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Abstract

Respiratory diseases, marked by structural changes in the airways and lung tissues, can lead to reduced respiratory
function and, in severe cases, respiratory failure. The side effects of current treatments, such as hormone therapy,
drugs, and radiotherapy, highlight the need for new therapeutic strategies. Traditional Chinese Medicine (TCM)
offers a promising alternative, leveraging its ability to target multiple pathways and mechanisms. Active compounds
from Chinese herbs and other natural sources exhibit anti-inflammatory, antioxidant, antitumor, and immunomodu-
latory effects, making them valuable in preventing and treating respiratory conditions. Ferroptosis, a unique form

of programmed cell death (PCD) distinct from apoptosis, necrosis, and others, has emerged as a key area of interest.
However, comprehensive reviews on how natural products influence ferroptosis in respiratory diseases are lacking.
This review will explore the therapeutic potential and mechanisms of natural products from TCM in modulating
ferroptosis for respiratory diseases like acute lung injury (ALI), asthma, pulmonary fibrosis (PF), chronic obstructive
pulmonary disease (COPD), lung ischemia-reperfusion injury (LIRI), pulmonary hypertension (PH), and lung cancer,
aiming to provide new insights for research and clinical application in TCM for respiratory health.
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Background

Respiratory diseases cover a broad spectrum, from
upper respiratory tract infections to serious conditions
like chronic obstructive pulmonary disease (COPD),
asthma, pulmonary fibrosis (PF), acute respiratory dis-
tress syndrome (ARDS), acute lung injury (ALI), lung
ischemia—reperfusion injury (LIRI), pulmonary hyper-
tension (PH), and lung cancer. These conditions, charac-
terized by structural changes in airway and lung tissues
and reduced respiratory function, pose significant health
and economic burdens worldwide. Notably, COVID-19
caused 18 million deaths between 2020 and 2021, further
emphasizing the global challenge of respiratory diseases
[1]. COPD is the third leading cause of death globally
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[2], while ARDS and ALI account for no less than 4% of
U.S. hospitalizations annually [3]. Lung cancer, leading
in cancer-related deaths, saw 2.24 million new cases and
1.8 million fatalities in 2020, as reported by the Interna-
tional Agency for Research on Cancer [4]. Risk factors
include smoking, air pollution, infections, and obesity
[5]. Despite the availability of treatments like antibiotics
and lung transplants, their side effects have prompted the
search for innovative therapeutic approaches [6].

First introduced by Dixon et al. in 2012, ferroptosis is
a form of programmed cell death (PCD), a term distinct
from other modes of cell death such as necrosis, apop-
tosis, autophagy, necroptosis, and pyroptosis, which is
essential for maintaining homeostatic balance [7-9].
Morphologically, ferroptosis features mitochondrial
shrinkage, denser membranes, reduced mitochondrial
cristae, with an intact cell membrane and normal-sized
nucleus without chromatin condensation [10]. Biochemi-
cally, ferroptosis is triggered by the depletion of intracel-
lular glutathione (GSH) and a decrease in the activity of
glutathione peroxidase 4 (GPX4). This imbalance leads
to lipid peroxidation, which is further exacerbated by
Fe?" through the Fenton reaction, generating a high con-
centration of reactive oxygen species (ROS) [9, 11, 12].
Ferroptosis has been implicated in a variety of multi-
systemic diseases, including neurological disorders,
cancers, renal trauma, and notably, pulmonary diseases
[13]. Numerous studies have substantiated its role in
the pathogenesis and progression of lung diseases such
as lung cancer, ALI, COPD, PFE, asthma, and infections
[14-19]. Studies have found that the ferroptosis inhibitor
ferrostatin-1 can prevent pneumonia caused by P. aerugi-
nosa (PAO1) infection [20]. In addition, PAOI1 increases
the mortality of irradiated mice by inhibiting the host
anti-ferroptosis system GSH/GPX4 [19]. Consequently,
targeting ferroptosis presents a promising avenue for the
development of innovative therapies for lung diseases.

Rooted in foundational texts like the Huangdi Neijing
and the Treatise on Febrile Diseases, TCM ofters preven-
tive and therapeutic solutions using natural products
with diverse pharmacological actions, including antican-
cer [21], anti-inflammatory [22], antioxidant [23], and
immunomodulatory actions [24]. Numerous investiga-
tions have documented the extensive utilization of natu-
ral products in the treatment of diverse conditions such
as malignancies, cardiovascular and cerebrovascular dis-
eases, immune-related disorders, and neurological ail-
ments [25-28], gaining its advantage from its capacity to
act through multiple targets, pathways, and mechanisms
[29].

Research has increasingly focused on TCM’s protec-
tive effects against lung diseases by modulating ferrop-
tosis, involving compounds, such as terpenes, flavonoids,
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phenols, polysaccharides, etc. [17, 30-33]. This review
aims to summarize the research on natural products in
treating lung conditions, including lung cancer, ALI
asthma, COPD, PF, LIRI, and PH, emphasizing the mod-
ulation of ferroptosis and related signaling pathways,
serving as a guide for TCM application in respiratory
health.

The mechanism of ferroptosis

Iron metabolism in ferroptosis

Iron, essential for lipid peroxide (LPO) formation and
ferroptosis initiation, plays a pivotal role in oxygen trans-
port, mitochondrial electron transfer, DNA synthesis,
and other key cellular activities [34, 35]. Iron homeo-
stasis is pivotal for various physiological functions, with
Fe?" ions undergoing oxidation to Fe>™ and then binding
to transferrin (TF) in the bloodstream to form Tf-Fe**
complexes. These complexes, by interacting with the
membrane protein transferrin receptor 1 (TFR1), facili-
tate the transport of iron to different storage sites, cru-
cial for myriad cellular activities [36—38]. Silencing the
transferrin receptor (TFRC) gene, which encodes TFR1,
has been shown to inhibit erastin-induced iron depletion
[39]. Both TF and TFRC play essential roles in the regu-
lation of ferroptosis by promoting the cellular uptake of
iron from the extracellular milieu. Furthermore, ferritin-
targeted autophagy, or ferritinophagy, leads to lysoso-
mal degradation of ferritin, releasing intracellular iron in
unstable iron pools. Excessive free iron then accelerates
lipid peroxidation and the Fenton reaction, ultimately
resulting in ferroptosis [40]. The degradation of ferritin
is accelerated either by activating a selective cargo recep-
tor for ferritin autophagy, nuclear receptor coactivator
4 (NCOAA4), or by inhibiting the ferritin export protein,
solute carrier family 40 member 1 (SLC40A1). The pros-
tatic iron reductase six transmembrane epithelial antigen
3 (STEAP3) converts Fe3* to Fe?* in endosomes, facilitat-
ing iron transport to labile iron pools via divalent metal
transporter 1 (DMT1) and storage in ferritin, a key cyto-
plasmic iron storage protein complex comprising ferri-
tin light chain (FTL) and ferritin heavy chain 1 (FTHI)
[41-43]. Under pathological conditions, ferritin releases
excess Fe*, which reacts with H,0, in a Fenton reaction
[44], producing hydroxyl radicals, increasing ROS, and
leading to lipid peroxidation and ferroptosis initiation
[45]. As a result, disruption of iron absorption, storage,
utilization and efflux may lead to an imbalance in iron
homeostasis, and elevated levels of Fe>™ lead to the gen-
eration of a substantial quantity of ROS, which disrupts
intracellular redox balance, induces oxidative stress, initi-
ates lipid peroxidation, and ultimately triggers ferroptosis
[46-48].
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Lipid peroxidation

Lipid metabolism is intricately linked to the onset and
progression of ferroptosis. Polyunsaturated fatty acids
(PUFAs) possess bis-allylic hydrogen atoms that are read-
ily abstracted, rendering them susceptible to lipid peroxi-
dation. Key enzymes involved in lipid metabolism, such
as arachidonic acid lipoxygenase 15 (ALOX15), acyl-CoA
Synthetase long chain member 4 (ACSL4), and lysophos-
phatidylcholine acyltransferase 3 (LPCAT3), are requi-
site for the ferroptotic process. Initially, acyl-arachidonic
acid (AA) and adrenaline (AdA) are activated by ACSL4
to form acyl-CoA derivatives. Subsequently, LPCAT3
esterifies these derivatives to phosphatidyl ethanolamine
(PE), generating compounds like AA-PE and AdA-PE,
which are finally oxidized to LPO by ALOX15 [8, 49].
Down-regulating the expression of ACSL4 and LPCAT3
genes in cellular systems can effectively inhibit the gener-
ation of LPO and enhance resistance to iron-induced cell
death. Malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE) are produced during the degradation of LPO,
which can be detrimental to the structure and function of
proteins and nucleic acids, making it essential to reduce
lipid peroxidation [50, 51]. In the presence of GPX4,
toxic lipid hydroperoxides (L-OOH) were converted
to non-toxic lipid alcohols (L-OH), which prevented
Fe’*-dependent accumulation of lipid ROS on mem-
brane lipids and inhibited the production of ferroptosis
[52]. These fatty acids play a crucial role in the execution
of ferroptosis; therefore, the quantity and distribution of
PUFAs within cells are key determinants in the extent of
lipid peroxidation and, consequently, the cell’s suscepti-
bility to ferroptosis [53].

Imbalance of the antioxidant system

GSH is a tripeptide composed of the amino acids glu-
tamic acid (Glu), cysteine (Cys), and glycine (Gly),
and serves as a crucial intracellular antioxidant [54].
A decline in GSH synthesis disrupts the intracellu-
lar redox balance, leading to the accumulation of per-
oxidized PUFAs. This inability to efficiently eliminate
lipid peroxidation subsequently triggers ferroptosis.
GSH synthesis is dependent on the cystine/glutamate
antiporter system (system Xc—), a membrane-bound
amino acid anti-transporter comprised of solute carrier
family 7 member 11 (SLC7A11) and solute carrier fam-
ily 3 member 2 (SLC3A2) [55]. SLC7A11 functions as
a cystine-glutamate anti-transporter. Under pathologi-
cal conditions, inhibition of the system Xc—restricts
the transport of cystine into the cell, thereby reduc-
ing cysteine synthesis and consequently diminishing
GSH production. This leads to the depletion of GPX4,
the generation of lipid ROS, and ultimately the onset
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of ferroptosis [56, 57]. GPX4, or phospholipid hydrop-
eroxide glutathione peroxidase (PHGPX), is crucial in
the glutathione (GSH) antioxidant system, converting
GSH to glutathione disulfide (GSSG) and turning LPO
into harmless lipid alcohols to prevent lipid peroxida-
tion from ROS [8, 57]. Lower GPX4 levels increase fer-
roptosis risk, while higher levels protect against it [11].
Additionally, when cysteine is scarce, gamma-cysteine
ligase’s catalytic unit (GCLC) activates a GSH-inde-
pendent defense by utilizing an alternative amino acid
to prevent ferroptosis, highlighting a non-traditional
pathway for maintaining antioxidant system equilib-
rium [58].

Other ways

Voltage-dependent anion channels (VDACs) are cru-
cial for ion and metabolite transport across mem-
branes and play a significant role in ferroptosis [59].
Erastin, a ferroptosis inducer, targets VDACs, causing
mitochondrial dysfunction and a surge in ROS from
mitochondria, leading to iron-dependent cell death
[12]. Moreover, calcium overload can activate VDACs,
increasing mitochondrial ROS and decreasing mito-
chondrial membrane potential (MMP). This triggers
the expansion of the mitochondrial permeability tran-
sition pore (MPTP), further contributing to mitochon-
drial dysfunction and ferroptosis [60, 61].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
critical regulator of cellular oxidative stress and controls
the expression of various antioxidant genes, including
heme oxygenase-1 (HO-1), nicotinamide adenine dinu-
cleotide phosphate (NADPH), and quinone oxidoreduc-
tase 1 (NQO1) [62]. Exposure to oxidative stress leads to
increased nuclear accumulation and constitutive activa-
tion of Nrf2, which not only promotes tumor growth but
also significantly contributes to treatment resistance in
tumors [8]. Additionally, there is evidence that Nrf2 pro-
tects cells from ferroptosis through various pathways by
regulating target genes like SLC7A11, GPX4, GSH, and
ferritin [63, 64].

The tumor suppressor gene p53 indirectly influences
ferroptosis by down-regulating SLC7A11, promoting its
nuclear translocation [65]. Research indicates p53 path-
ways affect GPX4, GSH, and ROS levels, essential for
ferroptosis [66]. Additionally, p53 targets the spermine/
spermidine N1-acetyltransferase 1 (SAT1) enzyme, i.e.,
a catabolic rate-limiting enzyme, upregulating ALOX15,
leading to lipid peroxidation and ferroptosis [67]. DMT1,
functioning as a proton-coupled iron pump that trans-
ports iron to unstable iron pools through cell membrane
potential differences, is upregulated by p53 to enhance
ROS and induce ferroptosis in NSCLC [68].
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Natural products for the treatment of respiratory
diseases targeting ferroptosis

Lung cancer

Numerous studies have highlighted the role of ferropto-
sis in both the etiology and treatment of various forms
of cancer, including but not limited to aggressive types
such as breast cancer, liver cancer, stomach cancer, rectal
cancer, glioma, and pancreatic cancer [69]. Targeting fer-
roptosis in the context of lung cancer has the potential to
mitigate disease progression and metastasis, as well as to
overcome, to some extent, the drug and radiation resist-
ance commonly exhibited by lung cancer cells. Non-small
cell lung cancer (NSCLC) constitutes the predominant
subtype of lung cancer, accounting for approximately
85% of cases and encompassing squamous cell carci-
noma, large cell carcinoma, and adenocarcinoma [70,
71]. Consequently, contemporary research on ferroptosis
in lung cancer is primarily focused on NSCLC. Chemo-
therapy remains the principal treatment modality in the
clinical management of NSCLC, with cisplatin being the
most frequently employed chemotherapeutic agent [72].
However, the emergence of cisplatin resistance poses a
significant challenge to achieving optimal therapeutic
outcomes in patients undergoing chemotherapy for lung
cancer. Natural products have gained prominence as a
valuable adjunct in the comprehensive treatment of vari-
ous malignancies. Besides, natural products have been
shown to positively impact the quality of life and extend
the survival duration of patients with advanced lung can-
cer, irrespective of whether conventional treatments are
administered [73]. A summary of natural products used
in lung cancer therapy, their primary sources, mecha-
nisms of targeting ferroptosis, and main effects can be
found in Table 1. Additionally, we analyzed and sum-
marized the targets and signaling pathways of natural
products targeting ferroptosis in the treatment of lung
diseases, as shown in Figs. 1, 2.

Solasonine (SS), a glycoalkaloid from Solanum nigrum
L, demonstrates potential in cancer therapy, showing
antitumor effects on lung cancer cells. Its action involves
inducing ferroptosis, marked by increased levels of LPO,
iron, and ROS. The effectiveness of SS is attributed to
compromised antioxidant defenses and mitochondrial
damage, crucial factors in the ferroptosis process it trig-
gers [74]. Erianin, a phenolic natural product isolated
from Dendrobium chrysotoxum Lindl, has been shown to
inhibit the growth of H460 and H1299 cell lines through
the induction of Ca?*/calmodulin (CaM)-dependent fer-
roptotic cell death. This process is accompanied by the
formation of ROS, lipid peroxidation, and depletion of
GSH [75]. Diplacone (DP), a flavonoid derivative, has
been investigated for its capacity to augment mitochon-
drial calcium influx, ROS generation, the opening of the
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MPTP, and a reduction of MMP, which are characteris-
tics of ferroptosis. Studies have established that the appli-
cation of DP to A549 cells not only inhibits cell growth
but also enhances lipid peroxidation, a critical step in
ferroptosis, along with an increase in ATF3 expression.
ATF3 has been identified as playing a role in ferroptosis
by regulating the expression of genes involved in iron
metabolism and lipid peroxidation. Furthermore, it has
been demonstrated that ferroptosis inhibitors, such as
ferrostatin-1 and liproxstatin-1, can mitigate DP-medi-
ated cell death in A549 cells. Overall, these findings sup-
port the hypothesis that DP can induce ferroptosis in the
treatment of NSCLC [76]. The Qingrehuoxue Formula
(QRHXF), a two-herb Chinese medicinal formula con-
sisting of Radix Paeoniae Rubra and Scutellaria baicalen-
sis, contains various active compounds including baicalin
and paeoniflorin [77, 78]. QRHXF treatment significantly
elevates ROS, Fe?*, H,0,, and MDA levels, while reduc-
ing GSH levels, indicating its potent effect on oxidative
stress. It suppresses the expression of SLC7Al11 and
GPX4, key ferroptosis markers, and induces changes in
the mitochondrial ultrastructure of tumor cells without
causing toxicity in tumor-bearing mice. Furthermore,
QRHXF upregulates p53 and phospho-glycogen synthase
kinase-3 (p-GSK-3P) expressions while downregulating
Nrf2 levels. Thus, QRHXF hinders NSCLC cell progres-
sion by promoting iron-induced apoptosis and ferropto-
sis through the p53 and GSK-3p/Nrf2 signaling pathways
[78].

Bufotalin, a steroid compound extracted from Vene-
num Bufonis, has demonstrated significant anticancer
properties [79]. Research shows that bufotalin trig-
gers ferroptosis in NSCLC cells through enhanced
lipid peroxidation, driven by GPX4 degradation and
elevated intracellular Fe?" levels [32]. Dihydroisotan-
shinone I (DT), a quinone derivative isolated from the
dried roots of Salvia miltiorrhiza Bunge, has shown
inhibitory effects on the proliferation of A549, H460,
and IMR-90 lung cancer cell lines. Mechanistically,
DT inhibits the production of GPX4, thereby initiat-
ing ferroptosis via lipid peroxidation [80]. Sanguinar-
ine (SAG), a benzophenanthridine alkaloid derived
from the root of Sanguinaria canadensis Linn, exhib-
ited significant inhibitory effects on the growth and
metastasis of NSCLC in a xenograft model [81]. SAG
destabilizes GPX4 through E3 ligase STUB1-mediated
ubiquitination, leading to GPX4 degradation and sub-
sequent ferroptosis [81]. Following this, Red Ginseng
Polysaccharide (RGP), polysacchride, an active com-
ponent of Panax ginseng C. A. Meyer (Araliaceae),
has been shown to inhibit the proliferation of human
A549 and MDA-MB-231 cells, induce lactate dehy-
drogenase (LDH) release, promote ferroptosis, and



(2024) 19:49 Page 5 of 33

Chen et al. Chinese Medicine

HSS pue
#XdD JO uoissaidxa bul

-5ea109p ‘YA PUe SOY
[08] pidifJo [9A9] 3Y3 Buiseaidul

+davN

/HdAVYN pue 9SSH/HSO Jo

ol1es ay1 buisealdap

+ 94 'VAW INH-¥ 'SOY

[z€] pidiJo [oAs] ay3 Buiseaidul
SLISID [BLP

-uoydow bupeaddesip 1o
Buisealdsp pue Aysuap
SuRIqUISW BUISBAIDUI YIIM
eLIPUOYDONW BupunIys

PXdD 'L LV/D1S Jo uols

-sa1dxa ay3 buiseaidap

"LYAW pue HsD “OH

\+Nm“_ 'SOY Jejnjjedenul jo

[8/] S|2A9] a1 Buiseanu|
uonepixolad

‘dININ 40 sso| Budnpul
‘dLdW pue DYAA 9yl Jo

Butuado ayy buiseanul
‘peopIan0 D) [elpuoyd

-O1W PUE ‘SOY [BUPUOYD

-o)W ', ,BD) Jejnjjdeiul Jo

[9/] [9A9] 241 Bulsealduy|

HSD 'L-OH "L LV.I1S

"LYOPD1S TOVHD ¥XdD 40
uolissaldxa buiseaidsp

4L VAW 'SOY JO uononp

-oid ay) bupowoid ‘uon
-epixosad pidi| ‘sjpuueyd

178D 1uapuadap-abeljon

2dA1-7 bunenbal pue

YD Buneanse ‘n/zo ul

[G/]  152Mde 924D ||9D bunowold

uopezie|
-odiadAy dININ SAD pue

'HSD 'L LV/DTS ¥XdD Jo
uoIssaldxa Bulseadap :wal

-5AS XOpal HSD a3 4o uon
-dnAisap sy ‘abewep eup
-Uoyd03W ‘uopepixolad

pidi| ‘9duejequil XOpal pue

/] peoIaA0 Uil buisned)

#XdD JO uoIssaldxa
urR104d a1 buppolg

¥Xd9 JO
uonepelbap pue uolleul
-unbign ayy Guney|oey

skemyied

|eubis z4IN buirenbal
-UMOp pue ge-4SD pue
£G4 bunenbaidn

dldw pue xnyuj ,eD
[epuoyDOLW Buisealdu

Kemyred
[eubis WeD /,,eD budnpu

$S211S SAIRPIXO [BUP
-UOY20}W pue aduUejRqU
WIRISAS XOpal HSD buisned

B31/6W Og :0AIA U]
A 0g-0z ;oA U

BY/Bw 01/ :0nA Ul
AT 7 :00nA Ul

6%/6 G| (ONA U]

N OF :0JA Ul

B31/6W 00 | :0AIA U]
‘wu 001
‘0G'sz'STL oA

(6¥5%) Wil o€ ‘5z ‘0z “(L
-njes) W 0z ‘51 '0L ‘oA U]

201w dpNU Jesbouax 's||ad
06-HWI PUB 09%H 6775V

201w apnu
5/q|eg 3|ew 's||33 6¥SY

9D1W 9pNU /qjeg djeul

S92 6YSV

DIW apnu d/qg|eg
S|192 66 LH Pue 09H

5|192 6¥SY pue |-N[eD

abung eziyuon|iw eiajes

SIUoJNG WNUaUsA

QUPIPaW [egIaY dSUIYD

N4} ainiew esol
-UsWwO] elumolned

wnigoipuag

1 wnibju Wwnupjos

sauouIND

SpI0IolS

Se|nuioq

splouonel

sjouayd

Splofey

| UOUIY-Sur1OSIOIPAYI]

uielojng

B|NWIOH anxonya1buip

auode|dig

ulueny

2UlUOSe|0S

EIEN] s3293 dyads

swisjueydapy

asoQ

s|apow 3531

$1001 utep

uonedyissed

jusuodwod

J90ued bun| ur sisoidossy bunabiey syonpoid einieN L ajqeL



(2024) 19:49 Page 6 of 33

Chen et al. Chinese Medicine

dI JO SsO] Bupnpul

HSD PXdD "L LVLD1S JO
uolissaidxa buiseaidsp
‘uonepixosad pidi pue

[68]  |ood uou a|ige| buiseanul

S2bpl [eLPUOYDOLIW
paJseaddesip 10 pays!
-uluIp pue ‘AlIsuap auelq
-WSW [BUPUOYD0LIW 31 JO
BuluaydIY1 ‘obeyunys [eup
-uoyooyw ‘aindni suelq
-WisW |92 AL L-OH ‘TN
"IH14"12d "PXdD 'HSD 40
S|9A3] 91 buiseaidsp

VAW pue SOy '+¢e4 40
[88] |9A9] 241 Buisealduy|

LLV/ZD1S pue

¥XdD 'HSD JO S2A3| 341
Buiseainsp 'yaw Jo

[98] [9A3] 943 Buisealdu|

dWW Jo sso| buppnpul

LLVZDTS 'LYOPDTS ‘XdD

114 ‘HSD 4o uolssaidxa
BuISea123p 1 -XOWH

"YAW SOy pidi| ‘uoll Jo

S|9A9] Y1 Buiseasnul Asale
aseyd /zo bupnpul

‘uonelbiw pue uolels

(e8] -jijoud 192 Buissaiddng

¥XdD JO uoIssaidxa

Buiseanap 5Oy pidif Jo

[9AS] 943 pue HJTJo

[c8l aseajal oy buiseanu|

1U31UOD
HSO BUISL2123p 1USIU0D

VAW pUe ‘[3A3] SOY ‘Uon
[18] -enuaduod a4 buisealdu

Kemyied buije
-ubis |-OH/ZHN Bumaiyul

Aemyied buije
-ublIs |-OH/g4IN Bunigiyul

SIXe | 1V/I1S/€1VIS
/L)Y bupeinbaiumog

uonepelbap pue
uoneuinbign yXdo paje
-IPaW 06dSH buel|ieq

#XdD JO uoissaidxa
ure104d a1 buppolg

¥XdD JO uolep

-elbap pue uoneuninbign
pajeIpaw- | gnLs aseb|

€3 4y6noiyl Xdo Jo Aljig
-e)s uj104d ay3 buiseansg

B31/6W OE :0AIA U]

AT G ounA Uy
—I0AIA U]

W 9| :0nIA U
(asop

-yb1y) Bx/6w o ‘(9sop
-MOJ) BY/Bw OZ :0AIA U|
AT 001 :043A U

(es0p-yb1y)

Bx/6W 0 ‘(350p-Mmo))
B3/6W G°7| OAIA U]
AT oA Ul

Jw/6r 00z :01A U]

By/bw G :OAIA U
A Q1 :01IA U

20JW apnu yesbouay

91w apnu
2/q|eg 's|192 09¥H pue 675V

DIW 9pNU d/g7vg ‘|92
09%H pue 615y “D1dI3vdH

ER)WY]

apNnu -d/gjeg 1o [ 9/19/5D
9w 's||ad I pue

LV-DdS 65V 66 LH

s|192
LEC-aW-VAW PUe 6175V

921w Yelbouax
S|I9D TTLEH Pue 61SY

S9AR3| BQO|Iq OBYUID

usyD °| e1a4IopO eibiagled

Sawoz
-Iy4 39quiniaz Jagiburz

abung sapio|
-opoydsy pUsyLPWRUY

Hussulb xeued

uur
sisuspeued eleuinbues

splouone|4

SplouoAe|4

spiousadia]

HelJJEMS

sapleyddesA|od

Splojeyly

unabyun

wcmxom_\Axogwa
W=, v, T, L-Ax0IpAY- €S

suoquiniaz

11 utuodesouwi|

apueyd
-desAjod buasulb pay

aulleuinbues

$109)J9 dyads

swisiueyd3

asoq

s|opow s3]

$1001 ulep

uonedyissed

jusuodwod

(panunuod) L ajqey



(2024) 19:49 Page 7 of 33

Chen et al. Chinese Medicine

uonepixolad
pidl| "+234 4O [9A9] ayp bul
-SeaIDUl 'HSD ‘| L Y/D1S JO

51192 4Y69H

(/6] [9A3] 3y buiseansq — DX Wa1sAs bunigiyui W 0Z :0lIA Ul -]DN PUB Z8H-IDN ‘69H-IDN $9|qe19H3A SN0IBYDNID SIPISOIA|D sueydelojng
LHL4 "LYOpD1S "L LYZDTS
‘¥XdD ‘TN 'HSD Jo
|9A3] Y1 Bulseadap |
‘YA 'L-OH 'SOY pidi| SIxe |H14/de-q6L-yiw By/6w 00T :0nIA U] S||2d 1 €6¢ pue gc
[96] ‘uoll O [9A9] Y1 BuIseanUl /6L H YNY2U| bulssaiddng fju/Brl 00g :01MA Ul -SY3G ‘09YH ‘667 LH ‘61ADD uimAusp splousdia] jouswININD
‘LLVLDTS pue
JVAAJO [9A9] ula104d 31
Buiseansp Y4 Jo SIES
[2A3] YNgW au1 pue D441 Buneanse pue 8SEH-IDN pue ‘€ZH-IDN
(€6] [oA3] SOY aY3 buiseaidu| =X WaisAs bunigiyul WM 0€/0L :0MA Ul ‘Z-8-d3 1T '6¥SY ‘662 LH-IDN uluisiweuy spiouadia). uluIsiwR1Ie0IPAYIQ
‘LLV£DTS pue
JVAA JO [9A9] ula104d 2y
Buiseanap ‘DYl Jo SIER
[9A9] YNJW =41 pue D441 buneanse pue 8GEH-IDN PuUB ‘cZH-IDN
[€6] [913] SOY 83 buiseainul — DX WiAsAs Bummgiyu W 0€/0L ©0A U] ‘T-e-d31T 615V 662 LH-DN uluisiweuy splouadia). 91eUNSaY
(asop
L-OH XI1'Q0S *HSD 4o uols -ybiy) Bxy/6w 09 ‘(sop
-sa1dxa buisealdsp ‘yaw Abeydouniuay paie -MO|) B3/BW 0§ :OAIA U] 901w Jowny yelb 1s2u4d 1 (1)
[26] 'SOYJO [oA9] Y1 Buiseanu]  -Ipaul-YODN bunowold Ju/brl 7 ;oA U -0UdX 'S||190 dgadD/09¥H  eioyd wied wnwouweuul) splouadia] |osulog-gd
LXOWH PUe "d41 'INH-¥ JO
uolssaldxe ay1 buisealoul
‘7129 Bunigiyui eia xeg B31/6W G| :0AIA U] |opow yelb
Bunowoid Ag AuAnde SIXe €/ZDOVAA (S/61H) WA oF -OUdX IDIW 9pNu d/qeg
[Le] €/7OVQaA bunenbay /21>9/xeg bunenbay "(675Y) WM 0€ oA Ul S|193 S/6LH PUe 6775y QUPIPaW [eglay 959Uy 1Yo uonaful esnyipsHoApaH
NNV
MdWY-d PUe #YODN JO
uolssaldxa buisealoul
HHIMAI-d 'SV YXdD
"LHLA "L LVZDTS ‘TN JO
uolssaldxa buisealdap ‘uon
-BpIXO pioe A11e) BLIPUOYD
-oNw Bumigiyul pue e
uondwnsuod usbAxo ayy
puiseanul ‘uoll pue +zed skemyied | H|4-padnpul
elipuoyd0}W ‘uonepixolad PeOJISAO + 78D [eUP
pidi| ‘SOY ‘s39|dolp pid| Jo -uoydolwW ‘sixe | L/ 1S
uonenwindde ayl bul -ZHN 2y3 pue Aemyred S|192 6Dd pue
[06] -1owoid ‘sSai1s Y3 bupNpul  HMYI-SydY Y1 buissaiddng WM G| oaA Ul "/Z8DDH /S LH '6¥SY sabuods splouadis| SpIjeouR
*sJoy $109)J9 dyads swisiueyd3d asoq s|opow 1s3] sjooiulely  uonedyisse|d juduodwo)

(panunuod) L ajqey



(2024) 19:49 Page 8 of 33

Chen et al. Chinese Medicine

¢9d 0
|9A3] Y1 buiseansp pue
‘€7 PUe LUlD3g JO [9A3)

suia10id pajejas Abeydoine
Bulseasou| ‘ouososAjoine
Buisealdul :aeISLD [eup
-uoyooiuw buiseasdap
‘2n1dnJ sueIqUISW [eLIp
-uoydo3uw bupnpul ‘HXdoD
"LLV/D1S 'HSD ‘A0S 40
[9A3] 2y Buiseaidsp
P1SIV ‘79341 'VAW 'SOY
‘uonepixolad pidi| ‘uolr Jo

s1soydouia) Juspusdap

B31/6W 00 | :0AIA U]

921W 9/719/5D 9lewlsy

[801] |9A9] 241 Buisealdu| -Abeydoine buneandy W O€ :01IA U| 'S|192 667 LH PU® 615V 1uejd dpawn| sjouayd uiunaInD
dWW JO
$so| bupnpul ‘HSO Jo
uolssaldxa buisealoap
'SOY '+ 'VaW 4o Aemyred HdvN
[o01] [9A9] 241 Buisealdu|  /jey/Syyy 9y buissaiddng Jw/Brl 7 ;oA U S||192 €TH S|eJauIW apy|ns 1BYI0 Jebjeay
I1EDT1EDT
7YODN ‘| -Ul|29g JO [9A3]
sui10id paiejas Abeydoine
Buisealdul ‘aos v41v sisordouay Juspuadap (9sop-ybiy)
PXdD 'LHL T 1dSN JO [3A3)] -ABeydoine bupueyus B31/6w G0 ‘(850p-moy)
Buiseaidap ! Yyl pue uoll ‘uoizeuninbign |ulPag B31/6W G7°0 :0AIA U 921U 9pNu d/gjeg
[col] ‘YA 4O [9A3] Buiseaidu| - palelpawl-i | dSN buigiyu ‘W08 ‘0 ‘0z :01UA Ul IS|[9D NT-61dDD PUe 675Y 196un sjouayd [013buIH-9
7XdD
"L LV/D1S 4o uoissaldxa
Buiseanap | |INQ ‘€5d 40 S|192 OM €5d 09%H pue
uojssaldxa bulseadul 'sOY  #XdD buissauddns pue sixe S92 O £5d 645V ‘66T LH
[c0l] ‘uoiljo [ons] 3Y3 Buiseaidul LLNG-£5d ay3 Buneandy AT OF :0mA | '6¥SY 'S£61H '6-Dd ‘097 H sbojeue uwN2IND 19410 £98¢€-0OH
¥XdD 'HSD "L LV/D1S JO
uoissaidxa ay1 buisealdap
‘SOY pue YA ‘'uoiepixo
-1ad pidi| ‘uol SNoIRY L LY/D1S bunenbaiumop S||92 3gH pue sadads ueld
[ot] Jejn||@oeiul bujseanu|  ‘OY41 '41'cs-d bunenbaidn T 07 :0lHA U 09%H '99H S ‘6¥SY  SNOI3YINID pue passadey sploje||y aujdeuls
*sJoy $109)J9 dyads swisiueyd3d asoq s|opow 1s3] sjooiulely  uonedyisse|d juduodwo)

(panunuod) L ajqey



(2024) 19:49 Page 9 of 33

Chen et al. Chinese Medicine

HSO puUe ¥Xdo Jo

uolissaidxa ay) Buiseainu
‘uonisodap uoli pue uop

-onpold sapads uabAxo

r4Ah! aAI1deRI BuIseaId3

Kemyied buijeubis

salIagINW

| deay/z4IN ay1 buneaindy AN QL solIA U S92 97-Sy3g  ‘paamiouy ‘sadelb ‘sinuead sjouayd |0J1RIDASDY
5[99 L+80D JO
12949 DIX0101AD a1 Bul
-dueyus ‘z-| pue ‘gLl
'A-N4| "0-4NL JO 958321 33
punowoid (gOs pue ‘HSD
HAWH LLY/D1S 7XdD JO S[[®2 L+80D Jo
|9A3] 9y Buisealdap 1094J9 DIX01014D 3y bul
Y41 ¥1SDV VAW JO  -Dueyus ‘UondeILlul YINIWH sollsgnw
[t [9A3] 33 Buiseadu| -1 LV/D1S buneinbay /10wWrl 06 :0INA Ul S| 0ZSH  ‘paamiouy ‘sadelb ‘sinuesd sjouayd |0J1eIaASDY
*sJ9y 510949 dydads swisiueyd3d asoq s|opow 1s3] sjooiulely  uonedyissed jauodwo)

(panunUOd) | 3jqey



Chen et al. Chinese Medicine (2024) 19:49

Puerarin,Proanthocyanidins,
Curcumin,FAGS and CK,
Tuberostemonine,Salidroside

Glutamine

Page 10 of 33

Solasonine,
Artesunate,
Sulforaphane IL17A
/ IL-17RA IL17RC —— (Salidroside

I Resveratrol
S|pelm|ne, - PUFA
Rosavin, N TRAF6 Pigs2 |
Tanshinone II1A HMMR - l 1 ACSL4
Cystine ALDH2
P Rat PUFA-CoA ANXA1
—— (STAT3 \ l I
\ Wedelolactone,| P
Astaxanthin, l mTOR \ MAPK PUFA-PE i)
Resveratrol, \ l
Panaxydol, |, ‘keap1( Nrf2 SLC7A11 \
Urolithin A GSH = PUFA-OOH
P53 GPX4
Keap1
l \ GSSG PUFA-OH
PGSK-3B NFf2 Q.RH)_(F, Ho Ubiquitiantion
/\ Sinapine .
ERK l GPX4 / / \
T Nrf2 )——(SLC7A11 Bufotalin) HSP90 = STUB1
T HO-1
GPXx4 (Tim-AII) (Sanguinarine )
1
ShtIX, Ginkgetin Tectoridin, Lipid peroxidation
Feruli(’: acid ' Astragaloside IV, Lipid ROS >
’ Dihydroquercetin Ferroptosis

Naringenin

Fig. 1 The role of SLC7A11-GSH-GPX4 axis in natural products—modula

ted ferroptosis in respiratory diseases. The modulations of ferroptosis

by natural products in respiratory diseases are orchestrated through various mechanisms, prominently via GPX4-related pathways. These pathways
crucially influence lipid peroxidation, an essential process in ferroptosis. Natural products up-regulate Nrf2 gene expression, stimulating its
downstream target HO-1 and enhancing SLC7A11 protein expression. Consequently, GPX4 is activated either directly or indirectly, inhibiting
ferroptosis. Moreover, multiple targets are involved in regulating the SLC7A11/GPX4 axis, including the activation of system Xc~, which facilitates
GSH synthesis and GPX4 activation to modulate ferroptosis. On the contrary, ACSL4 overexpression catalyzes the oxidation of PUFAs into lipid
hydroperoxides. These hydroperoxides are then converted into non-toxic lipid alcohols through GPX4 activation. In the context of the immune
response, Interleukin IL-17 hinders GPX4, leading to induced ferroptosis. Notations: Black Arrow (V): Indicates promotion. Red Rough Arrow (L):
Indicates inhibition. Green Arrow: Indicates a decrease. Red Arrow: Indicates a increase.

suppress GPX4 expression [82]. Similarly, Timosapo-
nin AIII (Tim-AIII), a steroidal saponin from Anemar-
rhena Asphodeloides Bunge, induces NSCLC cell death
and G2/M arrest. It achieves this therapeutic effect
by interacting with its target protein HSP90, facilitat-
ing the ubiquitination and subsequent degradation of
GPX4, thereby inducing ferroptosis [83]. Zerumbone,
a terpenoid compound, primarily extracted from Zin-
giber zerumbet Smith, acts as an anticancer agent by
inhibiting tumor proliferation and promoting cell death
[84, 85]. When combined with gefitinib, Zerumbone
inhibits lung cancer cell proliferation through multi-
ple mechanisms, including the activation of the AKT/

STAT3/SLC7A11 axis, which decreases GPX4 activ-
ity and thereby induces ferroptosis [86]. Nrf2 plays
a critical role in maintaining cellular redox balance
by activating endogenous antioxidant response ele-
ments [87]. HO-1 is the primary protein targeted by
Nrf2 in the context of oxidative stress. Recent studies
have emphasized the importance of Nrf2 and HO-1 in
the ferroptotic response. For instance, S-3’-hydroxy-7,
2, 4’-trimethoxyisoxane (ShtIX), a novel flavonoid
compound, has been shown to initiate ferroptosis in
NSCLC cells by inhibiting the Nrf2/HO-1 signaling
pathway [88]. Ginkgetin has been reported to induce
ferroptosis in NSCLC by inactivating the Nrf2/HO-1
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Fig. 2 The role of iron metabolism in natural products—modulated ferroptosis in respiratory diseases. Iron metabolism is intimately linked

with the mechanisms through which TCM modulates ferroptosis in respiratory diseases. An accumulation of a significant amounts of ferrous

jons initiates the Fenton reaction, thereby enhancing lipid peroxidation, a pivotal step in inducing ferroptosis. Free iron binds with ferritin

and is subsequently transported to the endosome through the transferrin receptor. Within the endosome, STEAP3 catalyzes the conversion of ferric
iron into ferrous iron, which is then channeled into the labile iron pool via DMT1. The oxidation of PUFA coincides with the formation of ferrous ions.
The influx of calcium ions causes mitochondrial calcium overload, leading to a substantial accumulation of ROS, the destruction of FLC, and FTH.
These events culminate in the release of ferrous ions from the labile iron pools and the Fenton reaction, precipitating ferroptosis. Moreover, factors
such as Nrf2, Hif-1a, HO-1, and mtTFA accentuate the increase of labile iron, while ferritophagy emerges as another pathway inducing ferroptosis.
Notations: Black Arrows (4): Indicate facilitation. Red Rough Arrows (L): Indicate inhibition. Green Arrows: Indicate a decrease

signaling pathway, thereby enhancing the therapeutic
efficacy of cisplatin (DDP) [89]. Additionally, Sangui-
narine amplifies MMP loss and DDP-induced apoptosis
in NSCLC cells, supporting the potential for combin-
ing natural products with chemotherapeutic agents
for tumor treatment [72]. Manoalide (MA), a marine
terpenoid derived from sponges, has been observed to
inhibit the proliferation of KRAS-mutated lung cancer
cells and organoids. Notably, MA induces ferroptosis
by inhibiting the Nrf2-SLC7A11 axis and ferritin heavy
chain 1 (FTH1) pathways, which are activated by excess
mitochondrial Ca**. This enhances the susceptibility of
osimertinib-resistant lung cancer cells to osimertinib
[90].

In vitro studies have demonstrated that Hedyotis dif-
fusa injection (HDI) can reduce the viability of lung
adenocarcinoma cells and induce ferroptosis by modu-
lating VDAC2/3 activity, which is achieved through
the upregulation of pro-apoptotic protein Bax and the
downregulation of anti-apoptotic protein Bcl2 [91].
Natural borneol (d-borneol), another terpenoid, is
extracted from the fresh leaves and branches of Cin-
namomum camphora (L.) J. Presl. When combined
with cisplatin, d-borneol has been shown to reduce
both the volume and weight of tumors, thereby exhib-
iting anticancer effects. Mechanistically, its role has
been linked to ferroptosis, NCOA4-mediated ferri-
tin autophagy, and the upregulation of prion protein
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(PRNP). Additionally, it leads to the downregulation of
Poly(rC)-binding protein 2 (PCBP2), resulting in ele-
vated intracellular iron ion levels [92].

The anti-cancer properties of artemisinin derivatives,
such as artesunate (ART) and dihydroartemisinin (DHA),
have gained considerable attention in the medical field
for their efficacy against various cancers, including lung
cancer, colon cancer, nasopharyngeal cancer, and gli-
oma. Both ART and DHA are terpenoid derivatives of
artemisinin and have been shown to downregulate the
expression of the cystine/glutamate transporter, a criti-
cal inhibitor of ferroptosis in NSCLC cells. These com-
pounds primarily induce ferroptosis by upregulating the
expression of TFRC, a marker indicative of ferroptosis
[93]. Non-coding RNAs, particularly long non-coding
RNAs and microRNAs, are implicated in various biologi-
cal processes, including apoptosis, autophagy, and tumor
initiation [94]. FTH1 serves as a marker for ferroptosis.
Curcumenol, a terpenoid compound found in Wenyu-
jin, has demonstrated significant anti-cancer properties
across various cancer types [95]. Studies have shown that
curcumenol-induced ferroptosis is the primary mecha-
nism of lung cancer cell death, both in vitro and in vivo.
The IncRNA H19/miR-19b-3p/FTH]1 axis plays a crucial
role in this ferroptotic cell death induced by curcume-
nol [96]. Sulforaphane (SEN), a glycoside derived from
cruciferous vegetables, has been shown to decrease the
expression of SLC7A11, a key component of the system
Xc™. This reduction suggests that the anti-tumor effects
of SFN may be attributed to the induction of ferroptosis
in SCLC cells, potentially due to the downregulation of
SLC7A11 at both mRNA and protein levels [97].

Sinapine (SI) is an alkaloid extractable from various
rapeseed and cruciferous plant species [98]. Numerous
studies have attested to its antioxidant, neuroprotec-
tive, anti-inflammatory, and anti-tumor properties [99,
100]. The p53 protein functions as a transcription fac-
tor that inhibits cell proliferation and viability, acting as
a pivotal tumor suppressor and a ferroptosis regulator
[73]. Researchers have confirmed that SI induces ferrop-
tosis in NSCLC cells through a mechanism that involves
p53-dependent downregulation of SLC7A11 and upregu-
lation of TF and TFR, ultimately leading to iron accumu-
lation and ferroptosis [101]. HO-3867, a synthetic analog
of curcumin (CUR), exhibits potent antitumor activity
against various cancer cell types. This compound induces
ferroptosis via the activation of the p53-mediated signal-
ing pathway, targeting DMT1 as its downstream effec-
tor and concurrently inhibiting the expression of GPX4
[102].

6-Gingerol, a naturally occurring phenol found in gin-
ger, exhibits anti-tumor properties by targeting ubiq-
uitin-specific protease 14 (USP14), a cysteine protease
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involved in deubiquitination that suppresses autophagy
in various cancers. By downregulating USP14, 6-Gingerol
enhances autophagosome formation, increases ROS and
iron levels, thereby reducing survival, proliferation, and
tumor size [103].

KRAS, a key lung tumor growth biomarker, presents
a viable target for NSCLC therapies [104]. Activation
of the Ras/Raf/ERK pathway is essential for cancer pro-
gression. In the caenorhabditis elegans model, realgar, a
sulfide mineral from ores, downregulates Ras expression
through the Ras/MAPK signaling pathway [105]. Fur-
ther studies reveal Realgar’s potential to inhibit KRAS-
mutated lung cancer cell growth by inducing ferroptosis
via the Raf-mediated Ras/MAPK pathway [106], posi-
tioning it as a promising anti-cancer agent, especially for
Ras mutation-targeted ferroptosis.

Curcumin, a phenolic compound from turmeric, is
recognized for promoting ferroptosis, particularly in
NSCLC, by activating autophagy. This mechanism, linked
to the maintenance of cellular iron homeostasis by fer-
ritin [107], suggests that inducing ferroptosis through
autophagy can improve NSCLC treatment outcomes
[108]. The interplay between autophagy and ferroptosis
highlights the potential of leveraging natural products for
developing multi-pathway disease treatments.

Anti-cancer immune responses: in-depth exploration
have led to the classification of NSCLC, specifically lung
squamous carcinoma (LUSC), as an "immunotherapy-
responsive disease" [109]. Mutations affecting cellular
iron levels within tumor cells have the potential to trig-
ger robust anti-tumor immune responses both in vivo
and in vitro, thereby potentially enhancing the efficacy of
immune checkpoint inhibitors [110]. Resveratrol, a phe-
nolic compound, concentrated in the peanuts, grapes,
knotweed, mulberries, has been shown to induce higher
levels of ferroptosis in H520 cells, improve the cytotoxic
effects of CD8* T cells within the tumor microenviron-
ment by modulating the HMMR/ferroptosis axis in cases
of LUSC [111]. However, in erastin-induced ferroptosis
in BEAS-2B cells, resveratrol promotes GPX4 and GSH
expression and protects BEAS-2B cells from ferroptosis
via the Nrf2/Keapl pathway [112].

To summarize, the reviewed studies demonstrate the
efficacy of 8 natural products from herbs—flavonoids,
phenols, alkaloids, terpenoids, steroids, quinones, poly-
saccharides, and glycosides—comprising 21 active ingre-
dients. These compounds modulate ferroptosis, inhibit
tumor growth, invasion, metastasis, and enhance can-
cer survival. They induce ferroptosis through mecha-
nisms like increased GPX4 ubiquitination, GPX4 and
GSH depletion, calcium channel activation leading to
calcium overload, iron metabolism enhancement, ferri-
tin autophagy initiation, Fenton reaction, mitochondrial
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membrane disruption, ROS release, and lipid peroxida-
tion. Key pathways include GPX4-related, SLC7A11-
related, VDAC-mediated, p53-mediated, Nrf2-mediated,
and NCOA4-mediated mechanisms. But it should be
noted that balancing the effects of ferroptosis-modulat-
ing drugs on cancerous versus healthy tissues remains a
significant challenge.

Acute lung injury
ALI is a critical condition that may manifest as a severe
form of ARDS or part of Multiple Organ Dysfunction
Syndrome (MODS). It’s typically marked by uncontrolled
oxidative stress, pulmonary inflammation, damage to the
alveolar and microvascular endothelia, and pulmonary
edema [113], with the potential to evolve into ARDS and
MODS. Current treatment modalities for ALI primarily
include nutritional support, mechanical ventilation, etio-
logical treatment, symptomatic relief, and maintenance
of internal homeostasis, supplemented with glucocor-
ticoid hormone, inhaled pulmonary vasodilator, nerve
muscle blocker [114, 115]. Given the high morbidity and
mortality associated with ALI there’s a pressing need for
new therapeutic approaches. Recent research highlights
that bioactive compounds from Chinese herbs and their
extracts could offer new pathways to mitigate ALI/ARDS.
Notably, increased iron accumulation has been observed
in the lungs of mice suffering from ALI. Excessive iron
promotes the generation of superoxide and induces lipid
peroxidation through the Fenton reaction, ultimately
triggering ferroptosis [66]. Ferroptosis has been impli-
cated in several models of AL including those induced
by lipopolysaccharide (LPS), intestinal ischemia/reper-
fusion (I/R), seawater drowning, fine particulate matter
(PM2.5), oleic acid, and Pseudomonas aeruginosa (PA)
[13]. We collected relevant lung injury studies and found
that inhibition of ferroptosis has a significant effect on
the treatment of ALIL

Nrf2, a key transcription factor, is essential in regulat-
ing cellular antioxidant defenses and plays a vital role in
mitigating ALI by preventing ferroptosis. Its activation
leads to a decrease in GSH depletion and an increase in
the expression of oxidative stress-related factors, includ-
ing hypoxia-inducible factor la (HIF-la) and HO-1.
This activation subsequently inhibits the accumulation
of MDA, ROS, and lipid ROS, enhances mitochondrial
structure and function, reduces ferroptosis, and alleviates
ALI [89, 116]. HIF-1a plays a crucial role in bolstering
anti-ferroptotic defenses, reducing iron accumulation,
and boosting GPX4 expression [117]. The Nrf2/HO-1
signaling pathway is pivotal in controlling cellular dam-
age caused by various factors, with its activation offering
protection against tissue and cellular damage through
diverse mechanisms [118]. SLC7A11, also known as xCT,
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alleviates oxidative stress in epithelial cells by enhancing
intracellular cystine levels, acting as a negative feedback
loop to restrain the Nrf2/HO-1 pathway, thus preserv-
ing cellular antioxidant balance [119]. Collectively, these
studies unequivocally establish that Nrf2 serves as a
major negative regulator of ferroptosis in ALI, and that
ferroptosis itself contributes to the progression of ALL
In this review, we summarize the mechanisms by which
natural products treat ALI through the regulation of fer-
roptosis, as detailed in Table 2.

Astaxanthin (AST) is a xanthophyll carotenoid belong-
ing to the terpenoids class, found in various microor-
ganisms, phytoplankton, marine animals, and seafood
[120]. Luo et al. investigated LPS-induced RAW?264.7
cells and mice with ALI and discovered that Astaxanthin
mitigated inflammatory responses, inhibited ferropto-
sis, and ameliorated lung damage through the activation
of the Keapl-Nrf2/HO-1 pathway [121]. Panax ginseng
is a well-known botanical species utilized in traditional
medicine for its detoxifying properties, blood glucose
regulation, prevention of arteriosclerosis, and potential
anti-aging effects [119, 122]. The pharmacological effi-
cacy of ginseng is primarily attributed to its polyacetylene
compounds. Panaxydol (PX) is a polyacetylene molecule
that has been extensively studied for its diverse biological
properties, including anti-fatigue, anti-tumor, and neuro-
protective effects [123—125]. In the LPS-induced mouse
lung injury model, endotoxin infection increases alveolar
capillary permeability, leading to fluid and protein leak-
age into the alveoli, which causes pulmonary edema and
lung tissue damage. These conditions show improvement
following PX intervention. Further, PX effectively miti-
gates LPS-induced ferroptosis in ALI through the Keapl-
Nrf2/HO-1 pathway, suggesting its potential as a novel
therapeutic option for ALI treatment [30]. Urolithin
A (UA) is a secondary metabolite derived from the gut
microbiome metabolism of ellagitannins and ellagic acid,
which are abundant in pomegranates, strawberries, and
various nuts [126, 127]. UA, a phenolic compound, sig-
nificantly reduced histological alterations, the wet-to-dry
lung weight ratio, and the invasion of inflammatory cells,
thereby offering protection against LPS-induced ALI in
mice. The underlying mechanism involves the activation
of the Keapl-Nrf2/HO-1 pathway, which subsequently
elevates antioxidant levels in lung tissue and reduces fer-
roptosis [128]. Obacunone (OB) is a naturally occurring
flavonoid commonly found in citrus fruits and is known
for its anti-inflammatory and antioxidant properties [129,
130]. Research demonstrated that OB significantly miti-
gated lung histopathological injury, reduced the release
of inflammatory cytokines, and decreased levels of Fe*™
and 4-HNE, by inhibiting Nrf2 ubiquitination and upreg-
ulating the Nrf2/SLC7A11/GPX4 signaling pathway,
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ultimately inhibiting iron-dependent ferroptosis and alle-
viating LPS-induced ALI [131].

Wedelolactone (Wed) is the principal active compo-
nent of Eclipta prostrata and is categorized as a lactone
[132]. Research findings indicate that Wed mitigates pan-
creatitis and associated lung damage in mouse models
induced by taurine cholate or small proteins. Specifically,
Wed inhibits cell death and ferroptosis in pancreatic
and pancreatic acinar cells by upregulating GPX4 [133].
Qingyi decoction (QYD) is a robust anti-inflammatory
agent that can improve the intestinal barrier damage
caused by SAP, microcirculatory disorders, and pul-
monary inflammatory response and has been shown to
inhibit both ferroptosis and apoptosis by enhancing the
activity of Aldehyde Dehydrogenase 2 (ALDH2). This
suggests that QYD has potential therapeutic efficacy in
treating lung injury related to severe acute pancreatitis
(SAP). Originating from the formula in "Shanghan Lun,"
as a decoction made from Chinese herbal medicine, QYD
is employed in the treatment of acute pancreatitis (AP)
patients due to its laxative, heat-clearing, and detoxify-
ing properties [134, 135]. Uncoupling Protein-2 (UCP2)
is crucial for managing ROS, maintaining redox balance,
and modulating immune responses. Research shows that
matrine, an alkaloid from Sophora flavescens, reduces
inflammation, oxidative stress, and iron buildup in lung
tissue during severe acute pancreatitis-induced acute
lung injury (SAP-ALI) by activating the UCP2/SIRT3/
PGCla pathway, highlighting matrine’s therapeutic
potential for SAP-ALI management [136].

Exposure to PM2.5 has been linked to a multitude of
respiratory diseases and was responsible for over 4.2
million deaths in 2015 [137]. Various studies have indi-
cated that PM2.5-induced lung damage is associated with
ferroptosis through multiple signaling pathways. One
such pathway, the phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt), is instrumental in regulating the
activation of Nrf2, which in turn mitigates lung injury.
Sipeimine, a steroidal alkaloid extracted from Fritillaria
roylei, possesses significant pharmacological attrib-
utes, including anti-inflammatory, antitussive, and anti-
asthmatic effects [138, 139]. The primary mechanism by
which sipeimine ameliorates PM2.5-induced ALI is pre-
dominantly through the PI3K/Akt/Nrf2 pathway. This
leads to the attenuation of ferroptosis and the restoration
of downregulated proteins involved in ferroptosis, such
as GPX4, HO-1, and SLC7A11 [140]. Tectoridin, a fla-
vonoid from the rhizome of Belamcanda chinensis, acti-
vates the Nrf2 signaling pathway to prevent ferroptosis
in lung damage [141]. Similarly, rosavin, a key glycoside
from Rhodiola plants, protects against PM2.5-induced
lung injury by activating the PI3K/Akt/Nrf2 pathway to
inhibit ferroptosis [142]. Astragaloside IV (Ast-IV), a
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principal glycosidic molecule found in astragalus, effec-
tively modulates ferroptosis and curbs iron-dependent
ROS buildup in ALI triggered by PM2.5. It accomplishes
this by specifically targeting the Nrf2/SLC7A11/GPX4
axis, showcasing a strategic approach to mitigating the
impact of ALI through ferroptosis regulation [143].

ALI resulting from lung or intestinal I/R injury has
garnered increasing scholarly attention. This condi-
tion is primarily linked to oxidative stress, inflammatory
responses, and various modes of cell death, including
the recently identified ferroptosis [144]. Ferroptosis, as
a novel cell death mode, has been found to be involved
in the development of ALI caused by intestinal I/R [145].
Hypoxia-inducible factor (HIF) is a dimeric protein com-
plex, with HIF-1a serving as its main active component.
HIF-1a targets HO-1, thereby increasing heme metabo-
lism and subsequently elevating free iron levels, which
in turn triggers ferroptosis [146, 147]. Recent research
has demonstrated that isoliquiritin apioside (IA), a nat-
ural flavonoid derived from Glycyrrhizae radix et rhi-
zoma, exerts a protective effect against ALI induced by
intestinal I/R. This protective effect is mediated through
a HIF-1a dependent mechanism that inhibits ferropto-
sis in lung epithelial cells [148]. In a study conducted by
Zhou et al, IA was found to inhibit the overexpression
of HIF-1a and HO-1 proteins, both in vivo and in vitro.
Furthermore, when IA was administered to hypoxia/
regeneration (H/R)-induced MLE-2 cells, activation of
HIF-1a led to increased levels of Ptgs2 and ACSL4, while
suppressing GPX4, which are pivotal in initiating ferrop-
tosis [148].

Hyperoxia-induced acute lung injury (HALI) is a
life-threatening condition characterized by extensive
immune cell infiltration and subsequent apoptosis of type
II alveolar epithelial cells (AECII). Salidroside, a bioactive
glycoside derived from Rhodiola rosea, has been studied
for its potential therapeutic effects on HALI Interleukin
(IL)-17A, a critical pro-inflammatory cytokine primarily
produced by Th17 cells, is implicated in various diseases,
including autoimmune disorders [149] and ALI [150].
Recent research has indicated that salidroside mitigates
HALI through IL-17A-mediated ferroptosis. In salidro-
side-treated HALI models, levels of pro-inflammatory
factors such as IL-6, TGF-f, IL-17A, and IL-17RA were
found to be reduced. Additionally, the concentration of
the ferroptosis biomarker, ferrous ion, was decreased,
while the expression of GPX4, a key enzyme in prevent-
ing ferroptosis, was elevated [151]. P38 MAPK is a key
signaling molecule implicated in both inflammation and
ferroptosis [152, 153]. Actl/TRAF6 is a conventional
signaling pathway responsible for IL-17A activation and
also serves as an upstream signal for p38 MAPK [154].
Further validation in a hyperoxia-induced KM mouse
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model revealed that salidroside alleviates HALI-associ-
ated inflammation and ferroptosis by inhibiting the Act1/
TRAF6/p38 MAPK pathway [151].

According to existing data, the incidence of ALI in
patients with sepsis is estimated to be over 40%, and a sig-
nificant percentage of these cases may progress to ARDS
[3, 155]. Ferulic acid (FA), a phenolic compound naturally
found in various plants and vegetables, has been shown
to have therapeutic potential in this context. Studies indi-
cate that ferulic acid can reduce the lung injury score
by 48%, inhibit alveolar epithelial cell ferroptosis, and
enhance alveolar epithelial barrier function through the
activation of the Nrf2/HO-1 signaling pathway in sepsis-
induced ALI [156]. Puerarin, a flavonoid monomer, has
also been investigated for its protective effects against
pulmonary damage in sepsis. Specifically, puerarin was
found to suppress both ferroptosis and the inflamma-
tory burst in lung damage induced by sepsis. This was
achieved in LPS-induced A549 cells by activating the
SLC7A11/GPX4 axis and upregulating FTH1 expression
[157]. Paraquat (PQ) poisoning is known to induce ALI
and PFE, both of which are associated with high mortal-
ity rates and limited therapeutic options [158]. Research
indicates that the progressive inflammatory responses
and lung fibrosis resulting from PQ poisoning are linked
to excessive production of ROS through redox cycling
[159]. Tripterygium wilfordii Hook.f. (TWHF), a member
of the celastraceae family commonly known as lei gong
teng in China, primarily contains terpenoids as its active
substances [160]. Studies have demonstrated the poten-
tial efficacy of TwHF in treating PQ-induced lung fibro-
sis. Further investigations revealed that ferroptosis plays
a role in the pathogenesis of PQ poisoning, and TwHF
treatment was shown to inhibit the progression of pul-
monary ferroptosis via modulation of the Keapl/Nrf2/
HO-1 pathway [161]. Proanthocyanidins (PAs), a class
of bioactive flavonoids derived from Carthamus tincto-
rius L, have been shown to protect against ALI induced
by Influenza A virus (IAV) and HIN1 through the inhi-
bition of the TGF-B1/Smad signaling pathway. Moreover,
PAs were found to suppress IFN-y-induced ferroptosis,
leading to the amelioration of ALIL This was evidenced
by a reduction in MDA and ACSL4 levels, along with
an upregulation of GSH, GPX4, and SLC7A11 expres-
sion [162]. Naringenin, a flavonoid primarily found in
fruits like grapefruit and oranges, as well as in vegetables,
possesses a range of bioactive properties, including anti-
cancer, anti-inflammatory, antioxidant, anti-proliferative,
anti-atherosclerotic, and anti-ferroptotic effects [163].
Extensive research has shown that naringenin protects
against silver nanoparticles (AgNPs)-induced pulmonary
damage by upregulating the Nrf2/HO-1 signaling path-
way [164].
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To summarize, these studies collectively demonstrate
that 7 natural products extracted from herbs, including
flavonoids, phenols, alkaloids, terpenoids, polyacetylenes,
glycosides, and lactones, with their 17 active ingredi-
ents, inhibit ALI caused by a variety of factors, including
LPS, IAV, AgNPs, PQ, hyperoxia, intestinal I/R, SAP, and
PM2.5. These natural products predominantly modu-
late the alveolar capillary permeability within the lung
tissue, mitigate damage to alveolar epithelial and pul-
monary capillary endothelial cells, alleviate pulmonary
edema, and attenuate inflammatory responses and oxida-
tive stress. Furthermore, they inhibit lipid peroxidation,
curtail iron accumulation, and suppress the induction
of ferroptosis, contributing to an enhanced pulmonary
function and structural integrity. They primarily regulate
the Nrf2/HO-1 and SLC7A11/GPX4 signaling pathways.
Additionally, they also affect related signaling pathways,
including PI3K/AKT, UCP2/SIRT3/PGCla, Act/TRAF6/
P38MAPK, and TGF-B/Smad. These pathways addi-
tionally regulate crucial targets of ferroptosis, including
GPX4, ACSL4, SLC7A11, FTH1, FTL, and TER, which
ultimately inhibit ferroptosis and ameliorate ALL

Chronic obstructive pulmonary disease

COPD, featured with chronic airway inflammation and
airflow limitation often linked to smoke, dust, and toxic
fumes [165], ranks as the fourth leading cause of death
worldwide, yet current treatments are not fully effec-
tive [166]. Research indicates that cigarette smoke (CS)
exacerbates COPD progression by promoting excessive
cellular iron accumulation, facilitating ferroptosis [167].
The use of ferroptosis inhibitors, such as deferoxamine
and ferrostatin-1 (Fer-1), shows promise in counter-
ing CS-induced ferroptosis in bronchial epithelial cells
[168], highlighting an area needing further exploration.
Among natural products, curcumin (CUR), a polyphe-
nolic compound from turmeric, has been shown to alle-
viate ferroptosis by upregulating of the SLC7A11/GPX4
axis and FTH1, downregulating TFR expression, thereby
ameliorating lung epithelial cell injury and inflamma-
tion induced by CS [165]. Dihydroquercetin (DHQ), a
flavonoid, has shown potential in mitigating ferroptosis
in COPD by modulating iron transport and activating
Nrf2-dependent pathways [17]. Wang et al. reported that
the combination of Tongxinluo (TXL) and atorvastatin
elevated the levels of GPX4 and ferroptosis suppressor
protein 1 (FSP1), while reducing the levels of ACSL4.
This led to a decrease in LPO and other key ferroptotic
processes by modulating unsaturated fatty acid metabo-
lism, thereby offering a therapeutic approach for COPD
complicated with atherosclerosis [31]. Scutellarein is a
flavonoid compound derived from plants such as Scutel-
laria altissima L, S.baicalensis Georgi, S. Barbara D. Don.
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Liu et al. found that scutellarin prevented RSL3-induced
ferroptosis and mitochondrial damage in BEAS-2B cells
and alleviated LPS/CS-induced COPD in mice. Mecha-
nistically, scutellarein directly chelates Fe** and inter-
acts with ALOX15 to reduce lipid peroxidation, reverse
GPX4 downregulation, and block Nrf2/HO-1 and JNK/
p38 pathway overactivation [169]. According to existing
research, the main effect of this intervention is the sup-
pression of ferroptosis, leading to enhanced mitigation of
chronic inflammation and airway constriction in individ-
uals with COPD. This is realized through the up-regula-
tion of the SLC7A11/GPX4 axis and FTHI, coupled with
the down-regulation of TFR1, and the attenuation of the
Nrf2/HO-1 pathway, as delineated in Table 3. The explo-
ration of natural products with ferroptosis-inhibitory
properties presents a novel avenue for the development
of new therapeutics for COPD.

Asthma

Asthma is a chronic respiratory disease characterized by
persistent inflammation in the airways, leading to symp-
toms such as wheezing, coughing, chest tightness, and
shortness of breath [170]. It is estimated that approxi-
mately 300 million people worldwide suffer from asthma,
with projections suggesting an additional 100 million will
be affected by 2025 [171]. At present, asthma treatment
mainly uses bronchodilators, hormones, and theophyl-
line. During the acute attack period, hormone drugs such
as albuterol bronchodilator, aminophylline, and pred-
nisone can be used to relieve airway spasm. During the
remission period, guidelines recommend that LABA or
SABA combined with ICS can be used to improve symp-
toms and reduce the number of attacks [172]. Ryu et al.
demonstrated that fermented and aged ginseng sprouts
(FAGS) and compound K (CK) ameliorated various
asthmatic markers, including Th2 cytokine production,
IgE synthesis, mast cell activation, goblet cell hyperpla-
sia, airway hyperresponsiveness, and inflammation, in
a mouse model of allergic asthma. These effects were
attributed to the inhibition of inflammatory responses
and ferroptosis [173]. Quercetin (QCT), a widely occur-
ring natural flavonoid, has been shown to possess anti-
inflammatory and ferroptosis-inhibitory properties
across various pathological conditions. In vitro studies
have revealed that QCT mitigates LPS-induced ferrop-
tosis by enhancing cell viability and upregulating the
expression of antioxidant proteins involved in ferrop-
tosis, specifically SLC7A11 and GPX4. Moreover, in the
context of neutrophilic asthma-associated airway inflam-
mation, ferroptosis was observed in conjunction with an
elevated M1 phenotype. QCT was found to suppress fer-
roptosis in both cellular and animal models by inhibiting
the pro-inflammatory M1 profile [174]. In conclusion,
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the current approach to mitigating ferroptosis in asthma
mostly involves the inhibition of M1 polarization and
inflammation. The key targets for regulating ferroptosis
are SLC7A11 and GPX4 (see Table 3).

Pulmonary fibrosis

PF is a chronic progressive interstitial lung disease
characterized by myofibroblast proliferation [175]. The
pathogenesis of PF involves both adaptive and innate
immune responses, inflammation, injury to epithelial
and endothelial cells, epithelial-mesenchymal transition
(EMT), and apoptosis [73]. Currently, the clinical treat-
ment of pulmonary fibrosis primarily involves the use
of glucocorticoids, immunosuppressants, anti-fibrotic
drugs, lung transplantation, and palliative care [176].
However, these treatments do not stop the progression of
the disease and do not offer a cure, highlighting the need
for the development of new drugs that are safer and more
effective. Recent studies have indicated that ferroptosis in
lung tissue contributes to the development of PF. Notably,
several natural products have demonstrated protective
effects against PF. Dihydroquercetin (DHQ), a flavonoid
compound, has been shown to inhibit ferroptosis and
ameliorate inflammation and silica-induced PF in mice.
Further in vitro studies corroborate the protective effect
of DHQ, indicating its role in attenuating silica-induced
PF by impeding ferritinophagy-induced ferroptosis in
human bronchial epithelial cells (HBECs). This effect is
characterized by the activation of NCOA4, downregu-
lation of microtubule-associated protein 1A/1B-light
chain 3 (LC3), and upregulation of FTH1 [177]. Tuber-
ostemonine, an alkaloid derived from Stemona, exhibits
inhibitory effects on ferroptosis in a model of bleomycin-
induced PF in mice. This inhibition is associated with
the upregulation of SLC7A11, GPX4, and GSH and the
reduction of iron accumulation and ROS [178]. From the
outlined studies, it is evident that natural products miti-
gate ferroptosis predominantly by modulating ferritin
autophagy and the SLC7A11/GPX4 axis, contributing
to the amelioration of PF (see Table 3). To elucidate the
therapeutic potential of natural products in treating PF,
further investigations, encompassing both clinical evalu-
ations and foundational research, are essential, with a
particular emphasis on elucidating the role of ferroptosis
in this context.

Lung ischemia-reperfusion injury

Lung ischemia-reperfusion injury (LIRI) is a pathologi-
cal condition that occurs when the lungs experience a
period of insufficient oxygen supply followed by reperfu-
sion [179]. This condition, which can develop after lung
transplantation or ischemia in distant organs [180]. LIRI
typically manifests in various clinical scenarios, such
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as cardiac arrest, shock, trauma, pulmonary thrombo-
sis, lung transplantation, and extracorporeal circulation
surgery [181]. During LIRI, a surge in reactive oxygen
species and pro-inflammatory cytokines can occur, dam-
aging alveolar epithelial cells and the endothelial barrier,
leading to pulmonary edema and impaired alveolar gas
exchange [182, 183]. New evidence suggests that tissue/
cell damage caused by ischemia-reperfusion involves
oxidative stress [184] and ferroptosis [185]. Given the
high mortality rate associated with LIRI and the lack of
effective treatment strategies, there is an urgent need
to develop new drugs that can mitigate the pathologi-
cal features of LIRI [186]. Tanshinone ITA (Tan ITA), an
active compound in Salvia miltiorrhiza and a type of
quinone [186], has been studied recently. Rui Zhang’s
research demonstrated that Tan IIA significantly inhib-
ited the decrease in GPX4, SLC7A1l, and GSH levels
and the increase in Ptgs2 and MDA expression induced
by I/R in mice, suggesting that Tan IIA can ameliorate
lung ferroptosis caused by I/R injury. The study also uti-
lized LY294002, a PI3K/Akt inhibitor, to further inves-
tigate this effect, finding that LY294002 reversed the
ferroptosis-inhibitory effect of Tan IIA [187]. Salidro-
side, a glycoside derived from Rhodiola rosea, exhibits
anti-inflammatory and antioxidant properties. Research
shows that salidroside effectively reduces LPO and iron
overload while enhancing the expression of ferropto-
sis-related proteins Nrf2, SLC7A11, and GPX4 in mice
with LIRI. Additional studies using Nrf2 knockout mice
and lung epithelial cell models have confirmed salidro-
side’s ability to inhibit ferroptosis, thereby ameliorat-
ing LIRI [188]. According to existing research, the Nrf2/
SLC7A11/GPX4 axis is involved in regulating ferroptosis
in LIRI (Table 3).

Pulmonary hypertension

Pulmonary hypertension (PH) is a clinical and patho-
physiological syndrome characterized by changes in
pulmonary vascular structure or function, leading to
increased pulmonary vascular resistance and pulmonary
arterial pressure. The global prevalence of PH is esti-
mated at approximately 1% and may rise to over 10% in
individuals aged 65 years and above [189]. Currently, the
primary clinical treatments for PH include basic therapy,
specific treatments, surgical interventions, and targeted
combination therapy [190]. However, there are relatively
few studies on the role of ferroptosis in pulmonary hyper-
tension. Monocrotaline (MCT), an alkaloid derived from
Crotalaria pallida Ait, is an inducer of pulmonary hyper-
tension that closely resembles human PH [191]. Research
by Lan’s team found that MCT can induce ferroptosis in
pulmonary artery endothelial cells (PAECs), and the use
of ferroptosis inhibitors significantly reverses this effect

Page 21 of 33

[192, 193]. Astragaloside IV, a natural product, obstructs
monocrotaline -induced pulmonary arterial hyperten-
sion by improving inflammation and pulmonary artery
remodeling [194], but its specific mechanism of action
remains unclear. Notably, studies have shown that Astra-
galoside IV can modulate ferroptosis and alleviate various
diseases. It regulates the ferroptosis signaling pathway via
the Nrf2/SLC7A11/GPX4 axis, thereby inhibiting PM2.5-
mediated lung injury in mice [143]. Astragaloside IV also
mitigates cerebral ischemia—reperfusion injury through
inhibition of the P62/Keap1/Nrf2 pathway-mediated fer-
roptosis [195]. Additionally, grape seed proanthocyanidin
reduces inflammation and reverses pulmonary vascular
remodeling in monocrotaline-induced pulmonary arte-
rial hypertension [196, 197]. Such discoveries provide a
theoretical basis and new perspectives for researchers to
explore the treatment of pulmonary hypertension with
natural products by regulating ferroptosis.

Discussion

Ferroptosis, a unique form of cell death, is implicated
in various diseases, yet its molecular intricacies remain
partly elusive, highlighting the need for more research.
Insights so far are largely derived from basic research,
including in vitro and in vivo studies. The variable
absorption, effects, and metabolism of natural products
in different species pose challenges for their clinical
development as drugs. The extensive time required to
secure research support and conduct clinical trials fur-
ther complicates the translation of natural products into
therapeutic agents. Modern drug research demands
the use of sophisticated techniques such as liquid chro-
matography-mass spectrometry, metabolomics, phar-
macokinetics, and data mining, along with behavioral,
toxicological, molecular biology, and genomic testing
[198-200], offering both opportunities and obstacles in
advancing natural products from the laboratory to the
clinic.

According to the FDA data, 70% of the 1562 new drugs
approved between 1981 and 2014 have natural origins
[201], and about one-third of drugs over the past 20 years
are based on natural products and their derivatives [202].
These figures underscore the safety and effectiveness
of natural products, though their toxic side effects and
interactions still require careful consideration. For exam-
ple, studies have shown that curcumin exhibits cytotoxic
effects in vascular smooth muscle cells (VSMCs), inhibit-
ing cell proliferation at a dosage of 5 uM and inducing cell
senescence and apoptosis when the dosage exceeds 5 tM
[203]. However, a phase Ila open-label randomized con-
trolled trial with colorectal cancer patients receiving 2 g
of curcumin orally daily for 6 months reported no signifi-
cant side effects, highlighting curcumin’s clinical safety
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[204]. Similarly, a phase 1 study found Atuna racemosa
extract effective against methicillin-resistant Staphylo-
coccus aureus (MRSA) with minimal side effects [205].
In contrast, camptothecin and its derivatives, while effec-
tive against tumors, have multiple side effects like diar-
rhea, fatigue, bone marrow suppression, and nausea [206,
207], necessitating methods to mitigate these effects. The
interaction of natural products, including synergistic and
antagonistic effects, can alter pharmacological activity
and side effects [208, 209]. This concept aligns with the
seven-emotion compatibility theory in TCM. The devel-
opment of TCM and modern medicine is interactive and
integrated, yet studies on interactions between natural
products are limited, urging researchers to employ mul-
tidisciplinary and modern scientific approaches. In sum-
mary, while natural products have generally been shown
to be safe and tolerable in various studies and clini-
cal trials, the safety and side effects of natural products
are issues that require thorough research and careful
consideration.

Clinical research on targeting ferroptosis in disease
treatment is limited, with ongoing studies primarily in
clinical trials. A notable double-blind trial demonstrated
that curcumin or nanocurcumin significantly outper-
formed a placebo in anti-inflammatory and antioxidant
effects [210]. Similarly, a study on sepsis revealed cur-
cumin’s ability to decrease serum inflammatory mark-
ers (IL-6, IL-18), oxidative stress indicator MDA, and
increase antioxidants like Nrf2, catalase, and SOD, impli-
cating its potential to target ferroptosis-related lipid
peroxidation in clinical settings [211]. Between May 22,
2015, and March 12, 2018, in a randomized, open-label,
noninferiority phase 3 trial, Nanoparticle albumin-bound
(nab-)paclitaxel (100 mg/m2) on days 1, 8, and 15 of a
21-day cycle, were applied for patients with advanced
NSCLC previously treated with cytotoxic chemotherapy.
After nab-paclitaxel intervention, the patient’s immune
response and toxic side effects were reduced, the over-
all survival rate was increased, and the activity against
solid tumors was enhanced [212]. Additionally, research
on ferroptosis-related lincRNA for lung adenocarcinoma
risk stratification suggests new avenues for treating drug-
resistant lung cancer [213]. Further validation in larger
populations is needed to confirm these findings’ gener-
alizability and stability. Combining natural products with
nano-delivery systems and ferroptosis-related lincRNA
opens a new way to treat drug-resistant patients, espe-
cially lung cancer in the future.

In recent years, many ferroptosis-related inducers and
inhibitors have been identified, such as ML162, RSL3,
FIN56, and FINO2, which are GPX4 inhibitors. These
agents contribute to a reduction in GSH synthesis and an
increase in lipid peroxidation [214]. Natural products as
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ferroptosis inhibitors or inducers are a potential area for
clinical drug development. For instance, bufotalin, a nat-
ural small molecule, acts as a promising GPX4 inhibitor,
facilitating GPX4 ubiquitination and increasing intracel-
lular Fe** levels and lipid peroxidation, thereby promot-
ing ferroptosis and inhibiting lung cancer. Curcumin,
conversely, acts in opposition to the ferroptosis inhibitor
Fer-1, promoting ferroptosis and inhibiting the prolifera-
tion of A549 and H1299 cells [108]. These studies open
up new avenues for research, specifically in identifying
natural compounds from TCM as potential ferropto-
sis inducers or inhibitors. Another example is erastin, a
well-known inducer of ferroptosis; resveratrol has been
reported to inhibit erastin-induced ferroptosis via the
Nrf2/Keapl pathway [112]. The Nrf2/Keapl signaling
pathway is a crucial anti-inflammatory and antioxidant
pathway, targeted by many natural products [215]. Dime-
thyl fumarate, initially used to treat psoriasis, was later
discovered to be an inducer of the Nrf2/Keapl pathway.
Subsequent studies have employed it in treating multiple
sclerosis, autism, and other multi-system diseases [216,
217]. Since most respiratory diseases involve inflamma-
tion and oxidative reactions, developing more natural
products as Nrf2/Keapl pathway inducers for lung dis-
ease treatment is promising. This approach offers a new
perspective for future research on natural products in
treating respiratory diseases. We anticipate the discovery
of more such inducers or inhibitors that act on multiple
targets and pathways to achieve therapeutic effects.
Epigenetic modifications and post-translational modi-
fications (PTM) are crucial regulatory mechanisms in
cellular development and function, influencing gene
expression and protein behavior without altering the
DNA sequence. Epigenetically, the control of p53 has
been shown to regulate the expression of SLC7All,
impacting ferroptosis [65]. Ubiquitination, a PTM pro-
cess, plays a key role in the degradation of proteins,
including those related to ferroptosis. Research has iden-
tified that natural compounds like Bufotalin and Sangui-
narine can induce GPX4 ubiquitination and degradation,
promoting ferroptosis and hindering NSCLC progression
[32, 81]. Similarly, 6-Gingerol has been found to inhibit
USP14 ubiquitination, enhancing ferritin autophagy and
ferroptosis to suppress tumor growth [103]. Additionally,
phosphorylation, another PTM type, has been reported
to increase LIP and ferroptosis sensitivity, slowing lung
adenocarcinoma development [218]. Thus, targeting the
epigenetic and PTM pathways of ferroptosis using natu-
ral products presents a promising strategy for treating
lung cancer and potentially other respiratory diseases.
Indeed, current research on the relationship between
natural products and ferroptosis, particularly in the con-
text of lung diseases, is limited, leaving a significant scope
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Fig. 3 Classification of natural products in targeting ferroptosis in respiratory conditions. Diseases including lung cancer, ALI, COPD, asthma, PF, LIRI
and PH. Flavonoids, phenols, alkaloids, terpenoids, steroids, quinones, polysaccharides, polyacetylenes, glycosides, and lactones are 10 categories
of natural products, each contributing to the diverse and complex array of biochemical compounds derived from nature

for exploration, including negative findings. The theo-
ries of TCM, such as the balance of yin and yang, the five
elements, qi, blood and body fluids, and the concepts of
defending qi and nourishing blood, form the bedrock of
TCM’s approach to diagnosis and treatment. TCM also
emphasizes harmony between humans and nature, holis-
tic concepts, syndrome differentiation and treatment,
and the rationale behind prescriptions. There is a growing
trend of integrating TCM theories with modern scien-
tific approaches. Modern medical experiments and clini-
cal research are increasingly being employed to validate
the scientific basis of disease diagnosis and treatment

as guided by TCM principles. Moreover, modern tech-
nologies like chemical composition analysis, efficacy
evaluation, and drug synthesis are crucial in verifying the
mechanisms of action, safety, effective dosage, and poten-
tial toxic and side effects of Chinese herbal medicines,
including their extracts and active ingredients. Guided
by the theories of both traditional Chinese and Western
medicine, and augmented by technical advancements in
natural product screening, extraction methods, molecu-
lar modeling, computational chemistry, high-throughput
screening (HTS), drug design and chemical synthesis, as
well as pharmacokinetics and pharmacodynamics studies
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(PK/PD), a comprehensive approach is emerging for new
drug research and development [208, 219, 220]. However,
due to the conceptual and methodological differences
between TCM and modern medicine, fully integrat-
ing these two approaches necessitates more in-depth
research and exploration.

Conclusions

In summary, our review compiles information on 43
natural products that modulate ferroptosis for treat-
ing respiratory diseases, including lung cancer, Acute
Lung Injury (ALI), Chronic Obstructive Pulmonary Dis-
ease (COPD), Pulmonary Fibrosis (PF), asthma, Lung
Ischemia—Reperfusion Injury (LIRI), and Pulmonary
Hypertension (PH). This compilation primarily encom-
passes the sources and classifications of these natural
products, their principal mechanisms or targets in regu-
lating ferroptosis, and their specific effects. The associ-
ated respiratory diseases and classifications of the natural
products are illustrated in Fig. 3. Presently, the natural
products we have identified that act on ferroptosis are
primarily categorized into ten groups: flavonoids, phe-
nols, alkaloids, terpenoids, steroids, quinones, polysac-
charides, polyacetylenes, glycosides, and lactones. The
field of ferroptosis research is advancing swiftly, pre-
senting both promising opportunities and consider-
able challenges. This review elucidates factors such as
unstable iron accumulation, elevated lipid peroxidation,
inhibition of GPX4, impairment of system Xc—, deple-
tion of GSH, ferritin autophagy, the Fenton reaction, and
increased ROS are primary contributors to ferroptosis
in respiratory diseases. Moreover, key pathways and tar-
gets involved include the Keapl/Nrf2/HO-1 signaling
pathway, the P53/SLC7A11 axis, the Nrf2/SLC7A11/
GPX4 axis, TFR1, NCOA4, ACSL4, VDAC2/3, LVDCC,
and USP14. These relevant targets and markers play a
pivotal role in mitigating ferroptosis to improve respira-
tory conditions. The natural products discussed mainly
exhibit antioxidant, anti-inflammatory, anti-tumor, and
immunomodulatory effects, among others. Some have
been shown to act on specific biomolecules like enzymes,
receptors, or cell membrane channels, influencing cell
signaling, metabolic pathways, or gene expression. Future
research should leverage multidisciplinary approaches,
including the study of ferroptosis-related biomarkers
and signaling pathways, the application of nanotechnol-
ogy and mitochondrial targeting, and the use of modern
drug extraction techniques. The goal is to develop safer
and more effective drugs or diagnostic products derived
from natural products for the diagnosis, examination,
treatment, and prognosis of clinical diseases. While the
effects of certain natural products on ferroptosis have
been identified, the intricate molecular mechanisms
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behind many others still require extensive investigation.
This review seeks to lay the groundwork for a deeper
understanding of the regulation of ferroptosis by natural
products in respiratory disease treatment. It is our hope
that this contribution will spark further research and pro-
vide foundational guidance for the clinical use of TCM in
managing various respiratory ailments.
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