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INTRODUCTION 
 

Lung cancer is still the most prevailing cancer type in 

the world with high rates of cancer-related deaths, and 

its major subtype is non-small cell lung cancer 

(NSCLC), accounting for approximately 85% diagnosed 

cases [1, 2]. Lung adenocarcinoma (LUAD) is the most 

common pathological pattern of NSCLC, which 
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ABSTRACT 
 

Introduction: Lung adenocarcinoma (LUAD) is the most prevalent pathological subtype of non-small cell lung 
cancer (NSCLC), characterized by a high propensity for relapse and metastasis due to epithelial-mesenchymal 
transition (EMT) of cancer cells. Ferroptosis, a newly discovered regulated cell death modality, is 
interconnected with the EMT process in certain cancers. Eriocitrin, a natural flavonoid compound, exerts anti-
inflammatory and anticancer effects. 
Objectives: The aim of this study is to investigate the potential inhibitory effect of eriocitrin on lung 
adenocarcinoma metastasis and explore whether its underlying mechanism involves ferroptosis induction in 
cancer cells. 
Methods: The CCK8 assay and wound healing assay and transwell were conducted to determine the cell 
viability and migration ability of A549 and H1299 cells, respectively. EMT process was assessed by western blot 
and RT-PCR to detect protein and mRNA levels of EMT markers. ROS and cell iron were measured to determine 
ferroptosis level. 
Results: Eriocitrin treatment significantly inhibited cell viability and migration ability in a concentration-
dependent manner. Furthermore, eriocitrin administration for 24 hours resulted in enhanced expression of E-
cadherin, while downregulating vimentin, N-cadherin and snail expression, indicating marked repression of the 
EMT process. Additionally, eriocitrin significantly induced ferroptosis in A549 and H1299 cells, as evidenced by 
increased ROS levels, downregulation of Nrf-2, SLC7A11 and GPX4 expression, and enhanced cellular iron 
accumulation. Moreover, pretreatment with the ferroptosis inhibitor ferrostatin-1 effectively abrogated the 
inhibitory effects of eriocitrin on EMT. 
Conclusions: Our findings further support the anti-cancer properties of eriocitrin, as evidenced by its ability to 
inhibit the EMT process in LUAD cells, which is partially mediated through induction of ferroptosis in cancer 
cells. 
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converts readily to metastasis and recrudesce. Currently, 

in the clinical practice, the management strategies for 

LUAD involve curative surgical resection of tumor, 

combined with chemotherapy, targeted-therapy and 

immunotherapy. However, resistance and side effects of 

chemotherapy, as well as limited indications for 

targeted-therapy and immunotherapy severely restrict 

their efficacy [3, 4]. Therefore, there is an urgent need 

to explore safer alternatives like natural compounds for 

intervening the progression of LUAD. 

 

Epithelial-mesenchymal transition (EMT) is a 

continuous process which is critical for embryonic 

morphogenesis by affecting cell migration [5]. During 

EMT process, cells cast off their epithelial nature and 

gain mesenchymal characteristics step by step, as 

manifested by destruction of the integrity of the 

intercellular junction, which is readily turned motile [6]. 

Given this nature of EMT, it is not hard to link cancer 

progression with this process. Growing body of 

evidence have indicated that cancer cells can hijack 

EMT to facilitate tumorigenesis, invasion and 

metastasis, maintain tumor cells stemness, resist to 

tumor therapy and confer tumor plasticity [6, 7]. 

Undoubtedly, lung epithelial cells undergo EMT to 

adopt mesenchymal properties, participating in 

carcinogenesis and subsequent cancer development. 

Targeting EMT process is reported to blunt lung cancer 

cells migration [8]. What’s more, LUAD cells rely on 

EMT to become plastic to resist EGFR-TKIs [9]. 

Therefore, inhibiting EMT process might be a potential 

and effective prevention for intervening LUAD 

progression. 

 

Ferroptosis is a newly discovered regulatory non-

apoptotic cell death form. The core mechanism of 

ferroptosis is closely related to iron-dependent lipid 

peroxidation, which causes plasma membrane 

destruction and releases cellular contents [10]. Some 

studies have revealed that stimulating ferroptosis is to 

some extent likely suppressing EMT in several cancers 

[11–13]. Intriguingly, however, the relationship 

between ferroptosis and EMT in LUAD deserves to be 

explored. 

 

Eriocitrin (Figure 1A), derived from lemon and citrate 

juice, is a natural flavonoid compound. It has been 

reported to exert multiple biological functions in 

distinct settings in vitro, such as anti-inflammatory [14, 

15], anti-diabetic [16] and lowering-lipid effects [17, 

18]. Besides, emerging lines of evidence suggest that 

eriocitrin could inhibit cancer cells proliferation via 

diverse mechanics. Wang Z et al. founded that eriocitrin 
could stimulate liver carcinoma cells apoptosis by 

activating mitochondrial-mediated apoptotic singling 

pathway [19]. Apart from that, recent study showed that 

eriocitrin strongly promotes ROS generation and thus to 

induce breast cancer cells apoptosis via STAT3 

pathway [20]. However, little is known about its role in 

LUAD. 

 

Herein, we discovered that eriocitrin restrained cell 

viability and EMT process in LUAD cells in a 

concentration-dependent manner. Besides, eriocitrin 

triggered ferroptosis via enhancing cellular ROS level, 

which is mediated by the downregulation of Nrf-2. 

Inhibition of ferroptosis by administrating Ferrostatin-1 

abrogated the beneficial effects of eriocitrin. Taken 

together, we suggest that eriocitrin might be a 

promising chemo-preventive remedy for LUAD 

tumorigenesis and metastasis. 

 

MATERIALS AND METHODS 
 

Reagents and antibodies 

 

Eriocitrin was purchased from MCE (Shanghai, China). 

Eriocitrin stock solution was prepared in 0.05% DMSO 

and cells were treated with different concentrations of 

Eriocitrin using micropipettes. Primary antibodies 

against Nrf2, GPX4, SLC7A11, FTH1, N-cadherin, E-

cadherin, Vimentin were purchased from Proteintech 

Group (Wuhan, China). Iron assay kit were purchased 

from Jiancheng Bioengineering Institute (Nanjing, 

China). The ROS Fluorescent Probe Kit (2′7-

dichlorofluorescin-diacetate, DCFH-DA) was used to 

detect ROS of cell (Biosharp, China). The CCK8 assay 

kit were purchased from Biosharp, China. The primers 

for Nrf2, GPX4, SLC7A11, FTH1, N-cadherin, 

E-cadherin, Snail, GAPDH were purchased from 

Servicebio, China. 

 

Cell culture 

 

The human-type II cell alveolar epithelial cell line 

A549 and human lung adenocarcinoma cell line H1299 

were obtained from the American Type Culture 

Collection (ATCC, Manassas VA, USA). A549 and 

H1299 were cultured in Ham’s F12K culture medium 

(Servicebio, China) and RPMI 1640 culture medium 

(Servicebio, China) respectively, both supplemented 

with 10% fetal bovine serum (FBS; Gibco, USA) and 

1% penicillin/streptomycin (P/S) (Biosharp, China), 

and maintained at 37°C, 5% CO2 humidified 

incubator. 

 

CCK8 assay 

 

Cells were seeded into 96-well plates with 100 μl 

culture medium. After 24 h of cultivation, different 

concentrations of eriocitrin were added into plates for 0, 

24 and 48 h. At indicated time, the cells were rinsed 
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twice with PBS and 10 μl of CCK-8 solution was added 

to each well. After incubated for an hour at 37°C, the 

absorbances were examined at 450 nm according to 

CCK8 kit instruction. 

 

Migration assay 

 

Migration was determined by wound healing assay. 

A549 and H1299 cells were cultured as monolayer in 

six-well plates. The bottom of each well was scratched 

using sterile 200 μl micropipette tip. Then, culture 

medium was removed and washed by 1× PBS twice. 

The monolayer cells were incubated with eriocitrin at 

non-toxic concentrations (0, 25, 50, 75, 100 M) at 37°C 

for 0, 24 and 48 h respectively. At indicated time points, 

migration was observed under a phase contrast 

microscope (Olympus) and images were captured. The 

wound area was determined by ImageJ software, and 

the percentage of wound closure was calculated. 

 

Cell invasion assay 

 

Cell invasion abilities were assessed using a transwell 

system, with A549 and H1299 cells seeded in the upper 

chamber. The lower chamber contained 500 μl of 

DMEM supplemented with 20% FBS and 50 μM 

eriocitrin. Following incubation for 24 hours, cells in 

the lower chamber were fixed with methanol and 

stained with crystal violet before counting the number 

of cells in three randomly selected fields viewed at 

100× magnification. 

 

Detection of cell iron 

 

The cell iron concentrations were determined according 

to manufacturer’s instruction. In short, petri dishes with 

cell density over 90% confluence was treated with 

DMSO or eriocitrin. After 24 h incubation, cells were 

lysed with RIPA and BCA method was used to detect 

total protein concentration. The blank tube, standard 

tube and under measured tubes were configured 

according to instruction and the absorbances were 

detected at 520 nm. 

 

Real-time fluorescence quantitative PCR 

 

The total RNA of A549 and H1299 cells were extracted 

using TRIpure Total RNA Extraction Reagent 

(Biosharp, China) and cDNA was synthesized using 

EntiLink™ 1st Strand cDNA Synthesis Kit (Servicebio, 

China). Quantitative real-time PCR was performed 

using EnTurbo™ SYBR Green PCR SuperMix 

(Servicebio, China). The expression levels of target 

genes were uniformly normalized to GAPDH. All 

primers used in this study were listed in Supplementary 

Table 1. 

Western blotting 

 

Cells were lysed in RIPA Lysis Buffer (Servicebio, 

China) contained with 1% Phenylmethanesulfonyl 

fluoride (PMSF, Servicebio, China). Proteins were 

separated on 10–15% SDS-polyacrylamide gradient 

gels and transferred onto PVDF membranes. The rapid 

block buff (Servicebio, China) was used to block non-

specific binding for 30 minutes, and membranes were 

probed with primary antibodies in 4°C for 8–12 h, 

followed by incubation with anti-rabbit-HRP (1:5000; 

Proteintech, China) in 37°C for 1 h. GAPDH was 

selected as the internal reference. The protein bands 

were visualized with the enhanced chemiluminescence 

western blotting detection system (Bio-Rad, USA). 

 

ROS measurement 

 

DHE was dissolved in DMSO to a final concentration 

of 5 mM and further diluted in phosphate-buffered 

saline (PBS, 1:1000) to a final DMSO concentration of 

0.1%, which does not affect ROS generation. A549 and 

H1299 cells, seeded in a 6-well plate, were incubated by 

the DCFH-DA working solution (10 μM) at 37°C for 30 

min. Finally, the fluorescence microscope was used to 

evaluate the level of ROS. 

 

Statistical analysis 

 

All analyses were performed in SPSS 23.0 and 

GraphPad Prism 8 software. Data were demonstrated as 

mean ± standard deviation. Unless otherwise specified, 

the data were representative of at least three 

independent experiments, the two groups comparison 

was performed by student t-test and multiple group 

comparisons were performed by one-way analysis of 

variance (ANOVA). A confidence interval of 95% was 

used for all statistical tests, and P < 0.05 was regarded 

to be statistically significant. 

 

Availability of data and materials 

 

The datasets used and/or analyzed during the current 

study are available from the corresponding author on 

reasonable request. 

 

RESULTS 
 

Eriocitrin treatment attenuated the proliferation 

and migration of A549 and H1299 cells in a 

concentration-dependent manner 

 

In order to determine whether eriocitrin exhibits anti-

tumor effects in LUAD, we treated A549 and H1299 

cells with eriocitrin in various concentrations and 

detected the cell viability and wound healing ratio at 
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indicated timepoints. As is shown in Figure 1B, 1C, the 

cell viability was markedly reduced by eriocitrin both in 

A549 and H1299 cells, and presenting in a 

concentration-dependent manner. Furthermore, the 

migratory ability of A549 and H1299 was also 

repressed, as indicated by the decreased wound closure 

caused by eriocitrin administration (Figure 1D–1G). 

Consistent with cell viability, the higher concentration 

eriocitrin was, the more obvious inhibition was exerted 

in cell migration. Next, we assessed the invasive 

potential of A549 and H1299 cells treated with 

eriocitrin using transwell assays. Compared to the 

untreated groups, eriocitrin exhibited significantly 

reduced cell invasion rates (Figure 2A, 2B). These 

results strongly supported that eriocitrin suppresses 

proliferation, invasion, and migration of A549 and 

H1299 cells in vitro. 

 

Eriocitrin treatment suppressed the EMT process 

both in A549 and H1299 cells 

 

Previous studies have reported EMT plays a critical role 

in cancer invasion and migration [6]. We hypothesize 

that the inhibitory effects to cancer cells invasion and 

migration exerted by eriocitrin are at least partially 

mediated by suppressing EMT process. Therefore, we 

treated A549 and H1299 cells with 50 μM eriocitrin 24 

hours and detected the EMT markers expression. Our 

results showed that E-cadherin was upregulated, while 

N-cadherin and vimentin were downregulated after 

eriocitrin exposure (Figure 2C–2F). In addition, the 

mRNA of E-cadherin and N-cadherin exhibited the 

same changes as their protein variation triggered by 

eriocitrin (Figure 2G, 2H). Furthermore, we found that 

the mRNA of snail, a well-known transcriptional 

inhibitor of E-cadherin, was markedly abrogated in 

A549 cells and slightly inhibited in H1299 cells after 

treated with eriocitrin compared to the control (Figure 

2I). These results demonstrated that eriocitrin blunt the 

EMT process of lung cancer cells, which may be 

partially explained to depress lung cancer cells invasion 

and migration. 

 

Eriocitrin treatment triggered ferroptosis in A549 

and H1299 cells by suppressing Nrf2 expression 

 

As demonstrated above, the cell viability was 

significantly reduced via eriocitrin treatment, which 

 

 
 

Figure 1. Eriocitrin treatment attenuated the viability and invasion of A549 and H1299 cells in a concentration-dependent 
manner. (A) The molecular structure of eriocitrin. (B, C) CCK8 assay. Cell viability of A549 and H1299 cells were measured after treatment 
of eriocitrin at various concentrations (0, 5, 10, 20, 40, 80, and 160 μM) for 24 h or 48 h. (D, E) Wound healing assay showed the migration 
ability of A549 and H1299 cells treated with eriocitrin at different concentrations (0, 25, 50, 75 and 100 μM) for 24 h or 48 h; (F, G) Wound 
closure ratio of A549 and H1299 cells after treatment with eriocitrin. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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prompted the proliferative ability was suppressed by 

eriocitrin or cell death was induced. A recent study 

indicates that eriocitrin can strongly stimulate ROS 

generation and cellular oxidative stress in breast cancer 

cells [20]. Given the peculiarity of oxidative death of 

ferroptosis, we assume that eriocitrin might provoke 

ferroptosis of lung cancer cells to suppress cell 

viability. As is shown in Figure 3A, in line with the 

previous investigation, the ROS was significantly 

enhanced by administrating eriocitrin in A549 and 

H1299 cells. What’s more, we detected the protein 

expression of ferroptosis indicator, encompassing 

SLC7A11, GPX4 and FTH1. As supposed, compared 

to control, we discovered that eriocitrin significantly 

downregulated SLC7A11, GPX4 and FTH1 expression 

both in A549 and H1299 cells (Figure 3B–3F). In 

addition, the mRNA of GPX4 and FTH1 exhibited the 

same changes as their protein variation triggered by 

eriocitrin (Figure 3H, 3I). Since ferroptosis is iron-

dependent, we subsequently determined the cellular 

iron level. The results revealed that iron levels of A549 

and H1299 cells were increased by eriocitrin treatment 

(Figure 3G). To certify the role of eriocitrin in the 

induction of ferroptosis, we blotted the Nrf-2 protein, 

an important modulator element for refraining 

ferroptosis [21], and uncovered the truth that eriocitrin 

downregulated Nrf-2 expression (Figure 3B, 3F). 

Above results illustrated that eriocitrin treatment 

stimulate lung cells ferroptosis, which might be 

mediated by lowering Nrf-2 expression. 

 

Ferroptosis inhibitor Ferrostatin1 abrogated the 

effects of eriocitrin on EMT processes of A549 and 

H1299 cells by impeding ferroptosis 

 

To further determine the role of ferroptosis played in 

EMT process, we simultaneously treated cells with 

ferroptosis inhibitor Ferrostatin1 (Fer1) after 

administrating 50 μM concentration eriocitrin. The 

wound healing assay demonstrated that Fer1 diminished 

the inhibitory effects of eriocitrin to cancer cell 

migration, as manifested by enhanced wound closure 

ratio compared to treating 50 μM concentration 

eriocitrin alone in a time-dependent manner (Figure 

4A–4D). Fer1 treatment alone exerted no significant 

effects to cancer cell migration by contrast to control 

(Figure 4A–4D). It was worth to note that eriocitrin 

lessened the density of cultured cells by irritating cell 

ferroptosis, which was also counteracted by Fer1. Next, 

we detected the protein expression of EMT markers 

after Fer1 treatment. As is shown in Figure 4E–4H, 

increased E-cadherin expression, decreased N-cadherin 

and vimentin expression were observed in the eriocitrin 

combined Fer1 group compared to treating eriocitrin 

alone both in A549 and H1299 cells, which implicated 

that the EMT process was partially hindered. Besides,

 

 
 

Figure 2. Eriocitrin treatment strongly inhibited the EMT process of A549 and H1299 cells via abrogating Snail expression 
and inhibited the invasion. (A, B) The transwell assay of A549 and h1299 cells and quantitative count after eriocitrin treatment 24 h at 

50 μM concentration. (C–F) The protein expression of EMT-related genes after eriocitrin treatment 24 h in A549 and H1299 cells. (G–I) The 
mRNA expression of E-cadherin, N-cadherin, Snail in A549 and H1299 cells after eriocitrin treatment 24 h at 50 μM concentration. *P < 0.05, 
**P < 0.01, and ***P < 0.001. 
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Fer1 intensively increased cellular ROS level, reversed 

the expression of biomarkers of ferroptosis restrained 

by eriocitrin treatment (Figure 5A–5E). These results 

suggested that eriocitrin blunted EMT process of lung 

cancer cells through inducing ferroptosis and inhibiting 

ferroptosis could dwindle the effects. 

 

DISCUSSION 
 

Lung cancer remains the leading cause of cancer-related 

deaths globally, in which LUAD is the utmost among 

them. Despite the soaring advent of cancer remedy 

consisting of curative tumor resection, immunotherapy, 

targeted-therapy, chemotherapy and radiotherapy, it 

remains largely unsatisfactory with patient prognosis 

who is suffering LUAD due to recurrence and 

metastasis. Therefore, it deserves to explore novel and 

effective chemopreventive agents. Eriocitrin, a natural 

flavonoid, has been demonstrated to exhibited various 

beneficial effects in vitro and in vivo. In this study, we 

discovered that eriocitrin could strongly inhibit lung 

cancer cells proliferation and effectively prevent lung 

cancer cells invasion and metastasis, which were abated 

by ferroptosis inhibitor Fer1. 

 

 
 

Figure 3. Eriocitrin treatment triggered ferroptosis in A549 and H1299 cells via suppressing Nrf2 expression. (A) Fluorescent 

images of ROS in A549 and H1299 cells. (B–F) Protein expression of ferroptosis-related genes after 50 μM concentration eriocitrin 
treatment, including SLC7A11, GPX4, Nrf-2 and FTH1. (G) Relative iron levels of A549 and H1299 cells after 50 μM concentration eriocitrin 
treatment. (H, I) mRNA expression of ferroptosis-related genes after 50 μM concentration eriocitrin treatment, including GPX4 and FTH1. 
*P < 0.05, **P < 0.01, and ***P < 0.001. 
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Figure 4. Ferroptosis inhibitor Ferrostatin1 offseted the effects of eriocitrin on EMT processes of A549 and H1299 cells. 
(A, B) Wound healing assay showed the migration ability of A549 and H1299 cells treated with 50 μM concentration eriocitrin, Fer-1, 50 μM 
concentration eriocitrin and Fer-l after 24 h. (C, D) Rate of wound closure of A549 and H1299 cells after treatment with eriocitrin, Fer-1, 
eriocitrin and Fer-1. (E–H) Western blotting assay of EMT related protein expression after Eriocitrin treatment. *P < 0.05, **P < 0.01, and 
***P < 0.001. Abbreviation: Fer-1: Ferrostatin1. 

 

 

 
 

Figure 5. Ferroptosis inhibitor Ferrostatin1 impeded the effects of eriocitrin on ferroptosis A549 and H1299 cells. (A) 

Fluorescent images of ROS in A549 and H1299 cells after treatment with 50 μM concentration eriocitrin, Fer-1, 50 μM concentration 
eriocitrin and Fer-1. (B–E) Western blotting assay of ferroptosis related protein expression after Eriocitrin treatment. *P < 0.05, **P < 0.01, 
and ***P < 0.001. Abbreviation: Fer-1: Ferrostatin1. 
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EMT is the critical biological procedure during cancer 

metastasis and therapy resistance [22]. It should be 

noted that tumor metastasis is accounting for 90% 

deaths in patients with cancers [23]. Thus, swaying 

EMT process might be an optimal method with huge 

potential to prevent cancer metastasis and prolong 

patient survival. In our study, eriocitrin treatment 

obviously decreased the viability, deterred wound 

closure, upregulated epithelial biomarker (E-cadherin) 

expression, downregulated mesenchymal biomarkers 

(N-cadherin and vimentin) expression in A549 and 

H1299 cells, which are combined to convey the truth 

that eriocitrin hold promise to anti-cancer metastasis for 

anti-EMT procedure. Furthermore, snail is a well-

known transcriptional regulator for inhibiting E-

cadherin expression and key role for facilitating cancer 

EMT process [24], which was diminished under 

eriocitrin challenging. This strengthens the role of 

eriocitrin for anti-cancer metastasis. Our findings for the 

first time unravel the effect of eriocitrin to reverse EMT 

procedure in LUAD. 

 

Eriocitrin displayed cytotoxicity to A549 and H1299 

cells, which was determined by CCK8 assay. The cell 

viability was significantly depressed by eriocitrin in a 

concentration-dependent manner. This result is 

congruent with previous findings that dietary flavonoids 

possess strong anti-carcinogenic and anti-proliferative 

properties and reduce cancer risk [25]. In addition, 

eriocitrin has been evidenced to exhibit pharma-

cological action to suppress breast cancer cells and 

hepatocellular carcinoma cells proliferation through 

triggering apoptosis via diverse mechanisms [20, 26]. 

 

ROS is a cellular substance with two faces in biological 

and pathological conditions, which means that low level 

of ROS initiates a myriad of biological processes 

through activating signaling pathways called redox 

biology and excess ROS contributes to cell death 

denoting oxidative stress [27]. It has been documented 

that ROS functions both tumor-promoting and tumor-

suppressing roles, and deregulating redox equilibrium 

strategy like ROS-inducing methods can be harnessed 

to kill cancer cells [28]. Intriguingly, although regarded 

as a natural plant-derived antioxidant, eriocitrin induced 

breast cancer cells apoptosis via exceeding cellular ROS 

production to cause cellular oxidative stress [20]. In line 

with this, our study further confirmed that pronouncing 

ROS production was promoting in A549 and H1299 

cells in a relatively high concentration of 50 μM 

eriocitrin by inhibiting Nrf2 expression, which is a 

master antioxidative transcriptional factor. This prompts 

us eriocitrin plays a prooxidative role in lung cancer 

cells, which is not identical for its antioxidative 

properties. We suppose that opposite effects with 

respect to cellular oxidative stress in distinct 

 

 
 

Figure 6. Graphical abstract of the effects exerting by eriocitrin on lung cancer cells. On the one hand, eriocitrin inhibits Snail 

expression to impede the EMT process of lung cancer cells. On the other hand, eriocitrin prevents Nrf2 expression to inhibit antioxidative 
genes expression, including GPX4, SLC7A11 and FTH1, thereby to increase cellular ROS to promote ferroptosis. Besides, inhibiting 
ferroptosis by Fer1 inverses the inhibitory effects of eriocitrin to EMT procedure. Abbreviations: EMT: epithelial-mesenchymal transition; 
Fer1: Ferrostatin1. 
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pathological settings may be attribute to different 

concentration of eriocitrin. As the truth is that 

exogenous antioxidants could display double-edge 

sword actions, namely high dose reacts to prooxidative 

cytotoxicity, while low dose exhibits antioxidative 

protective effects [29]. Previous studies focus on ROS-

induced cell apoptosis [20, 26], in this study, we 

primary reported that eriocitrin triggered ferroptosis of 

lung cancer cells, which is a ROS-dependent cell death 

form. After incubated with eriocitrin, ferroptotic 

biomarkers SLC7A11, GPX4 and FTH1 were 

significantly downregulated both in A549 and H1299 

cells. Furthermore, iron accumulation level of lung 

cancer cells was intensively increased by eriocitrin. All 

the findings indicated that eriocitrin could give rise  

to ferroptosis-inducing effects. Alternatively, it 

strengthens the notion that ferroptosis can be irritated to 

exert potent antitumor activity [30, 31]. 

 

Several lines of studies have indicated that cancer cells 

undergoing EMT are more sensitive and vulnerable to 

ferroptosis [13, 32, 33]. What’s more, Liu L reported 

that SIRT3, a mitochondrial NAD+-dependent histone 

deacetylase, led gallbladder cancer cells to ferroptosis, 

thus to function for EMT inhibition and tumor 

suppression [34]. Similarly, 6-Gingerol, a bioactive 

plant-derived compound, was evidenced to decreased 

EMT-related protein expression in prostate cancer cells 

mediated by ferroptosis-inducing cell death. Co-

treatment with the ferroptosis inhibitor, ferrostatin-1, 

reversed the beneficial inhibitory effects of 6-Gingerol 

to EMT [11]. In accordance with the above studies, we 

discovered that EMT process was blunted following 

eriocitrin exposure and this effect was significantly 

rescued by Fer1. Otherwise, Fer1 also attenuated the 

ROS content and salvaged ferroptosis-related bio-

markers expression, which reflected that the degree  

of ferroptosis was decreased. The underpinning 

mechanism needs further investigations. 

 

Notably, there are several limitations in our study. 

Although we showed that snail expression was 

suppressed in transcriptional level, we did not detect 

other transcriptional factors that might mediating EMT, 

like twist. In addition, we supposed eriocitrin prevented 

EMT of lung cancer cells through luring ferroptosis, but 

the exact mechanism for ferroptosis linked to snail 

expression is not be illustrated and need to be 

addressed. Last but not least, we do not convey the 

beneficial effects of eriocitrin into vivo study and verify 

the findings obtained in our vitro study. 

 

CONCLUSIONS 
 

Overall, we proved for the first time that edible natural 

flavonoid, eriocitrin can effectively suppress the 

proliferation and EMT procedure of lung cancer cells 

in vitro. Also, we demonstrate that ferroptosis could be 

triggered by eriocitrin to depress EMT of lung cancer 

cells (Figure 6). Therefore, eriocitrin can be serve as a 

potential chemopreventive natural product for the 

treatment of LUAD. 

 

AUTHOR CONTRIBUTIONS 
 

Qing Geng and Ning Li provided ideas and 

experimental methods. Minglang Gao and Kai Lai 

performed the experiments and drafted the manuscript. 

Zilong Lu, Yu Deng and Chuanbing Zhao assisted in 

literature review and data analysis. Wenjie Wang ang 

Chenzhen Xu created tables and pictures for the article. 

All authors have read and agree with the manuscript. 

 

ACKNOWLEDGMENTS 
 

We would like to thank Professor Geng Qing for 

providing technical and financial support for this study, 

as well as the central laboratory of the First Clinical 

College of Wuhan University for providing the 

experimental site. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

FUNDING 
 

This work was supported by the National Natural 

Science Foundation of China (No. 8210082163), Basic 

Research Fund for the Central Universities (No. 

2042021KF0081), Natural Science Foundation of Hubei 

Province (No. 2020CFA027). 

 

REFERENCES 
 
1. Rodak O, Peris-Díaz MD, Olbromski M, Podhorska-

Okołów M, Dzięgiel P. Current Landscape of Non-
Small Cell Lung Cancer: Epidemiology, Histological 
Classification, Targeted Therapies, and 
Immunotherapy. Cancers (Basel). 2021; 13:4705. 
https://doi.org/10.3390/cancers13184705 
PMID:34572931 

2. Miller M, Hanna N. Advances in systemic therapy for 
non-small cell lung cancer. BMJ. 2021; 375:n2363. 
https://doi.org/10.1136/bmj.n2363 
PMID:34753715 

3. Spella M, Stathopoulos GT. Immune Resistance in 
Lung Adenocarcinoma. Cancers (Basel). 2021; 13:384. 
https://doi.org/10.3390/cancers13030384 
PMID:33494181 

https://doi.org/10.3390/cancers13184705
https://pubmed.ncbi.nlm.nih.gov/34572931
https://doi.org/10.1136/bmj.n2363
https://pubmed.ncbi.nlm.nih.gov/34753715
https://doi.org/10.3390/cancers13030384
https://pubmed.ncbi.nlm.nih.gov/33494181


www.aging-us.com 10097 AGING 

 4. Nussinov R, Tsai CJ, Jang H. Anticancer drug 
resistance: An update and perspective. Drug Resist 
Updat. 2021; 59:100796. 
https://doi.org/10.1016/j.drup.2021.100796 
PMID:34953682 

 5. Brabletz S, Schuhwerk H, Brabletz T, Stemmler MP. 
Dynamic EMT: a multi-tool for tumor progression. 
EMBO J. 2021; 40:e108647. 
https://doi.org/10.15252/embj.2021108647 
PMID:34459003 

 6. Aiello NM, Kang Y. Context-dependent EMT programs 
in cancer metastasis. J Exp Med. 2019; 216:1016–26. 
https://doi.org/10.1084/jem.20181827 
PMID:30975895 

 7. Brown MS, Muller KE, Pattabiraman DR. Quantifying 
the Epithelial-to-Mesenchymal Transition (EMT) from 
Bench to Bedside. Cancers (Basel). 2022; 14:1138. 
https://doi.org/10.3390/cancers14051138 
PMID:35267444 

 8. Sanookpan K, Nonpanya N, Sritularak B, 
Chanvorachote P. Ovalitenone Inhibits the Migration 
of Lung Cancer Cells via the Suppression of 
AKT/mTOR and Epithelial-to-Mesenchymal Transition. 
Molecules. 2021; 26:638. 
https://doi.org/10.3390/molecules26030638 
PMID:33530617 

 9. Bronte G, Bravaccini S, Bronte E, Burgio MA, Rolfo C, 
Delmonte A, Crinò L. Epithelial-to-mesenchymal 
transition in the context of epidermal growth factor 
receptor inhibition in non-small-cell lung cancer. Biol 
Rev Camb Philos Soc. 2018; 93:1735–46. 
https://doi.org/10.1111/brv.12416 
PMID:29671943 

10. Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: 
machinery and regulation. Autophagy. 2021; 
17:2054–81. 
https://doi.org/10.1080/15548627.2020.1810918 
PMID:32804006 

11. Liu CM, An L, Wu Z, Ouyang AJ, Su M, Shao Z, Lin Y, 
Liu X, Jiang Y. 6-Gingerol suppresses cell viability, 
migration and invasion via inhibiting EMT, and 
inducing autophagy and ferroptosis in LPS-stimulated 
and LPS-unstimulated prostate cancer cells. Oncol 
Lett. 2022; 23:187. 
https://doi.org/10.3892/ol.2022.13307 
PMID:35527779 

12. Guan D, Zhou W, Wei H, Wang T, Zheng K, Yang C, 
Feng R, Xu R, Fu Y, Li C, Li Y, Li C. Ferritinophagy-
Mediated Ferroptosis and Activation of 
Keap1/Nrf2/HO-1 Pathway Were Conducive to EMT 
Inhibition of Gastric Cancer Cells in Action of 2,2'-Di-
pyridineketone Hydrazone Dithiocarbamate Butyric 

Acid Ester. Oxid Med Cell Longev. 2022; 
2022:3920664. 
https://doi.org/10.1155/2022/3920664 
PMID:35237380 

13. Ebrahimi N, Adelian S, Shakerian S, Afshinpour M, 
Chaleshtori SR, Rostami N, Rezaei-Tazangi F, 
Beiranvand S, Hamblin MR, Aref AR. Crosstalk 
between ferroptosis and the epithelial-mesenchymal 
transition: Implications for inflammation and 
cancer therapy. Cytokine Growth Factor Rev. 2022; 
64:33–45. 
https://doi.org/10.1016/j.cytogfr.2022.01.006 
PMID:35219587 

14. He J, Zhou D, Yan B. Eriocitrin alleviates oxidative 
stress and inflammatory response in cerebral 
ischemia reperfusion rats by regulating 
phosphorylation levels of Nrf2/NQO-1/HO-1/NF-κB 
p65 proteins. Ann Transl Med. 2020; 8:757. 
https://doi.org/10.21037/atm-20-4258 
PMID:32647682 

15. Guo G, Shi W, Shi F, Gong W, Li F, Zhou G, She J. Anti-
inflammatory effects of eriocitrin against the dextran 
sulfate sodium-induced experimental colitis in murine 
model. J Biochem Mol Toxicol. 2019; 33:e22400. 
https://doi.org/10.1002/jbt.22400 
PMID:31593355 

16. Kwon EY, Choi MS. Eriocitrin Improves Adiposity and 
Related Metabolic Disorders in High-Fat Diet-Induced 
Obese Mice. J Med Food. 2020; 23:233–41. 
https://doi.org/10.1089/jmf.2019.4638 
PMID:32191577 

17. Ferreira PS, Manthey JA, Nery MS, Spolidorio LC, 
Cesar TB. Low doses of eriocitrin attenuate metabolic 
impairment of glucose and lipids in ongoing 
obesogenic diet in mice. J Nutr Sci. 2020; 9:e59. 
https://doi.org/10.1017/jns.2020.52 
PMID:33489104 

18. Wan J, Feng Y, Du L, Veeraraghavan VP, Mohan SK, 
Guo S. Antiatherosclerotic Activity of Eriocitrin in 
High-Fat-Diet-Induced Atherosclerosis Model Rats. J 
Environ Pathol Toxicol Oncol. 2020; 39:61–75. 
https://doi.org/10.1615/JEnvironPatholToxicolOncol.
2020031478 
PMID:32479013 

19. Wang Q, Zhang L, Huang M, Zheng Y, Zheng K. 
Immunomodulatory Effect of Eriocitrin in 
Experimental Animals with Benzo(a)Pyrene-induced 
Lung Carcinogenesis. J Environ Pathol Toxicol Oncol. 
2020; 39:137–47. 
https://doi.org/10.1615/JEnvironPatholToxicolOncol.
2020031953 
PMID:32749123 

https://doi.org/10.1016/j.drup.2021.100796
https://pubmed.ncbi.nlm.nih.gov/34953682
https://doi.org/10.15252/embj.2021108647
https://pubmed.ncbi.nlm.nih.gov/34459003
https://doi.org/10.1084/jem.20181827
https://pubmed.ncbi.nlm.nih.gov/30975895
https://doi.org/10.3390/cancers14051138
https://pubmed.ncbi.nlm.nih.gov/35267444
https://doi.org/10.3390/molecules26030638
https://pubmed.ncbi.nlm.nih.gov/33530617
https://doi.org/10.1111/brv.12416
https://pubmed.ncbi.nlm.nih.gov/29671943
https://doi.org/10.1080/15548627.2020.1810918
https://pubmed.ncbi.nlm.nih.gov/32804006
https://doi.org/10.3892/ol.2022.13307
https://pubmed.ncbi.nlm.nih.gov/35527779
https://doi.org/10.1155/2022/3920664
https://pubmed.ncbi.nlm.nih.gov/35237380
https://doi.org/10.1016/j.cytogfr.2022.01.006
https://pubmed.ncbi.nlm.nih.gov/35219587
https://doi.org/10.21037/atm-20-4258
https://pubmed.ncbi.nlm.nih.gov/32647682
https://doi.org/10.1002/jbt.22400
https://pubmed.ncbi.nlm.nih.gov/31593355
https://doi.org/10.1089/jmf.2019.4638
https://pubmed.ncbi.nlm.nih.gov/32191577
https://doi.org/10.1017/jns.2020.52
https://pubmed.ncbi.nlm.nih.gov/33489104
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020031478
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020031478
https://pubmed.ncbi.nlm.nih.gov/32479013
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020031953
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020031953
https://pubmed.ncbi.nlm.nih.gov/32749123


www.aging-us.com 10098 AGING 

20. Yuan C, Chen G, Jing C, Liu M, Liang B, Gong G, Yu M. 
Eriocitrin, a dietary flavonoid suppressed cell 
proliferation, induced apoptosis through modulation 
of JAK2/STAT3 and JNK/p38 MAPKs signaling pathway 
in MCF-7 cells. J Biochem Mol Toxicol. 2022; 
36:e22943. 
https://doi.org/10.1002/jbt.22943 
PMID:34724282 

21. He R, Liu B, Xiong R, Geng B, Meng H, Lin W, Hao B, 
Zhang L, Wang W, Jiang W, Li N, Geng Q. Itaconate 
inhibits ferroptosis of macrophage via Nrf2 pathways 
against sepsis-induced acute lung injury. Cell Death 
Discov. 2022; 8:43. 
https://doi.org/10.1038/s41420-021-00807-3 
PMID:35110526 

22. Saitoh M. Involvement of partial EMT in cancer 
progression. J Biochem. 2018; 164:257–64. 
https://doi.org/10.1093/jb/mvy047 
PMID:29726955 

23. Seyfried TN, Huysentruyt LC. On the origin of cancer 
metastasis. Crit Rev Oncog. 2013; 18:43–73. 
https://doi.org/10.1615/critrevoncog.v18.i1-2.40 
PMID:23237552 

24. Nam MW, Kim CW, Choi KC. Epithelial-Mesenchymal 
Transition-Inducing Factors Involved in the 
Progression of Lung Cancers. Biomol Ther (Seoul). 
2022; 30:213–20. 
https://doi.org/10.4062/biomolther.2021.178 
PMID:35039464 

25. Rodríguez-García C, Sánchez-Quesada C, J Gaforio J. 
Dietary Flavonoids as Cancer Chemopreventive 
Agents: An Updated Review of Human Studies. 
Antioxidants (Basel). 2019; 8:137. 
https://doi.org/10.3390/antiox8050137 
PMID:31109072 

26. Wang Z, Zhang H, Zhou J, Zhang X, Chen L, Chen K, 
Huang Z. Eriocitrin from lemon suppresses the 
proliferation of human hepatocellular carcinoma cells 
through inducing apoptosis and arresting cell cycle. 
Cancer Chemother Pharmacol. 2016; 78:1143–50. 
https://doi.org/10.1007/s00280-016-3171-y 
PMID:27766389 

27. Schieber M, Chandel NS. ROS function in redox 
signaling and oxidative stress. Curr Biol. 2014; 
24:R453–62. 
https://doi.org/10.1016/j.cub.2014.03.034 
PMID:24845678 

28. Cheung EC, Vousden KH. The role of ROS in tumour 
development and progression. Nat Rev Cancer. 2022; 
22:280–97. 
https://doi.org/10.1038/s41568-021-00435-0 
PMID:35102280 

29. Bouayed J, Bohn T. Exogenous antioxidants--Double-
edged swords in cellular redox state: Health 
beneficial effects at physiologic doses versus 
deleterious effects at high doses. Oxid Med Cell 
Longev. 2010; 3:228–37. 
https://doi.org/10.4161/oxim.3.4.12858 
PMID:20972369 

30. Yao Y, Shi Y, Gao Z, Sun Y, Yao F, Ma L. Ferroptosis at 
the crossroads of tumor-host interactions, 
metastasis, and therapy response. Am J Physiol Cell 
Physiol. 2022; 323:C95–103. 
https://doi.org/10.1152/ajpcell.00148.2022 
PMID:35613358 

31. Gao W, Wang X, Zhou Y, Wang X, Yu Y. Autophagy, 
ferroptosis, pyroptosis, and necroptosis in tumor 
immunotherapy. Signal Transduct Target Ther. 2022; 
7:196. 
https://doi.org/10.1038/s41392-022-01046-3 
PMID:35725836 

32. Milton AV, Konrad DB. Epithelial-mesenchymal 
transition and H2O2 signaling - a driver of disease 
progression and a vulnerability in cancers. Biol Chem. 
2022; 403:377–90. 
https://doi.org/10.1515/hsz-2021-0341 
PMID:35032422 

33. Li H, Zhou W, Wei H, Li L, Wang X, Li Y, Li S, Li C. 
Ferritinophagic Flux Was a Driving Force in 
Determination of Status of EMT, Ferroptosis, and 
NDRG1 Activation in Action of Mechanism of 2-
Pyridylhydrazone Dithiocarbamate S-Acetic Acid. J 
Oncol. 2021; 2021:3015710. 
https://doi.org/10.1155/2021/3015710 
PMID:34917147 

34. Liu L, Li Y, Cao D, Qiu S, Li Y, Jiang C, Bian R, Yang Y, Li 
L, Li X, Wang Z, Ju Z, Zhang Y, Liu Y. SIRT3 inhibits 
gallbladder cancer by induction of AKT-dependent 
ferroptosis and blockade of epithelial-mesenchymal 
transition. Cancer Lett. 2021; 510:93–104. 
https://doi.org/10.1016/j.canlet.2021.04.007 
PMID:33872694 

 

 

https://doi.org/10.1002/jbt.22943
https://pubmed.ncbi.nlm.nih.gov/34724282
https://doi.org/10.1038/s41420-021-00807-3
https://pubmed.ncbi.nlm.nih.gov/35110526
https://doi.org/10.1093/jb/mvy047
https://pubmed.ncbi.nlm.nih.gov/29726955
https://doi.org/10.1615/critrevoncog.v18.i1-2.40
https://pubmed.ncbi.nlm.nih.gov/23237552
https://doi.org/10.4062/biomolther.2021.178
https://pubmed.ncbi.nlm.nih.gov/35039464
https://doi.org/10.3390/antiox8050137
https://pubmed.ncbi.nlm.nih.gov/31109072
https://doi.org/10.1007/s00280-016-3171-y
https://pubmed.ncbi.nlm.nih.gov/27766389
https://doi.org/10.1016/j.cub.2014.03.034
https://pubmed.ncbi.nlm.nih.gov/24845678
https://doi.org/10.1038/s41568-021-00435-0
https://pubmed.ncbi.nlm.nih.gov/35102280
https://doi.org/10.4161/oxim.3.4.12858
https://pubmed.ncbi.nlm.nih.gov/20972369
https://doi.org/10.1152/ajpcell.00148.2022
https://pubmed.ncbi.nlm.nih.gov/35613358
https://doi.org/10.1038/s41392-022-01046-3
https://pubmed.ncbi.nlm.nih.gov/35725836
https://doi.org/10.1515/hsz-2021-0341
https://pubmed.ncbi.nlm.nih.gov/35032422
https://doi.org/10.1155/2021/3015710
https://pubmed.ncbi.nlm.nih.gov/34917147
https://doi.org/10.1016/j.canlet.2021.04.007
https://pubmed.ncbi.nlm.nih.gov/33872694


www.aging-us.com 10099 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Table 
 

Supplementary Table 1. The primers sequence for used in this study. 

Primer name Primer sequence (5′–3′) 

H-GAPDH-S GGAAGCTTGTCATCAATGGAAATC 

H-GAPDH-A TGATGACCCTTTTGGCTCCC 

H-CDH1-S ATTGCTCACATTTCCCAACTCC 

H-CDH1-A CTCTGTCACCTTCAGCCATCCT 

H-CDH2-S GCCACCTACAAAGGCAGAAGAG 

H-CDH2-A CCTCAAATGAAACCGGGCTAT 

H-Snail-S TTTACCTTCCAGCAGCCCTA 

H-Snail-A GACAGAGTCCCAGATGAGCA 

H-GPX4-S GGCAAGACCGAAGTAAACTACAC 

H-GPX4-A  ACATATCGAATTTGACGTTGTAGC 

H-FTH1-A ATTGCATTCAGCCCGTTCTC 

H-FTH1-S TTGGAAAGAAGTGTGAATCAGT 

 


