents 

other than DFO and FER to the treatment of 

postmenopausal salivary gland dysfunction. Further 

studies are needed for clinical application of these 

findings. 

 

A number of studies have shown that various 

antioxidants, such as dietary nitrate, Cimicifuga 
racemosa methanol extracts, oligonol and 

echinochrome A help restore salivary gland function 

after menopause [25, 51, 52]. These substances are 

thought to reverse salivary gland dysfunction after 

menopause by inhibiting apoptosis, increasing  

Cu-Zn SOD activity, and reducing mitochondrial 

biogenesis or lipid peroxidation. However, there have 

been no studies on these antioxidants and ferroptosis 

in menopause xerostomia. Future studies on the 

association of antioxidants with ferroptosis are hence 

needed. 

 

However, this study also has limitations. First, since 

an in vitro model that can mimic menopause is not 

possible, there is a limit to accurate elucidation of the 

mechanism of the effect of DFO and FER. Second, in 

order to use DFO and FER in actual clinical practice, 

additional studies on safety and optimal dosing are 

needed. In the absence of a standard treatment for 

postmenopausal dry mouth, this study is expected  

to be helpful in understanding the mechanism of 

postmenopausal salivary gland dysfunction and 

developing a treatment for postmenopausal dry 

mouth. 

 

 
 

Figure 7. Schematic diagram of postmenopausal salivary gland dysfunction in ovariectomized rats. After menopause, iron and 

lipids accumulate in the salivary glands and GPX4 activity decreases. This promotes lipid peroxidation and induces ferroptosis. DFO and FER 
inhibit the ferroptosis pathway, thus reducing salivary gland dysfunction. 
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CONCLUSION 
 

Postmenopausal salivary gland dysfunction is 

associated with ferroptosis. This is the first study to 

investigate the effect of ferroptosis inhibitors (DFO and 

FER) on the salivary glands of ovariectomized rats. 

DFO and FER are considered promising treatments for 

postmenopausal xerostomia. 

 

MATERIALS AND METHODS 
 

Establishment of the animal model 

 

Twenty-four female Sprague-Dawley rats were used 

in this study (Central Lab, Animal Inc., Seoul, 

Korea). In order to induce menopause, nine-weeks-

old rats that completed sexual maturity were 

purchased and had a week of acclimatization. Each 

group was weight-matched at the beginning of the 

study. The ferroptosis inhibitors deferoxamine and 

ferrostatin-1 were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). The rats were randomly divided 

into four groups. Group I (n = 6, sham-operated rats, 

called SHAM), group II (n = 6, ovariectomized rats, 

OVX), group III (n = 6, ovariectomized rats injected 

with deferoxamine, DFO), and group IV (n = 6, 

ovariectomized rats injected with ferrostatin-1, FER). 

For ovariectomy surgery, the rats were anesthetized 

using isoflurane inhalation (3% dissolved in oxygen), 

and an incision was made at the midline of the 

abdomen resulting in the bilateral ovaries being 

revealed. In the OVX group, the ovaries were ligated 

and cut off bilaterally followed by closure of the 

abdominal cavity. In the SHAM group, ovariectomy 

surgery was performed by exposing the ovaries but 

without excision of the ovaries. Ovariectomized rats 

were injected intraperitoneally with 100 mg/kg of 

deferoxamine (DFO) or 2.5 μM/kg of ferrostatin-1 

(FER) three times a week for 6 weeks. The study was 

approved by the Institutional Animal Care and Ethics 

Committee of Pusan National University Hospital 

(No. PNUH-2021-179). 

 

Plasma estradiol concentration 

 

Serum estradiol concentrations were measured using 

rat-specific estradiol enzyme-linked immunosorbent 

(ELISA) assay plates coated with a biotin-conjugated 

binding protein kit purchased from Calbiotech  

Inc. (Spring Valley, CA, USA). A cardiac puncture 

was performed, and the blood was centrifuged at 

3000 rpm for 30 min. The plasma was separated  

from the blood collected during exsanguination, 

immediately frozen in liquid nitrogen, and then 

stored at −80°C. 

Quantitative PCR 

 

Tissue RNA was extracted using TRIzol® reagent (Life 

Technologies Inc., Rockville, MD, USA). A reverse 

transcription kit (Applied Biosystems, Foster City, CA, 

USA) was used to perform reverse transcription 

according to the manufacturer’s protocol. Quantitative 

PCR was performed according to the SYBR® Green PCR 

protocol (Applied Biosystems). The reaction conditions 

were: 10 min at 95°C (one cycle); 10 s at 95°C; and 30 s 

at 60°C (40 cycles). Gene-specific PCR products were 

continuously measured by an ABI PRISM™ 7900 HT 

Sequence Detection System (PE Applied Biosystems, 

Waltham, CT, USA). The primer sequences are presented 

in Table 2. Normalization consisted of using the 

differences between the cycle thresholds (delta CT) and 

the expression level for Gapdh to calculate the delta 

CT/target gene delta CT ratio. 

 

Staining and immunohistochemistry analysis 

 

The submandibular gland was isolated from each rat, 

fixed overnight in 4% formalin, and then embedded in 

paraffin. Cross-sections were prepared for hematoxylin 

and eosin and Masson’s trichrome staining and 

immunohistochemistry. For quantitative analyses of 

TGF-βI and AQP5 expression, deparaffinized sections 

were incubated for 24 h at 4°C with the following 

primary antibodies: anti-TGF-βI and AQP5 (200 

µg/mL) (Santa Cruz Biotechnology, Dallas, TX, USA). 

After removal of the primary antibody and rinsing, the 

sections were incubated with goat anti-rabbit secondary 

antibody (1:1000) (ENZO Biochem Inc., NY, USA) for 

1 h at room temperature) and double-stained with DAB 

(3,3-diaminobenzidine). Incubation with phosphate-

buffered saline supplemented with 1% bovine serum 

albumin instead of the primary antibody served as a 

negative control. 

 

Tissue preparations 

 

Frozen submandibular gland tissues were homogenized 

in hypotonic lysis buffer using a tissue homogenizer for 

20 sec. Homogenates were kept on ice for 15 min, 

125 μL of 10% Nonidet P-40 (NP-40) solution was 

added and mixed for 15 seconds, and the mixture was 

centrifuged at 14,000 × g for 2 min. The supernatants 

were used as the cytosol fraction. The protein 

concentration was measured by the bicinchoninic acid 

(BCA) assay (Life Technologies). 

 

Lipid peroxidation 

 

Malondialdehyde (MDA)/4-hydroxyalkenals (HAE) 

concentrations were determined using a Bioxytech 
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Table 2. Food intake and body weight. 

 
SHAM OVX DFO FER 

0 weeks 6 weeks 0 weeks 6 weeks 0 weeks 6 weeks 0 weeks 6 weeks 

Body weight (g) 202.8 ± 13.0 259.8 ± 14.6 201.8 ± 7.9 325.5 ± 10.9*** 202.5 ± 7.4 309.4 ± 12.0 201.8 ± 9.5 311.8 ± 9.9 

Food intake (g) 37.0 ± 5.9 109.8 ± 6.3 36.0 ± 3.8 134.8 ± 7.8*** 38.0 ± 3.6 120.0 ± 9.7 36.8 ± 3.7 124.7 ± 8.3 

 

LPO-586 Assay Kit (OXIS Health Products, Foster, 

CA, USA). The kit uses a chromogenic reagent that 

reacts with the MDA and HAE lipid peroxidation 

products, yielding a stable chromophore with a 

maximum absorbance at 586 nm. 

 

Electron microscopy 

 

The material was pre-fixed with 2.5% glutaraldehyde 

(4°C, phosphate buffer, pH 7.4) and then post-fixed 

with 1% osmium tetroxide in the same buffer. The 

material was dehydrated with a series of graded ethyl 

alcohols and then embedded in epoxy resin (Epon 812 

mixture). Thick sections (1 µm) were stained with 1% 

toluidine blue for imaging by light microscopy. Thin 

sections (50~60 nm) were prepared by using an 

ultramicrotome (EM UC7, Leica) and were double 

stained with uranyl acetate and lead citrate. The thin 

sections were examined with a transmission electron 

microscope (JEM-1200EXII, JEOL). The morpho-

logical features of mitochondria were observed by 

electron microscopy. 

 

Glutathione peroxidase 4 (GPX4) activity 

 

GPX4 activity was assayed with a Glutathione 

Peroxidase Assay Kit (Abcam, Cambridge, UK). The 

assays were performed according to the manufacturer`s 

instructions. The protein content of the samples was 

then measured relative to bovine serum albumin 

standards (Sigma-Aldrich) using the BCA assay. 

 

Cytosolic iron assay 
 

The concentration of iron in serum was determined 

with a rat-specific colorimetric iron assay kit from 

Biovision Incorporation (Spring Valley, CA, USA). 

Ferric carrier protein dissociates ferric iron into 

solution in the presence of an acidic buffer. A specific 

chelate chemical is included in the buffer to block 

copper ion (Cu2ᵻ) interference. After reduction to the 

ferrous form (Fe2+), the iron reacts with Ferene-S to 

produce a stable-colored complex with a peak 

absorbance at 593 nm. 

 
Salivary α-amylase activity 
 

Rats were anesthetized, cotton balls were placed in 

their mouths, and 2 mg/kg body weight of pilocarpine 

(Merck, Kenilworth NJ, USA) was injected 

intraperitoneally to induce saliva secretion. After 

injection, the mouth was wiped with a cotton swab and 

filled with cotton balls. In order to prevent saliva loss, 

a 50 mL tube was placed over the head of the rat and 

fixed in the anesthesia box, and the head of the rat was 

installed so that it descended at an oblique angle. In 

order to avoid errors, this treatment was performed 

equally for all mice within 5 min, and saliva was 

collected up to 30 min after pilocarpine injection in the 

same anesthesia box. After 30 min, the total weight of 

secreted saliva and (including the weight of cotton 

balls before and after collection) was evaluated. The  

α-amylase activity was assayed with an α-amylase 

activity kit (Sigma-Aldrich). 
 

Statistical analysis 
 

Unless otherwise stated, all quantitative data are 

reported as the mean standard errors of the mean from 

at least three parallel repeats. Two-way analysis of 

variance (ANOVA) was used to determine significant 

differences between groups in which P < 0.05 was 

considered statistically significant. 

 

AUTHOR CONTRIBUTIONS 
 

YIC, JMK and BJL designed the study. JMK, YIC, 

JCL, ESS and HSK performed the experiments. SCS, 

GCP, MHL, and YIC analyzed the experimental 

results. YIC and JMK wrote the manuscript, with 

contributions from all of the co-authors. BJL super-

vised the study. 

 

ACKNOWLEDGMENTS 
 

We would like to thank Editage (https://www.editage. 

co.kr/) for English language editing. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

ETHICAL STATEMENT 
 

The study was approved by the Institutional Animal 

Care and Ethics Committee of Pusan National 

University Hospital (No. PNUH-2021-179). 

https://www.editage.co.kr/
https://www.editage.co.kr/


www.aging-us.com 2430 AGING 

FUNDING 
 

This work was supported by a National Research 

Foundation of Korea (NRF) grant funded by the Korean 

government (MSIT) (No. NRF-2022R1A2C2006697). 

 

REFERENCES 
 
1. Flatt T. A new definition of aging? Front Genet. 2012; 

3:148. 
https://doi.org/10.3389/fgene.2012.00148 
PMID:22936945 

2. Bonté F, Girard D, Archambault JC, Desmoulière A. 
Skin Changes During Ageing. Subcell Biochem. 2019; 
91:249–80. 
https://doi.org/10.1007/978-981-13-3681-2_10 
PMID:30888656 

3. Rosso AL, Wisdom JP, Horner-Johnson W, McGee MG, 
Michael YL. Aging with a disability: a systematic 
review of cardiovascular disease and osteoporosis 
among women aging with a physical disability. 
Maturitas. 2011; 68:65–72. 
https://doi.org/10.1016/j.maturitas.2010.10.004 
PMID:21075569 

4. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. 
Frailty in elderly people. Lancet. 2013; 381:752–62. 
https://doi.org/10.1016/S0140-6736(12)62167-9 
PMID:23395245 

5. Fitzmaurice C, Akinyemiju TF, Al Lami FH, Alam T, 
Alizadeh-Navaei R, Allen C, Alsharif U, Alvis-Guzman N, 
Amini E, Anderson BO, Aremu O, Artaman A, Asgedom 
SW, et al, and Global Burden of Disease Cancer 
Collaboration. Global, Regional, and National Cancer 
Incidence, Mortality, Years of Life Lost, Years Lived With 
Disability, and Disability-Adjusted Life-Years for 29 
Cancer Groups, 1990 to 2016: A Systematic Analysis for 
the Global Burden of Disease Study. JAMA Oncol. 2018; 
4:1553–68. 
https://doi.org/10.1001/jamaoncol.2018.2706 
PMID:29860482 

6. Jaul E, Barron J. Age-Related Diseases and Clinical and 
Public Health Implications for the 85 Years Old and 
Over Population. Front Public Health. 2017; 5:335. 
https://doi.org/10.3389/fpubh.2017.00335 
PMID:29312916 

7. ACOG Practice Bulletin No. 141: management of 
menopausal symptoms. Obstet Gynecol. 2014; 
123:202–16. 
https://doi.org/10.1097/01.AOG.0000441353.20693.78 
PMID:24463691 

8. Santoro N, Epperson CN, Mathews SB. Menopausal 
Symptoms and Their Management. Endocrinol Metab 
Clin North Am. 2015; 44:497–515. 

https://doi.org/10.1016/j.ecl.2015.05.001 
PMID:26316239 

 9. NIH State-of-the-Science Conference Statement on 
management of menopause-related symptoms. NIH 
Consens State Sci Statements. 2005; 22:1–38. 
PMID:17308548 

10. Freeman EW, Sammel MD, Lin H, Nelson DB. 
Associations of hormones and menopausal status 
with depressed mood in women with no history of 
depression. Arch Gen Psychiatry. 2006; 63:375–82. 
https://doi.org/10.1001/archpsyc.63.4.375 
PMID:16585466 

11. Suri V, Suri V. Menopause and oral health. J Midlife 
Health. 2014; 5:115–20. 
https://doi.org/10.4103/0976-7800.141187 
PMID:25316996 

12. Shinohara C, Ito K, Takamatsu K, Ogawa M, Kajii Y, 
Nohno K, Sugano A, Funayama S, Katakura A, Nomura 
T, Inoue M. Factors associated with xerostomia in 
perimenopausal women. J Obstet Gynaecol Res. 
2021; 47:3661–8. 
https://doi.org/10.1111/jog.14963 
PMID:34355462 

13. Marcotte H, Lavoie MC. Oral microbial ecology and 
the role of salivary immunoglobulin A. Microbiol Mol 
Biol Rev. 1998; 62:71–109. 
https://doi.org/10.1128/MMBR.62.1.71-109.1998 
PMID:9529888 

14. Hopcraft MS, Tan C. Xerostomia: an update for 
clinicians. Aust Dent J. 2010; 55:238–44. 
https://doi.org/10.1111/j.1834-7819.2010.01229.x 
PMID:20887509 

15. Villa A, Connell CL, Abati S. Diagnosis and 
management of xerostomia and hyposalivation. Ther 
Clin Risk Manag. 2014; 11:45–51. 
https://doi.org/10.2147/TCRM.S76282 
PMID:25653532 

16. Millsop JW, Wang EA, Fazel N. Etiology, evaluation, 
and management of xerostomia. Clin Dermatol. 2017; 
35:468–76. 
https://doi.org/10.1016/j.clindermatol.2017.06.010 
PMID:28916028 

17. Friedlander AH. The physiology, medical management 
and oral implications of menopause. J Am Dent Assoc. 
2002; 133:73–81. 
https://doi.org/10.14219/jada.archive.2002.0025 
PMID:11811747 

18. Gil-Montoya JA, Silvestre FJ, Barrios R, Silvestre-Rangil 
J. Treatment of xerostomia and hyposalivation in the 
elderly: A systematic review. Med Oral Patol Oral Cir 
Bucal. 2016; 21:e355–66. 

https://doi.org/10.3389/fgene.2012.00148
https://pubmed.ncbi.nlm.nih.gov/22936945
https://doi.org/10.1007/978-981-13-3681-2_10
https://pubmed.ncbi.nlm.nih.gov/30888656
https://doi.org/10.1016/j.maturitas.2010.10.004
https://pubmed.ncbi.nlm.nih.gov/21075569
https://doi.org/10.1016/S0140-6736(12)62167-9
https://pubmed.ncbi.nlm.nih.gov/23395245
https://doi.org/10.1001/jamaoncol.2018.2706
https://pubmed.ncbi.nlm.nih.gov/29860482
https://doi.org/10.3389/fpubh.2017.00335
https://pubmed.ncbi.nlm.nih.gov/29312916
https://doi.org/10.1097/01.AOG.0000441353.20693.78
https://pubmed.ncbi.nlm.nih.gov/24463691
https://doi.org/10.1016/j.ecl.2015.05.001
https://pubmed.ncbi.nlm.nih.gov/26316239
https://pubmed.ncbi.nlm.nih.gov/17308548
https://doi.org/10.1001/archpsyc.63.4.375
https://pubmed.ncbi.nlm.nih.gov/16585466
https://doi.org/10.4103/0976-7800.141187
https://pubmed.ncbi.nlm.nih.gov/25316996
https://doi.org/10.1111/jog.14963
https://pubmed.ncbi.nlm.nih.gov/34355462
https://doi.org/10.1128/MMBR.62.1.71-109.1998
https://pubmed.ncbi.nlm.nih.gov/9529888
https://doi.org/10.1111/j.1834-7819.2010.01229.x
https://pubmed.ncbi.nlm.nih.gov/20887509
https://doi.org/10.2147/TCRM.S76282
https://pubmed.ncbi.nlm.nih.gov/25653532
https://doi.org/10.1016/j.clindermatol.2017.06.010
https://pubmed.ncbi.nlm.nih.gov/28916028
https://doi.org/10.14219/jada.archive.2002.0025
https://pubmed.ncbi.nlm.nih.gov/11811747


www.aging-us.com 2431 AGING 

https://doi.org/10.4317/medoral.20969 
PMID:27031061 

19. Forabosco A, Criscuolo M, Coukos G, Uccelli E, 
Weinstein R, Spinato S, Botticelli A, Volpe A. Efficacy 
of hormone replacement therapy in postmenopausal 
women with oral discomfort. Oral Surg Oral Med Oral 
Pathol. 1992; 73:570–4. 
https://doi.org/10.1016/0030-4220(92)90100-5 
PMID:1325633 

20. Mahesh DR, Komali G, Jayanthi K, Dinesh D, 
Saikavitha TV, Dinesh P. Evaluation of Salivary Flow 
Rate, pH and Buffer in Pre, Post & Post Menopausal 
Women on HRT. J Clin Diagn Res. 2014; 8:233–6. 
https://doi.org/10.7860/JCDR/2014/8158.4067 
PMID:24701542 

21. Abd El-Haleem MR, Selim AO, Attia GM. Bone 
marrow-derived mesenchymal stem cells ameliorate 
parotid injury in ovariectomized rats. Cytotherapy. 
2018; 20:204–17. 
https://doi.org/10.1016/j.jcyt.2017.10.003 
PMID:29254763 

22. El-Naseery NI, Elewa YHA, Ichii O, Kon Y. An 
experimental study of menopause induced by 
bilateral ovariectomy and mechanistic effects of 
mesenchymal stromal cell therapy on the parotid 
gland of a rat model. Ann Anat. 2018; 220:9–20. 
https://doi.org/10.1016/j.aanat.2018.06.006 
PMID:30040990 

23. Kim JM, Kim JH, Kim K, Shin SC, Cheon YI, Kim HS, Lee JC, 
Sung ES, Lee M, Park GC, Lee BJ. Tonsil mesenchymal 
stem cells-derived extracellular vesicles prevent 
submandibular gland dysfunction in ovariectomized rats. 
Aging (Albany NY). 2022; 14:2194–209. 
https://doi.org/10.18632/aging.203947 
PMID:35279651 

24. Carvalho VD, Silveira VÁ, do Prado RF, Carvalho YR. 
Effect of estrogen therapy, soy isoflavones, and the 
combination therapy on the submandibular gland of 
ovariectomized rats. Pathol Res Pract. 2011; 207:300–5. 
https://doi.org/10.1016/j.prp.2011.01.002 
PMID:21514062 

25. Da Y, Niu K, Wang K, Cui G, Wang W, Jin B, Sun Y, Jia J, 
Qin L, Bai W. A comparison of the effects of estrogen 
and Cimicifuga racemosa on the lacrimal gland and 
submandibular gland in ovariectomized rats. PLoS 
One. 2015; 10:e0121470. 
https://doi.org/10.1371/journal.pone.0121470 
PMID:25793872 

26. Xu Y, Pang B, Hu L, Feng X, Hu L, Wang J, Zhang C, Wang 
S. Dietary nitrate protects submandibular gland from 
hyposalivation in ovariectomized rats via suppressing 
cell apoptosis. Biochem Biophys Res Commun. 2018; 
497:272–8. 

https://doi.org/10.1016/j.bbrc.2018.02.068 
PMID:29432741 

27. Jian J, Pelle E, Huang X. Iron and menopause: does 
increased iron affect the health of postmenopausal 
women? Antioxid Redox Signal. 2009; 11:2939–43. 
https://doi.org/10.1089/ars.2009.2576 
PMID:19527179 

28. Price TM, O'Brien SN, Welter BH, George R, 
Anandjiwala J, Kilgore M. Estrogen regulation of 
adipose tissue lipoprotein lipase--possible mechanism 
of body fat distribution. Am J Obstet Gynecol. 1998; 
178:101–7. 
https://doi.org/10.1016/s0002-9378(98)70634-9 
PMID:9465811 

29. Lundholm L, Zang H, Hirschberg AL, Gustafsson JA, 
Arner P, Dahlman-Wright K. Key lipogenic gene 
expression can be decreased by estrogen in human 
adipose tissue. Fertil Steril. 2008; 90:44–8. 
https://doi.org/10.1016/j.fertnstert.2007.06.011 
PMID:18222430 

30. Kwon HK, Kim JM, Shin SC, Sung ES, Kim HS, Park GC, 
Cheon YI, Lee JC, Lee BJ. The mechanism of 
submandibular gland dysfunction after menopause 
may be associated with the ferroptosis. Aging (Albany 
NY). 2020; 12:21376–90. 
https://doi.org/10.18632/aging.103882 
PMID:33159020 

31. Ko SH, Kim HS. Menopause-Associated Lipid 
Metabolic Disorders and Foods Beneficial for 
Postmenopausal Women. Nutrients. 2020; 12:202. 
https://doi.org/10.3390/nu12010202 
PMID:31941004 

32. Zachariasen RD. Oral manifestations of menopause. 
Compendium. 1993; 14:1584. 
PMID:8149398 

33. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, 
Zaitsev EM, Gleason CE, Patel DN, Bauer AJ, Cantley 
AM, Yang WS, Morrison B 3rd, Stockwell BR. 
Ferroptosis: an iron-dependent form of nonapoptotic 
cell death. Cell. 2012; 149:1060–72. 
https://doi.org/10.1016/j.cell.2012.03.042 
PMID:22632970 

34. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, Kang R, 
Tang D. Ferroptosis: process and function. Cell Death 
Differ. 2016; 23:369–79. 
https://doi.org/10.1038/cdd.2015.158 
PMID:26794443 

35. Kuang F, Liu J, Tang D, Kang R. Oxidative Damage and 
Antioxidant Defense in Ferroptosis. Front Cell Dev 
Biol. 2020; 8:586578. 
https://doi.org/10.3389/fcell.2020.586578 
PMID:33043019 

https://doi.org/10.4317/medoral.20969
https://pubmed.ncbi.nlm.nih.gov/27031061
https://doi.org/10.1016/0030-4220(92)90100-5
https://pubmed.ncbi.nlm.nih.gov/1325633
https://doi.org/10.7860/JCDR/2014/8158.4067
https://pubmed.ncbi.nlm.nih.gov/24701542
https://doi.org/10.1016/j.jcyt.2017.10.003
https://pubmed.ncbi.nlm.nih.gov/29254763
https://doi.org/10.1016/j.aanat.2018.06.006
https://pubmed.ncbi.nlm.nih.gov/30040990
https://doi.org/10.18632/aging.203947
https://pubmed.ncbi.nlm.nih.gov/35279651
https://doi.org/10.1016/j.prp.2011.01.002
https://pubmed.ncbi.nlm.nih.gov/21514062
https://doi.org/10.1371/journal.pone.0121470
https://pubmed.ncbi.nlm.nih.gov/25793872
https://doi.org/10.1016/j.bbrc.2018.02.068
https://pubmed.ncbi.nlm.nih.gov/29432741
https://doi.org/10.1089/ars.2009.2576
https://pubmed.ncbi.nlm.nih.gov/19527179
https://doi.org/10.1016/s0002-9378(98)70634-9
https://pubmed.ncbi.nlm.nih.gov/9465811
https://doi.org/10.1016/j.fertnstert.2007.06.011
https://pubmed.ncbi.nlm.nih.gov/18222430
https://doi.org/10.18632/aging.103882
https://pubmed.ncbi.nlm.nih.gov/33159020
https://doi.org/10.3390/nu12010202
https://pubmed.ncbi.nlm.nih.gov/31941004
https://pubmed.ncbi.nlm.nih.gov/8149398
https://doi.org/10.1016/j.cell.2012.03.042
https://pubmed.ncbi.nlm.nih.gov/22632970
https://doi.org/10.1038/cdd.2015.158
https://pubmed.ncbi.nlm.nih.gov/26794443
https://doi.org/10.3389/fcell.2020.586578
https://pubmed.ncbi.nlm.nih.gov/33043019


www.aging-us.com 2432 AGING 

36. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, 
Conrad M, Dixon SJ, Fulda S, Gascón S, Hatzios SK, Kagan 
VE, Noel K, Jiang X, Linkermann A, et al. Ferroptosis: A 
Regulated Cell Death Nexus Linking Metabolism, Redox 
Biology, and Disease. Cell. 2017; 171:273–85. 
https://doi.org/10.1016/j.cell.2017.09.021 
PMID:28985560 

37. Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, Sun B, 
Wang G. Ferroptosis: past, present and future. Cell 
Death Dis. 2020; 11:88. 
https://doi.org/10.1038/s41419-020-2298-2 
PMID:32015325 

38. Sharma A, Flora SJS. Positive and Negative Regulation 
of Ferroptosis and Its Role in Maintaining Metabolic 
and Redox Homeostasis. Oxid Med Cell Longev. 2021; 
2021:9074206. 
https://doi.org/10.1155/2021/9074206 
PMID:34007410 

39. Keberle H. The biochemistry of desferrioxamine and 
its relation to iron metabolism. Ann N Y Acad Sci. 
1964; 119:758–68. 
https://doi.org/10.1111/j.1749-6632.1965.tb54077.x 
PMID:14219455 

40. Tang LJ, Luo XJ, Tu H, Chen H, Xiong XM, Li NS, Peng J. 
Ferroptosis occurs in phase of reperfusion but not 
ischemia in rat heart following ischemia or 
ischemia/reperfusion. Naunyn Schmiedebergs Arch 
Pharmacol. 2021; 394:401–10. 
https://doi.org/10.1007/s00210-020-01932-z 
PMID:32621060 

41. Zeng X, An H, Yu F, Wang K, Zheng L, Zhou W, Bao Y, 
Yang J, Shen N, Huang D. Benefits of Iron Chelators in 
the Treatment of Parkinson's Disease. Neurochem 
Res. 2021; 46:1239–51. 
https://doi.org/10.1007/s11064-021-03262-9 
PMID:33646533 

42. Zhang Y, Fan BY, Pang YL, Shen WY, Wang X, Zhao CX, 
Li WX, Liu C, Kong XH, Ning GZ, Feng SQ, Yao X. 
Neuroprotective effect of deferoxamine on 
erastininduced ferroptosis in primary cortical 
neurons. Neural Regen Res. 2020; 15:1539–45. 
https://doi.org/10.4103/1673-5374.274344 
PMID:31997820 

43. Entezari S, Haghi SM, Norouzkhani N, Sahebnazar B, 
Vosoughian F, Akbarzadeh D, Islampanah M, Naghsh N, 
Abbasalizadeh M, Deravi N. Iron Chelators in Treatment 
of Iron Overload. J Toxicol. 2022; 2022:4911205. 
https://doi.org/10.1155/2022/4911205 
PMID:35571382 

44. Crisponi G, Nurchi VM, Lachowicz JI. Iron Chelation 
for Iron Overload in Thalassemia. Met Ions Life Sci. 
2019; 19:231–52. 

https://doi.org/10.1515/9783110527872-009 
PMID:30855104 

45. Shah NR. Advances in iron chelation therapy: 
transitioning to a new oral formulation. Drugs 
Context. 2017; 6:212502. 
https://doi.org/10.7573/dic.212502 
PMID:28706555 

46. Poggiali E, Cassinerio E, Zanaboni L, Cappellini MD. An 
update on iron chelation therapy. Blood Transfus. 
2012; 10:411–22. 
https://doi.org/10.2450/2012.0008-12 
PMID:22790257 

47. Skouta R, Dixon SJ, Wang J, Dunn DE, Orman M, 
Shimada K, Rosenberg PA, Lo DC, Weinberg JM, 
Linkermann A, Stockwell BR. Ferrostatins inhibit 
oxidative lipid damage and cell death in diverse 
disease models. J Am Chem Soc. 2014; 136:4551–6. 
https://doi.org/10.1021/ja411006a 
PMID:24592866 

48. Zilka O, Shah R, Li B, Friedmann Angeli JP, Griesser M, 
Conrad M, Pratt DA. On the Mechanism of 
Cytoprotection by Ferrostatin-1 and Liproxstatin-1 
and the Role of Lipid Peroxidation in Ferroptotic Cell 
Death. ACS Cent Sci. 2017; 3:232–43. 
https://doi.org/10.1021/acscentsci.7b00028 
PMID:28386601 

49. Liu P, Feng Y, Li H, Chen X, Wang G, Xu S, Li Y, Zhao L. 
Ferrostatin-1 alleviates lipopolysaccharide-induced 
acute lung injury via inhibiting ferroptosis. Cell Mol 
Biol Lett. 2020; 25:10. 
https://doi.org/10.1186/s11658-020-00205-0 
PMID:32161620 

50. Chu J, Liu CX, Song R, Li QL. Ferrostatin-1 protects HT-
22 cells from oxidative toxicity. Neural Regen Res. 
2020; 15:528–36. 
https://doi.org/10.4103/1673-5374.266060 
PMID:31571665 

51. Kim JH, Lee H, Kim JM, Kim HS, Shin SC, Hwang SK, 
Lee BJ, Kim K. Effects of oligonol on the 
submandibular gland in ovariectomized rats. Biomed 
Pharmacother. 2021; 141:111897. 
https://doi.org/10.1016/j.biopha.2021.111897 
PMID:34328116 

52. Kim JM, Shin SC, Cheon YI, Kim HS, Park GC, Kim HK, 
Han J, Seol JE, Vasileva EA, Mishchenko NP, Fedoreyev 
SA, Stonik VA, Lee BJ. Effect of Echinochrome A on 
Submandibular Gland Dysfunction in Ovariectomized 
Rats. Mar Drugs. 2022; 20:729. 
https://doi.org/10.3390/md20120729 
PMID:36547876 

https://doi.org/10.1016/j.cell.2017.09.021
https://pubmed.ncbi.nlm.nih.gov/28985560
https://doi.org/10.1038/s41419-020-2298-2
https://pubmed.ncbi.nlm.nih.gov/32015325
https://doi.org/10.1155/2021/9074206
https://pubmed.ncbi.nlm.nih.gov/34007410
https://doi.org/10.1111/j.1749-6632.1965.tb54077.x
https://pubmed.ncbi.nlm.nih.gov/14219455
https://doi.org/10.1007/s00210-020-01932-z
https://pubmed.ncbi.nlm.nih.gov/32621060
https://doi.org/10.1007/s11064-021-03262-9
https://pubmed.ncbi.nlm.nih.gov/33646533
https://doi.org/10.4103/1673-5374.274344
https://pubmed.ncbi.nlm.nih.gov/31997820
https://doi.org/10.1155/2022/4911205
https://pubmed.ncbi.nlm.nih.gov/35571382
https://doi.org/10.1515/9783110527872-009
https://pubmed.ncbi.nlm.nih.gov/30855104
https://doi.org/10.7573/dic.212502
https://pubmed.ncbi.nlm.nih.gov/28706555
https://doi.org/10.2450/2012.0008-12
https://pubmed.ncbi.nlm.nih.gov/22790257
https://doi.org/10.1021/ja411006a
https://pubmed.ncbi.nlm.nih.gov/24592866
https://doi.org/10.1021/acscentsci.7b00028
https://pubmed.ncbi.nlm.nih.gov/28386601
https://doi.org/10.1186/s11658-020-00205-0
https://pubmed.ncbi.nlm.nih.gov/32161620
https://doi.org/10.4103/1673-5374.266060
https://pubmed.ncbi.nlm.nih.gov/31571665
https://doi.org/10.1016/j.biopha.2021.111897
https://pubmed.ncbi.nlm.nih.gov/34328116
https://doi.org/10.3390/md20120729
https://pubmed.ncbi.nlm.nih.gov/36547876

