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Abstract

Inflammation and oxidative stress caused by fine particulate matter (PM2.5) increase

the incidence and mortality rates of respiratory disorders. Rosavin is the main chemi-

cal component of Rhodiola plants, which exerts anti-oxidative and antiinflammatory

effects. In this research, the potential therapeutic effect of rosavin was investigated

by the PM2.5-induced lung injury rat model. Rats were instilled with PM2.5

(7.5 mg/kg) suspension intratracheally, while rosavin (50 mg/kg, 100 mg/kg) was

delivered by intraperitoneal injection before the PM2.5 injection. It was observed

that rosavin could prevent lung injury caused by PM2.5. PM2.5 showed obvious

ferroptosis-related ultrastructural alterations, which were significantly corrected by

rosavin. The pretreatment with rosavin downregulated the levels of tissue iron, mal-

ondialdehyde, and 4-hydroxynonenal, and increased the levels of glutathione. The

expression of nuclear factor E2-related factor 2 (Nrf2) was upregulated by rosavin,

together with other ferroptosis-related proteins. RSL3, a specific ferroptosis agonist,

reversed the beneficial impact of rosavin. The network pharmacology approach pre-

dicted the activation of rosavin on the phosphatidylinositol 3-kinase (PI3K)/protein

kinase B (Akt) signaling pathway. LY294002, a potent PI3K inhibitor, decreased the

upregulation of Nrf2 induced by rosavin. In conclusion, rosavin prevented lung injury

induced by PM2.5 stimulation and suppressed ferroptosis via upregulating PI3K/Akt/

Nrf2 signaling pathway.
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1 | INTRODUCTION

Fine particulate matter (PM2.5) refers to microscopic particles having

a diameter equal to or smaller than 2.5 μm (Martens et al., 2017). Air

pollution, represented by frequent smog events, has increased public

anxiety worldwide. The World Health Organization pointed out that

approximately 4.2 million deaths every year are attributed to PM2.5

exposure (Morishita et al., 2018). In Europe, more than 400,000 pre-

mature deaths per year are due to high levels of PM2.5 (Cai &

Wang, 2017). In China, high levels of PM2.5 caused nearly 1.2 million

premature deaths in 2010 (Xie et al., 2016). Air pollution is a signifi-

cant risk factor for the development or exacerbation of pulmonaryYilan Wang and Sijing Zhao contributed equally to this study.
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disorders, including asthma, chronic obstructive pulmonary disease

(COPD), and lung cancer (Cohen et al., 2017). Inhaled PM2.5 can lead

to lung injury through inflammatory mediators (Chen, Li, et al., 2020;

Lin et al., 2018), but the true mechanisms have not been clearly

elucidated.

PM2.5-induced lung injury is often accompanied by different

types of cell death. Our previous studies reported the presence of cell

apoptosis and autophagy in lung injury stimulated by PM2.5 exposure

(Pei et al., 2021; Wu et al., 2021). It is confirmed that exposure to

PM2.5 could cause lung inflammation and oxidative stress by generat-

ing reactive oxygen species (ROS) (Long et al., 2020). Excessive ROS

accumulation results in an imbalance in oxidation-reduction reactions,

leading to ferroptotic cell death (Dixon et al., 2012). A recent study

indicated that ferroptosis is closely associated with lung injury caused

by PM2.5 exposure (Fan, Zhu, Min, & Xiong, 2021). Ferroptosis is an

iron-dependent form of non-apoptotic cell death, potentially playing a

role in the pathological progression of lung injury generated by PM2.5

stimulation (Dixon et al., 2012; Li, Cao, Xiao, et al., 2020; Li, Cao, Yin,

et al., 2020). As a result, ferroptosis could represent a novel therapeu-

tic target for PM2.5-related disorders.

Rosavin is a natural compound extracted from Rhodiola, a drug-

food homologous plant that is widely used for disease prevention

in daily diet; and Rhodiola has long been used in traditional Chinese

medicine to prevent altitude sickness and eliminate fatigue. Oxida-

tive stress is believed to be a principal cause of ferroptosis, and

rosavin (PubChem CID: 9823887) derived from Rhodiola plants

possesses anti-tumor, anti-bacterial, anti-depressant, anti-oxida-

tive, and antiinflammatory activities (Huang, Lee, Kuo, Yang, &

Chien, 2009; Kosakowska et al., 2018; Park et al., 2018; Perfumi &

Mattioli, 2007; Skopinska-Rozewska et al., 2008). A previous study

showed that rosavin inhibited lung oxidative stress and inflamma-

tion in a mice model of bleomycin-triggered lung fibrosis by upre-

gulating nuclear factor E2-related factor 2 (Nrf2) expression (Xin

et al., 2019). Nrf2 is known for orchestrating the defense mecha-

nism against oxidative stress, which contributes to ferroptosis

resistance (Sun et al., 2016). It is reported that Nrf2 activation pro-

tects the cells against PM2.5-caused cytotoxicity (Wang

et al., 2019). It was confirmed that the activation of phosphatidyli-

nositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway

exerts beneficial effects in the PM2.5-triggered lung injury model

by modulating Nrf2 (Chen et al., 2021; Wang Xu et al., 2017). In

addition, rosavin increased pulmonary ventilation and improved

endurance exercise capacity (Huang et al., 2009). However,

whether rosavin exerts protective effects on lung injury caused by

PM2.5 has not been reported yet.

Given the critical roles of ferroptosis in PM2.5, we determined

whether PM2.5 promotes ferroptosis. Based on the anti-oxidative

stress effect of rosavin, anti-ferroptosis is the key direction of rosavin

research in PM2.5-caused lung injury. In recent years, network phar-

macology has become an advanced method for the identification of

herbal medicines (Vetrivel et al., 2021), and it reveals the potential

pharmacological effects of novel herbal compounds. The study aimed

to investigate the beneficial effects of rosavin in PM2.5-stimulated

lung injury by integrating network pharmacological method with

experimental validation, providing a concern on the treatments of

PM2.5-associated pulmonary disorders.

2 | MATERIALS AND METHODS

2.1 | Reagents

The standard particulate matter was purchased from the National

Institute for Standards and Technology (Gaithersburg, MD). Rosa-

vin (HPLC ≥98%) was obtained from the Chengdu ManSiTe com-

pany (Chengdu, Sichuan, China). LY294002 (S1105) and RSL3

(S8155) were provided by Selleck Chemicals LLC (Houston, TX).

The Enzyme Linked Immunosorbent Assay (ELISA) kits used to

detect iron, 4-hydroxynonenal (4-HNE), glutathione (GSH), malon-

dialdehyde (MDA), tumor necrosis factor-α (TNF-α) and

interleukin-1β (IL-1β) were provided by Nanjing Jiancheng Bioengi-

neering Institute (Nanjing, Jiangsu, China). Antibodies binding to

SLC7A11 (A2413) and TFRC (A5865) were purchased from ABclo-

nal Biotech Co., Ltd (Wuhan, Hubei, China). Antibodies binding to

GAPDH (ab181602), PI3K (ab191606), Akt (ab185633), Phospho-

Akt (ab192623), GPX4 (ab125066), Nrf2 (ab92946), and HO-1

(ab68477) were purchased from Abcam (Cambridge, UK). Antibody

against phospho-PI3K (AF3242) was obtained from Affinity Biosci-

ences (Nanjing, Jiangsu, China). Antibody binding to FTH1 (4393S)

was purchased from Cell Signaling Technology (Danvers, MA). The

horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG

(BF03008) was obtained from Biodragon Immunotechnologies

(Beijing, China).

2.2 | Identification of targets

The related target genes of PM2.5-induced lung injury were obtained

from DisGeNET, Gene Cards, and Mendelian Inheritance in Man data-

bases (Amberger & Hamosh, 2017; Piñero, Saüch, Sanz, &

Furlong, 2021; Stelzer et al., 2016). The target genes of rosavin were

derived from the Encyclopedia of Traditional Chinese Medicine, the

Traditional Chinese Medicine Systems Pharmacology, the Target

Hunter, the PharmMapper, and the Swiss Target Prediction databases

(Daina, Michielin, & Zoete, 2019; Ru et al., 2014; Wang et al., 2013,

2017b; Xu et al., 2019). The published literature was used to supple-

ment the previously identified targets. After duplicates were removed,

we used the Uniprot database to standardize the target genes and

convert them into Homo sapiens gene names (The Uniprot

Consortium, 2021). We intersected the rosavin targets with the tar-

gets linked to lung injury, building a Venn diagram of the intersected

network. The protein-protein interaction network was obtained using

the search tool for retrieval of interacting genes/proteins (STRING)

database (Szklarczyk et al., 2019). The Cytoscape 3.6.2 software

(Cytoscape Consortium) was used to conduct the “rosavin-lung injury-

target” network.

2 WANG ET AL.
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2.3 | Kyoto Encyclopedia of Genes and Genomes
enrichment analysis

As an integrated database resource, the Kyoto Encyclopedia of Genes

and Genomes (KEGG) integrates systemic information, chemical, and

genomic, for cells and organisms (Kanehisa, Sato, Kawashima, Furumi-

chi, & Tanabe, 2016). To further explore the underlying biological

functions of identified targets, the KEGG enrichment analysis was

performed with a cluster Profiler package (R software).

2.4 | Animals

2.4.1 | Animal model

Male Sprague-Dawley rats 6 weeks old were obtained from Chengdu

Dashuo Experimental Animal Co., Ltd. (Chengdu, China). The rats

weighed 110–130 g and were fed ad libitum under controlled settings

(humidity: 55% ± 10%, temperature: 25�C ± 1�C, 12 hr light/dark

cycle). The pain of experimental animals was minimized by taking

appropriate measures.

2.4.2 | Ethics statement

The Medical Ethics Committee of Chengdu University of Traditional

Chinese Medicine approved the experimental protocol and all animal

procedures for this study (Permit Number: 2017-03). The experimen-

tal procedures were in compliance with the 3R principles (replace-

ment, reduction, and refinement). The study was carried out in

accordance with the Guide for the Care and Use of Laboratory Ani-

mals from the National Institutes of Health and the ARRIVE guidelines

(Percie du Sert et al., 2020).

2.5 | Treatment protocol

The flowchart of the experimental procedures is shown in Figure 1. The

experiments were divided into three parts. In the first part, 35 rats were

assigned into the following five groups at random using the random-

number table (n = 7 for all groups): sham, rosavin (100 mg/kg), PM2.5

(7.5 mg/kg), rosavin 50 (rosavin 50 mg/kg + PM2.5 7.5 mg/kg), and

rosavin 100 (rosavin 100 mg/kg + PM2.5 7.5 mg/kg). Rats received an

intratracheal instillation of PM2.5 suspension for two consecutive days

in PM2.5, rosavin 50, and rosavin 100 groups. In sham and rosavin

groups, rats were treated with phosphate-buffered saline (PBS) in a simi-

lar way. In rosavin, rosavin 50, and rosavin 100 groups, rosavin was

administered intraperitoneally for 3 days before the PM2.5 challenge.

Meanwhile, sham and PM2.5 rats were treated with saline intraperitone-

ally. The dosage of rosavin and PM2.5 was chosen based on previously

reported studies (Pei et al., 2021; Xin et al., 2019).

In the second part of the experiment, 28 rats were divided into

four groups at random (n = 7 for all groups): sham, PM2.5 (7.5 mg/kg),

rosavin 100 (rosavin 100 mg/kg + PM2.5 7.5 mg/kg), rosavin

100 + RSL3 (RSL3 10 mg/kg + rosavin 100 mg/kg + PM2.5

7.5 mg/kg). Rats in the rosavin 100 + RSL3 group received an intra-

peritoneal injection of RSL3, a ferroptosis activator, 1 hr prior to

PM2.5 stimulation. The dosage of RSL3 was chosen on the basis of

previously published research (Deng et al., 2021).

In the third part, a total of 28 rats were randomly allocated into

four groups (n = 7 for all groups): PM2.5, rosavin 100 (rosavin

100 mg/kg + PM2.5 7.5 mg/kg), PM2.5 + LY (LY294002 5 mg/kg +-

PM2.5 7.5 mg/kg), rosavin 100 + LY (LY294002 5 mg/kg + Rosavin

100 mg/kg + PM2.5 7.5 mg/kg). Rats in PM2.5 + LY and rosavin

100 + LY groups were administrated with LY294002 intraperitone-

ally, a potent inhibitor of PI3K, 1 hr before the PM2.5 challenge. The

dosage of LY294002 was determined according to previously pub-

lished research (Li, Liao, Lee, Huang, & Quinn, 2007). Rats were sacri-

ficed under an overdose of pentobarbital sodium 12 hr after the last

intratracheal administration. The lung tissues and bronchoalveolar

lavage fluid (BALF) were collected for analysis.

2.6 | Lung wet/dry weight ratio

We measured the lung wet/dry (W/D) weight ratio in order to quan-

tify the degree of pulmonary edema. After sacrifice, the right upper

lobes were collected and weighed for wet weight. Then, the lung tis-

sues were incubated in an oven (60�C for 72 hr) to record the dry

weight.

2.7 | Histopathological evaluation of the lung
tissues

After sacrifice, the middle lobe of the right lung was fixed in 4% para-

formaldehyde. Then, lung tissues were embedded with paraffin and

sectioned. After hematoxylin and eosin (H&E) staining, lung tissues

were observed under a light microscope. The lung injury score was

obtained in a blinded manner via a semi-quantitative scoring method

(Shi et al., 2019).

2.8 | Immunofluorescence

After deparaffination, tissue sections were boiled in 0.01 M sodium

citrate buffer (pH 6.0), followed by washing three times with PBS and

permeabilization with 0.3% Triton X-100 in PBS for 30 min. After

30 min of blocking with goat serum at room temperature, the sections

were then incubated overnight with anti-p-Akt (1:100) or anti-Nrf2

(1:100) antibodies at 4�C. The next day, the sections were washed

and incubated with secondary antibodies for 1 hr at room tempera-

ture. Finally, the sections were counter-stained with 40 ,6-diamidino-

2-phenylindole (DAPI) and visualized under fluorescence microscopy.

The quantitative measurements of fluorescent intensity were ana-

lyzed by Image J software (NIH, Bethesda, MD).

WANG ET AL. 3
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2.9 | Transmission electron microscopy

Part of the right lung was fixed with 3% glutaraldehyde, then refixed

with osmium tetroxide. Afterward, the lung tissues were rinsed, dehy-

drated in a graded acetone series, embedded, and sliced into semi-thin

sections. The sections were stained with toluidine blue and viewed by

light microscopy. Then, the sections were cut using a diamond knife and

stained with lead citrate and uranyl acetate. The images were visualized

using a JEM-1400-FLASH transmission electron microscope.

2.10 | Bronchoalveolar lavage fluid

After euthanasia, the right lung was ligated using surgical thread. The

left lung was collected and then rinsed twice with pre-chilled PBS.

After collection, the BALF samples were centrifuged at 1,500 rpm for

10 min at 4�C. The supernatant was obtained and stored at �80�C

until analysis. The expression levels of TNF-α and IL-1β were mea-

sured by using ELISA kits, in accordance with the manufacturer's

protocol.

2.11 | Measurement of 4-HNE, iron, GSH,
and MDA

After sacrifice, the left lung was homogenized with cold saline. The

homogenates were then centrifuged for 10 min at 2,500 rpm. The

levels of 4-HNE, iron, GSH, and MDA in homogenates were deter-

mined by using assay kits according to the manufacturer´s

instructions.

2.12 | Western blot

Rat lung tissues were lysed using radioimmunoprecipitation assay

(RIPA) buffer containing phenylmethylsulfonyl fluoride and prote-

ase inhibitor and phosphatase inhibitor cocktail. After homogeni-

zation, tissue lysates were centrifuged at 12,000 rpm for 10 min

at 4�C. We collected the supernatant from total proteins and

determined the concentration of proteins using a BCA protein

assay kit (Pierce, Thermo Fischer). Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) was used to

F IGURE 1 The protective effect of rosavin on PM2.5-induced lung injury and the underlying mechanisms. Schematic illustration of the
experimental protocols of the study

4 WANG ET AL.

 10991573, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.7606 by H

uazhong U
niversity O

f Sci &
 T

ech, W
iley O

nline L
ibrary on [19/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



separate the protein samples, which were then transferred onto

polyvinylidene difluoride (PVDF) membranes for analysis. The

PVDF membranes were blocked for 1 hr at room temperature

with 5% non-fat milk and 0.1% Tween 20 in Tris-buffered saline.

The PVDF membranes were then incubated overnight at 4�C with

the primary antibodies listed below: anti-GAPDH (1:10,000), Akt

(1:2,000), PI3K (1:1,000), Phospho-Akt (1:1,000), Phospho-PI3K

(1:1,000), Nrf2 (1:1,000), HO-1 (1:20,000), GPX4 (1:5,000), TFRC

(1:1,000), FTH1 (1:1,000) and SLC7A11 (1:1,000). The next day,

we washed the PVDF membranes for three times and then incu-

bated the PVDF membranes with the secondary antibodies at

room temperature for 2 hr. Finally, the protein bands were

detected using enhanced chemiluminescence reagents and visual-

ized on a Chemi-Doc imaging system (Bio-Rad, Hercules, CA). The

integrated optical density values were quantified by using the

Image-Pro Plus 6.0 software.

2.13 | Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM).

Data from the two groups were compared using the Wilcoxon test.

Differences between more than two groups were assessed using

one-way ANOVA followed by Tukey's post hoc test. Statistical

analysis was performed with GraphPad Prism 8.12 software

(La Jolla, CA). A p value <.05 was considered statistically

significant.

3 | RESULTS

3.1 | PM2.5 triggered ferroptosis in lung tissues

Compared with the Sham group, the PM2.5 challenge induced inflam-

matory cell infiltration, thickened alveolar septum, and pulmonary

hemorrhage (Figure 2a). The ultrastructure of type II alveolar epithelial

cells (AECII) showed the characteristics of mitochondrial morphologi-

cal changes of ferroptosis, including decreased mitochondrial volume,

reduced mitochondrial cristae junctions, and increased mitochondrial

electron density and mitochondrial membrane density (Figure 2b).

Regarding the expression of ferroptosis-related proteins, we found

significantly decreased levels of Nrf2, heme oxygenase-1 (HO-1), and

glutathione peroxidase 4 (GPX4) after the PM2.5 challenge. Although

it did not reach statistical significance, the expression of solute carrier

family 7 member 11 (SLC7A11) decreased after the PM2.5 challenge

(Figure 2c,d). These findings demonstrated that ferroptosis occurred

in PM2.5-caused lung injury.

3.2 | Rosavin showed antiferroptosis effect in
PM2.5-induced lung injury model

The pretreatment with rosavin significantly decreased ferroptosis-

related mitochondrial morphological changes in AECII (Figure 3a). In

lung tissue homogenates, rosavin counteracted the upregulation of

iron, 4-HNE, and MDA induced by PM2.5 in a dose-dependent

F IGURE 2 Ferroptosis was observed
in PM2.5-induced lung injury. (a) Lung
injury was assessed by H&E staining.
Bar = 50 μm, magnification 200� for the
upper row; bar = 20 μm, magnification
400� for the lower row, n = 4. Green
arrows for hemorrhage; yellow arrows for
inflammatory exudate; black arrows for
inflammatory infiltration. (b) Transmission

electron microscopy was utilized to
visualize mitochondrial changes of
ferroptosis in type II alveolar epithelial
cells (Mi, mitochondria; N, nuclear).
Bar = 2 μm, magnification 6,000� for the
upper row; bar = 500 nm, magnification
25,000� for the lower row, n = 4. Red
arrows for decreased mitochondrial
cristae and increased mitochondrial
electron density in ferroptosis. (c and d)
The levels of Nrf2, GPX4, HO-1, and
SLC7A11 were determined by western
blot analysis. The values are expressed as
the means ± SEM (n = 7). *p < .05 versus
the sham group

WANG ET AL. 5
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F IGURE 3 The anti-ferroptosis effects of rosavin pretreatment in PM2.5-induced lung injury. (a) Transmission electron microscopy was
utilized to visualize mitochondrial changes of ferroptosis in type II alveolar epithelial cells (mitochondria, Mi; nuclear). Bar = 2 μm, magnification
6,000� for the upper row; bar = 500 nm, magnification 25,000� for the lower row, n = 4. Red arrows for decreased mitochondrial cristae and
increased mitochondrial electron density in ferroptosis; green arrows for mitochondrial swelling. (b) Effect of rosavin on tissue iron,

4-hydroxynonenal, glutathione, and malondialdehyde in the lung tissues in PM2.5-induced lung injury. (c and d) Western blotting analysis of Nrf2,
GPX4, HO-1, SLC7A11, FTH1, and TFRC. (e) Immunofluorescence staining of Nrf2 in lung tissues. Bar = 50 μm, magnification 200�. (f ) The
relative fluorescent intensity of Nrf2 in lung tissues. The values are expressed as the means ± SEM (n = 7). *p < .05; **p < .01; ***p < .001;
****p < .0001 versus the sham group; #p < .05; ##p < .01; ###p < .001 versus the PM2.5 group; &p < .05; &&p < .01 versus the rosavin 100 group

6 WANG ET AL.
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manner. The levels of GSH, a protective factor from ferroptotic death,

were increased (Figure 3b). The western blotting indicated a signifi-

cantly increased expression of Nrf2, SLC7A11, HO-1, and GPX4 after

rosavin pretreatment, while the expression of transferrin receptor

(TFRC) was reduced. Although it did not reach statistical significance,

the expression of ferritin heavy chain 1 (FTH1) increased after rosavin

pretreatment (Figure 3c,d). In addition, the relative fluorescence inten-

sity of Nrf2 was increased (Figure 3e,f). These findings demonstrated

that rosavin pretreatment could attenuate ferroptosis in

PM2.5-triggered lung injury.

3.3 | Rosavin attenuated PM2.5-induced lung
injury

The lung histopathology scores were significantly increased in the

PM2.5 group, compared with sham and rosavin groups. The rosavin

pretreatment alleviated PM2.5-induced pathological changes in a

dose-dependent manner (Figure 4a,b). As shown in Figure 4c, the

PM2.5 challenge increased the W/D ratio compared with the sham

and rosavin groups. The rosavin pretreatment abolished the

PM2.5-triggered elevation of the W/D ratio. Considering inflamma-

tory cytokines, the levels of TNF-α and IL-1β significantly increased

after the PM2.5 challenge. The increased levels of IL-1β and TNF-α

were counteracted by rosavin pretreatment (Figure 4d). The adminis-

tration of rosavin alone did not alter the levels of cytokines and

ferroptosis-related proteins, as shown in the rosavin group. These

findings demonstrated that rosavin pretreatment ameliorated

PM2.5-induced lung injury.

3.4 | RSL3 diminished the effects of rosavin in
PM2.5-casused lung injury

To further verify the antiferroptosis mechanisms of rosavin,

RSL3, a small-molecule activator of ferroptosis, was used to

induce lipid peroxidation and ferroptotic cell death. It is shown

that RSL3 induced more severe lung damage compared with the

rosavin 100 treatment (Figure 5a). The AECII showed an

increased mitochondrial electron density in the rosavin

100 + RSL3 group, compared to the rosavin 100 group. The

mitochondrial volume and mitochondrial cristae junctions

decreased after RSL3 treatment, compared with the rosavin

100 group (Figure 5b). Western blot analysis found a significantly

decreased expression of Nrf2, GPX4, and HO-1 in the rosavin

100 + RSL3 group, compared with the rosavin 100 group

(Figure 5c,d). The immunofluorescence showed that RSL3 down-

regulated the expression of Nrf2 (Figure 5e,f). These findings

F IGURE 4 The protective effects of rosavin pretreatment in PM2.5-induced lung injury. (a) Lung injury was assessed by H&E staining.
Bar = 50 μm, magnification 200� for the upper row; bar = 20 μm, magnification 400� for the lower row, n = 4. Green arrows for hemorrhage;
yellow arrows for inflammatory exudate; black arrows for inflammatory infiltration. (b) Semi-quantitative histopathological score of
PM2.5-induced lung injury. (c) Effect of rosavin on lung wet/dry (W/D) ratio. (d) Effect of rosavin on TNF-α and IL-1β in BALF. The values are
expressed as the means ± SEM (n = 7). ***p < .001; ****p < .0001 versus the sham group; #p < .05; ###p < .001 versus the PM2.5 group; &p < .05;
&&&&p < .0001 versus the rosavin 100 group
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indicated that the beneficial effects of rosavin on ferroptosis

were abolished by the administration of RSL3.

3.5 | Network pharmacology analysis

We collected a total of 307 targets of rosavin and 2,045 targets of

lung injury, according to the screening queries. We intersected the

obtained targets, building a Venn diagram with 146 intersected tar-

gets (Figure 6a). We performed a protein-protein interaction (PPI) net-

work to identify the most relevant structures directly tied to lung

injury (Figure 6b). The “rosavin-lung injury-target” network was con-

structed according to the following screening criteria: degree central-

ity (DC) ≥ 2 � median DC (Figure 6c). As illustrated in Figure 6d, we

ranked the targets by their node degree. The KEGG enrichment analy-

sis indicated that the critical targets were significantly enriched in

F IGURE 5 RSL3 diminished the effects of
rosavin in PM2.5-induced lung injury. (a) Lung
injury was assessed by H&E staining.
Bar = 50 μm, magnification 200� for the upper
row; bar = 20 μm, magnification 400� for the
lower row, n = 4. Green arrows for
hemorrhage; yellow arrows for inflammatory
exudate; black arrows for inflammatory
infiltration. (b) Transmission electron

microscopy was utilized to visualize
mitochondrial changes of ferroptosis in type II
alveolar epithelial cells (Mi, mitochondria; N,
nuclear). Bar = 2 μm, magnification 6,000� for
the upper row; bar = 500 nm, magnification
25,000� for the lower row, n = 4. Red arrows
for decreased mitochondrial cristae and
increased mitochondrial electron density in
ferroptosis; green arrows for mitochondrial
swelling. (c and d) The levels of Nrf2, GPX4,
and HO-1 were determined by western blot
analysis. (e) Immunofluorescence staining of
Nrf2 in lung tissues. Bar = 50 μm, magnification
200�. (f ) The relative fluorescent intensity of
Nrf2 in lung tissues. The values are expressed
as the means ± SEM (n = 7). ***p < .001;
****p < .0001 versus the sham group;
###p < .001; ####p < .0001 versus the PM2.5
group; &p < .05; &&p < .01; &&&p < .001 versus
the rosavin 100 group
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lipid-related processes, atherosclerosis, prostate cancer, the advanced

glycation end product-receptor for advanced glycation end product

(AGE-RAGE) signaling pathway, and the PI3K/Akt signaling pathway

(Figure 6e). The above network pharmacology findings provided a

strong scientific basis for the use of rosavin in PM2.5-caused lung

injury.

F IGURE 6 Network pharmacology prediction for rosavin pretreatment in PM2.5-stimulated lung injury. (a) Venn diagrams of rosavin targets
and lung injury targets. (b) The protein-protein interaction network of key therapeutic targets. Edges for the association between target genes;
nodes for target genes; the more edges connected to the nodes, the higher the degree of the nodes, and these nodes may be at the core of the
network. (c) The network of drug-target-disease was constructed. (d) The crucial protein interaction network diagram. The larger the degree of
the node in the graph, the darker the color and the larger the diameter of the node. (e) Kyoto Encyclopedia of Genes and Genomes enrichment
analysis for potential targets of rosavin on lung injury
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3.6 | Rosavin decreased ferroptosis via the PI3K/
Akt/Nrf2 pathway

To verify the network pharmacology prediction results, we measured

the expression of Akt, PI3K, p-Akt, and p-PI3K in the first part of the

experimental procedures. As illustrated in Figure 7a,b, PM2.5 chal-

lenge suppressed the activation of PI3K/Akt.

Next, LY294002, a PI3K specific inhibitor, was used to further

confirm that inhibition of PI3K/Akt pathway exacerbates

PM2.5-mediated ferroptosis in lung injury model. In the third part of

experimental procedures, rats were treated with LY294002, a specific

inhibitor of PI3K/Akt signaling pathway. The H&E staining revealed

that LY294002 caused severe lung injury, abolishing the beneficial

effects of rosavin in PM2.5-triggered lung injury (Figure 8a). The

transmission electron microscopy (TEM) revealed that LY294002

diminished the beneficial effects of rosavin against ferroptosis in lung

injury caused by PM2.5 stimulation. The ultrastructure of AECII was

characterized by more typical mitochondrial morphological changes of

ferroptosis in the rosavin 100 + LY group, compared with the rosavin

100 group (Figure 8b). Western blot analysis indicated that LY294002

counteracted the upregulation of p-PI3K, p-Akt, Nrf2, SLC7A11,

HO-1, and GPX4 induced by rosavin pretreatment, compared with

the rosavin 100 group (Figure 8c,d). In addition, immunofluorescence

showed that the intensity of p-Akt and Nrf2 decreased after

LY294002 treatment, compared with the rosavin 100 group

(Figure 8e). These findings demonstrated that rosavin played a role

against PM2.5-triggered lung injury by decreasing ferroptosis via acti-

vating the PI3K/Akt/Nrf2 pathway.

4 | DISCUSSION

This study shed light on the mechanisms underlying rosavin on

PM2.5-triggered lung injury using a network pharmacology approach

and experimental validation. Our results suggested that rosavin could

alleviate PM2.5-induced lung injury, reducing inflammation and lung

edema. It is reasonable to speculate that PI3K/Akt/Nrf2 pathways are

likely to be involved in the protective effects of rosavin against fer-

roptosis in PM2.5-caused lung injury. Based on these findings, the

anti-ferroptosis property of rosavin may represent a valuable strategy

for limiting the progression of pulmonary injury induced by PM2.5.

Lung injury is a leading cause in a range of diseases with high

morbidity and mortality (Hanania, Mainwaring, Ghebre, Hanania, &

Ludwig, 2019; Yadav, Thompson, & Gajic, 2017). Inflammation and

oxidative stress are critical contributors to the progression of lung

injury (Chen, Huang, et al., 2020; Motta-Ribeiro et al., 2018; Stowell

et al., 2009; Wang et al., 2022). PM2.5 enters the human lungs via

respiration and adheres to the lung epithelium without the possibility

of being removed (Okada, Iwayama, Murakami, Torimura, &

Ogura, 2021; Zhao et al., 2019). PM2.5 may lead to COPD, asthma,

lung cancer, and acute respiratory distress syndrome (Pfeffer &

Mudway, 2018; Pope et al., 2002; Reilly et al., 2019; To et al., 2016;

Wang et al., 2019). Consistent with previous studies, lung exposure to

PM2.5 induced severe inflammation and pulmonary edema (Huang

et al., 2022; Pan et al., 2019; Zhong et al., 2019).

Currently, there are no effective therapeutic options to cure

PM2.5-induced lung injury. Nevertheless, in recent times, the use of

the active constituents of edible and medical botanicals for treating

respiratory disorders has increased considerably. Rosavin is an active

ingredient derived from Rhodiola radix, a kind of homologous medicine

and food used for the treatment of chest pain, pulmonary fibrosis, and

asthma (Kucinskaite et al., 2007; Pang et al., 2019; Qian, Ge, &

Kong, 2012; Zhang et al., 2016), suggesting that rosavin shows high

potential in the therapy of PM2.5-caused lung injury. In a previous

study, rosavin inhibited the release of IL-6 and TNF-α in a rat model

of osteoarthritis (Kwon et al., 2018). In colitis, rosavin exerted protec-

tive effects by regulating the intestinal flora and apoptosis of colonic

epithelial cells (Wang et al., 2021). In the present study, rosavin pre-

treatment was found to alleviate lung damage and decreased the

degree of pulmonary edema. In agreement with previous findings

described in acute colitis (Park et al., 2018), rosavin reduced the

increased expression of IL-1β and TNF-α.

In our study, the results showed that PM2.5 challenge induced

typical ferroptosis-related changes in AECII, which were consistent

with previously published research (Dixon et al., 2012), including

decreased mitochondrial volume, reduced mitochondrial cristae junc-

tions, increased mitochondrial electron density, and mitochondrial

membrane density. Ferroptosis is driven by iron accumulation, GPX4

inactivation, and ROS generation (Dixon et al., 2012; Stockwell,

Jiang, & Gu, 2020). Iron overload contributes to ROS accumulation

and the iron content in tissues reflects the degree of ferroptosis

(Wang An et al., 2017). The GPX4 inactivation triggers a dysfunctional

F IGURE 7 Rosavin pretreatment increased the phosphorylation of PI3K/Akt in PM2.5-induced lung injury. (a and b) The p-PI3K, PI3K, p-Akt,
and Akt expression were determined by western blot analysis based on the network pharmacology prediction. The values are expressed as the
means ± SEM (n = 7). **p < .01; ***p < .001 versus the sham group; #p < .05 versus the PM2.5 group
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antioxidant defense system, leading to an excessive level of ROS

(Stockwell et al., 2020). Thus, ROS generation and accumulation con-

tribute greatly to ferroptosis.

Meanwhile, PM2.5 could induce oxidative stress, production of

inflammatory cytokines/chemokines, and the protein secretion of

human bronchial epithelial cells (Cachon et al., 2014). Thus, PM2.5

exposure has been associated with pulmonary inflammation and

increased oxidative stress. As the central regulator of ferroptosis,

GPX4 depletion results in oxidative degradation of lipids and ROS

accumulation, ultimately contributing to ferroptosis (Stockwell

et al., 2017). Our study validated that PM2.5 induced pulmonary oxi-

dative stress and promotes the generation of oxidized biomolecules.

F IGURE 8 Rosavin decreased ferroptosis via the PI3K/Akt/Nrf2 pathway. (a) Lung injury was assessed by H&E staining. Bar = 50 μm,
magnification 200� for the upper row; bar = 20 μm, magnification 400� for the lower row, n = 4. Green arrows for hemorrhage; yellow arrows
for inflammatory exudate; black arrows for inflammatory infiltration. (b) Transmission electron microscopy was utilized to visualize mitochondrial
changes of ferroptosis in type II alveolar epithelial cells (mitochondria, Mi; nuclear). Bar = 2 μm, magnification 6,000� for the upper row;

bar = 500 nm, magnification 25,000� for the lower row, n = 4. Red arrows for decreased mitochondrial cristae and increased mitochondrial
electron density in ferroptosis; green arrows for mitochondrial swelling. (c and d) The p-PI3K, PI3K, p-Akt, Akt, Nrf2, GPX4, and HO-1 expression
were determined by western blot analysis. (e) Immunofluorescence staining of Nrf2 and p-Akt in lung tissues. Bar = 50 μm, magnification 200 � .
The values are expressed as the means ± SEM (n = 7). #p < .05; ##p < .05; ####p < .0001 versus the PM2.5 group; &p < .05; &&p < .01; &&&p < .001
versus the rosavin 100 group
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As a major transcriptional regulator of antioxidant proteins, the activa-

tion of Nrf2 then protects cells against PM2.5-induced cytotoxicity

(Wang et al., 2016). A series of antioxidative proteins is regulated by

Nrf2 that contribute to the maintenance of the oxidative stress

response, including GPX4, HO-1, and SLC7A11 (Koppula, Zhuang, &

Gan, 2021; Stockwell et al., 2017; Yang et al., 2021). Similar to our

findings, PM2.5 inhibited the expression of GPX4, HO-1, and

SLC7A11 by enhancing excessive lipid peroxidation, ultimately con-

tributing to ferroptosis.

However, it has been reported that rosavin can act as an anti-

oxidative agent, and it can reduce superoxide levels in mitochondria

of Drosophila melanogaster (Schriner et al., 2009). Rosavin can also

enhance exercise endurance and muscle strength, inhibiting oxidative

stress induced by swimming (De Bock, Eijnde, Ramaekers, &

Hespel, 2004; Huang et al., 2009). Rosavin also ameliorated

bleomycin-induced lung fibrosis in mice via upregulating Nrf2 (Xin

et al., 2019), indicating that rosavin might exert anti-ferroptotic

effects against PM2.5-induced lung injury by suppressing oxidative

stress. Consistently with the previously published studies, rosavin

application increased the expression of Nrf2, GPX4, HO-1, and

SLC7A11, contributing to the inhibition of lipid oxidation. In the pre-

sent study, we found that rosavin pretreatment could reverse the

PM2.5-triggered injury. In tissue lung homogenates, rosavin counter-

acted the upregulation of iron, 4-HNE, and MDA induced by PM2.5 in

a dose-dependent manner. Based on these results, the conversion of

animal doses to human equivalent doses based on body surface was

performed (Nair & Jacob, 2016), and the dose for human is 13 mg/kg.

Till now, a number of Nrf2 target genes associated with lipid per-

oxidation and ferroptosis have been verified. Nrf2, a vital transcription

factor that modulates the cellular defense against oxidative insults

(Buendia et al., 2016), was directly related to the sensitivity of ferrop-

tosis. Nrf2 is constantly ubiquitylated and targeted for proteasomal

degradation under normal conditions, while Nrf2 can be activated by

complicated and tightly regulated mechanisms in response to oxida-

tive stress following oxidative insult (Ma, 2013). In our immunofluo-

rescence research, the expression of Nrf2 was found to increase after

rosavin pretreatment. However, in this study, the observed levels of

Nrf2 in lung injury model were discordant with some previous studies

(Li, Lu, et al., 2021; Yuan, Tian, Yang, & Zhou, 2018). This may be

because Nrf2 exhibits different metabolic characteristics in different

cells, tissues, and/or species. In addition, Nrf2 expression may also

change over time. The complex mechanisms described in lung injury

may also contribute to the different expressions of Nrf2. We

observed that rosavin pretreatment reversed GPX4 depletion induced

F IGURE 8 (Continued)
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by PM2.5. RSL3, a small-molecule activator of ferroptosis, targeted

GPX4 and abolished the beneficial effects of rosavin. As a down-

stream gene of Nrf2, GPX4 is a member of the glutathione peroxi-

dase family that contributed to the detoxification of lipid peroxides.

The cystine/glutamate transport system is essential to maintain the

levels of GSH, an essential cofactor for GPX4 enzyme activity (Li,

Cao, Xiao, et al., 2020; Li, Cao, Yin, et al., 2020). The inhibition of

GPX4 triggers ROS accumulation, which directly contributes to fer-

roptosis (Stockwell et al., 2020). Our results demonstrated that

rosavin pretreatment enhanced the expression of Nrf2, HO-1,

SLC7A11, and FTH1, while downregulated the expression of TFRC.

FTH1, SLC7A11, and HO-1 are other Nrf2-dependent proteins

exerting detoxifying and antioxidant effects (Fan et al., 2017;

Koppula et al., 2021; Lu et al., 2021; Ryter, 2021; Wang &

Tang, 2019). TFRC plays a critical role in the maintenance of the

iron homeostasis in ferroptosis.

In this study, rosavin pretreatment has been found to exert bene-

ficial effects in a model of lung injury triggered by PM2.5. In addition,

the molecular mechanism of its protective effects was further

explored by network pharmacology which is a comprehensive tool

integrating bioinformatics, network biology, and cheminformatics that

describes intricate relationships between candidate drugs and dis-

eases (Hopkins, 2008). In the KEGG enrichment analysis, we found

that the PI3K/Akt pathway was significantly enriched in the regulation

of rosavin on lung injury, suggesting that rosavin may exert protective

effects on lung injury induced by PM2.5 stimulation through modulat-

ing the PI3K/Akt signaling pathway. The PI3K is a lipid kinase that

regulates Akt, a serine-threonine kinase (Cantley, 2002). Activated

PI3K phosphorylates Akt and other ferroptosis-related downstream

signaling pathways (Hoxhaj & Manning, 2020). The PI3K/Akt signaling

pathway was also reported to be associated with ferroptosis in a

model of Parkinson´s disease (Liu, Yang, & Wang, 2021). In lung injury,

dexmedetomidine administration decreased inflammation and ferrop-

tosis through the PI3K/Akt signaling pathway (Lin et al., 2022). A pre-

vious study showed that Akt promoted the activation of Nrf2,

suggesting that Nrf2 is a downstream effector of the PI3K/Akt signal-

ing pathway (Dai et al., 2017). Consistent with previous studies (Ding

et al., 2020; Yang, Lv, Li, Ci, & Peng, 2019), the activation of the PI3K/

Akt signaling pathway was beneficial to protect against lung injury.

LY294002, a potent PI3K/Akt inhibitor, was chosen to reverse the

activation of Nrf2 and the beneficial effects of rosavin. Combined

with these results, the beneficial effect of rosavin on

PM2.5-stimulated lung injury was involved in the activation of the

PI3K/Akt signaling pathway.

In our study, it was found that the PI3K/Akt signaling pathway

was inhibited in the PM2.5-caused lung injury model, which contra-

dicts several previously published studies (Chao et al., 2017; Li, Ma,

et al., 2021; Zheng et al., 2019). This phenomenon may be related to

the multiple interactions and complex mechanisms in the develop-

ment of lung injury. The spontaneously PI3K/Akt phosphorylation

might be a compensatory response to lung injury in the early stage of

oxidative stress. When lung injury deteriorates, the increased levels of

PI3K/Akt might be inadequate to counteract severe oxidative stress.

Thus, the p-PI3K and p-Akt levels might decline. This phenomenon

requires further study in the future study.

There are also some limitations to this study. First of all, a positive

control was not used in this study. As no recognized positive control

drug has ever been used to “prevent PM2.5-induced lung injury,” no

drug was taken as a positive control for in vivo study (Allen &

Barn, 2020). What's more, the present study described the efficacy

and mechanism of rosavin only in vivo. This should be validated in

follow-up in vitro studies. Moreover, as one of the most well-

established methods of PM2.5 delivery in vivo, intratracheal instilla-

tion is widely used. But a “real-world” PM2.5 exposure is a better

model for studying rosavin's protective mechanisms (Riediker

et al., 2019). For further validation, we will carry out future experi-

ments in a “real-world” PM2.5 exposure model.

5 | CONCLUSION

In summary, these results showed that PM2.5 triggered lung injury by

activating ferroptosis. Rosavin pretreatment exerted a protective role by

modulating the PI3K/Akt/Nrf2 signaling pathway. This indicates that rosa-

vin might be a candidate drug for the potential therapy of PM2.5-induced

lung injury. The findings of this study provide valuable insight into the

mechanisms underlying PM2.5-related respiratory diseases.
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