
REVIEW ARTICLE OPEN

Ferroptosis: a potential bridge linking gut microbiota and
chronic kidney disease
Zi-Hui Mao1,2,3,4, Zhong-Xiuzi Gao 1,2,3,4, Shao-Kang Pan1,2,3,4, Dong-Wei Liu 1,2,3,4, Zhang-Suo Liu 1,2,3,4✉ and Peng Wu 1,2,3,4✉

© The Author(s) 2024

Ferroptosis is a novel form of lipid peroxidation-driven, iron-dependent programmed cell death. Various metabolic pathways,
including those involved in lipid and iron metabolism, contribute to ferroptosis regulation. The gut microbiota not only supplies
nutrients and energy to the host, but also plays a crucial role in immune modulation and metabolic balance. In this review, we
explore the metabolic pathways associated with ferroptosis and the impact of the gut microbiota on host metabolism. We
subsequently summarize recent studies on the influence and regulation of ferroptosis by the gut microbiota and discuss potential
mechanisms through which the gut microbiota affects ferroptosis. Additionally, we conduct a bibliometric analysis of the
relationship between the gut microbiota and ferroptosis in the context of chronic kidney disease. This analysis can provide new
insights into the current research status and future of ferroptosis and the gut microbiota.
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FACTS

1. Ferroptosis is a novel form of iron-dependent, lipid
peroxidation-driven programmed cell death.

2. Ferroptosis is regulated by various metabolic pathways,
particularly those involved in iron and lipid metabolism.

3. The gut microbiota plays a crucial role in maintaining the
metabolic balance of the host.

4. The gut microbiota is associated with ferroptosis in various
organs, tissues, and diseases.

OPEN QUESTIONS

1. What potential connections exist between ferroptosis and
the gut microbiota?

2. How does the gut microbiota regulate ferroptosis?
3. Can targeting the gut microbiota become a therapeutic

strategy to alleviate ferroptosis-related diseases?

INTRODUCTION
Ferroptosis is a distinct form of cell death characterized by iron-
dependent, lipid peroxidation-driven, and accumulation of reac-
tive oxygen species (ROS) [1]. This concept was initially proposed
by Dr. Brent R Stockwell in 2012. Ferroptosis is directly influenced
by the transport of cystine, the activity of glutathione peroxidase 4

(GPX4), the reduction of Fe, and the Fenton reaction. Cystine is
transported across the membrane via system Xc-, where it is
converted to cysteine and forms reduced glutathione (GSH) in
conjunction with glutamic acid and glycine. The conversion of
GSH to oxidized glutathione catalyzed by GPX4 coincides with a
decrease in polyunsaturated fatty acid (PUFA)-O-OH. PUFA-O-OH
then reacts with Fe2+ to generate ROS. GSH depletion, reduced
GPX4 activity, and decreased cellular antioxidant capacity
collectively lead to lipid peroxidation and ROS accumulation,
ultimately resulting in ferroptosis. Therefore, ferroptosis is closely
associated with the metabolism of lipids, iron, and mercaptans,
and is triggered in cells with dysregulated redox metabolism [2].
The gut microbiota is a significant “organ” of the human body

and plays a crucial role in human health. The microbiota that
colonizes the mammalian gut gradually establishes a balanced
symbiotic relationship during host development, resulting in a
mutually beneficial correlation [3]. Disruption of the intestinal
mucosal barrier, alterations in the microbiota, and microbial
translocation lead to systemic inflammation, further impacting the
host’s immune and metabolic homeostasis [4]. The gut microbiota
influences the host’s inflammatory state and immune system,
which in turn affects the prognosis of disease. Moreover, the
intestinal microbiota contributes to the progression of host
diseases through its metabolites, including short chain fatty acids
(SCFAs), bile acids, tryptophan, branched-chain amino acids, and
uremic toxins [5]. With the development of research, attention has
gradually been given to whether the gut microbiota has the ability
to regulate ferroptosis. The gut microbiota plays a regulatory role
in ferroptosis through its microbial composition and metabolites,
with different microbiota having varying effects on ferroptosis [6].
Pathogenic bacteria tend to promote ferroptosis and aggravate
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disease progression, while probiotics can prevent ferroptosis and
alleviate disease progression [7]. However, it is important to note
that the promotion or inhibition of ferroptosis may have different
implications for tumor diseases and their progression. Hence,
further exploration of the impact of the gut microbiota on
ferroptosis will help us gain a deeper understanding of the
mechanisms underlying disease occurrence and progression, as
well as strategies to delay ferroptosis.
Chronic kidney disease (CKD) is a prevalent chronic progressive

disease characterized by abnormal kidney structure and dysfunc-
tion resulting from various underlying conditions. The global
prevalence of CKD is growing rapidly, leading to an increased risk
of cardiovascular events, renal failure, and mortality [8]. As an
organ responsible for metabolite excretion and reabsorption, the
kidney is highly susceptible to disruptions in the redox balance.
When intracellular iron accumulation and the redox system
become imbalanced, excessive production of lipid peroxides will
occur, ultimately inducing ferroptosis. Additionally, CKD is
associated with lipid metabolism disorders and lipid accumulation.
The buildup of lipids can activate the innate immune system,
promote inflammatory fibrosis, trigger mitochondrial and kidney
cell damage, and drive the progression of CKD [9]. Furthermore,
the gut microbiota and its metabolites present intriguing
therapeutic targets for delaying CKD progression and reducing
uremic toxicity [10]. Evidently, the gut microbiota affects
ferroptosis by regulating iron metabolism and related metabolites,
and ferroptosis plays a crucial role in the progression of CKD. The
progression of CKD leads to more severe dysbiosis, resulting in
higher levels of ferroptosis, thus forming a vicious cycle and
posing serious health risks. By comprehensively studying the
relationship among ferroptosis, the gut microbiota, and CKD, new
insights may be gained for effective personalized intervention
strategies such as tailored diets and microbial interventions. This
review explores the impact of the gut microbiota on ferroptosis

and its underlying mechanisms from a metabolic perspective. In
addition, we conduct a bibliometric analysis of studies investigat-
ing the relationship among ferroptosis, the gut microbiota, and
CKD, aiming to provide a more comprehensive and in-depth
understanding of the mechanisms of CKD progression and
potential therapeutic approaches for associated complications.

KEY FERROPTOSIS-RELATED METABOLIC PATHWAYS
In reviewing the significant advancements in ferroptosis over the
past decade, Stockwell comprehensively summarized the mechan-
isms and biological importance of ferroptosis in the domains of
cell metabolism, ROS, and iron regulation [11]. Ferroptosis
sensitivity is closely linked to various biological processes,
including amino acid metabolism, iron metabolism, PUFA
metabolism, GSH synthesis, and phospholipid (PL) synthesis. The
key points of ferroptosis regulation are cystine transport, fatty acid
synthesis, and iron transport. Moreover, several metabolic path-
ways are involved in the regulation of ferroptosis. Therefore, it is
necessary to elucidate the principal metabolic pathways asso-
ciated with ferroptosis, such as lipid metabolism, iron metabolism,
and amino acid metabolism pathways (Fig. 1).

Lipid metabolism
Lipid metabolism plays a pivotal role in modulating ferroptosis by
regulating PL peroxidation. While lipid peroxide substrates and
oxidants that drive ferroptosis are generated during normal cell
metabolism, only specific lipids that are activated and incorporated
into membrane lipids ultimately induce ferroptosis [11]. Lipid
peroxidation at the membrane can disrupt the ion balance and
increase membrane permeabilization [12]. The composition of PLs is
controlled by lipid metabolism through the regulation of fatty acid
supply(especially PUFAs) and remodeling of PLs synthesis, which in
turn affects cell susceptibility to ferroptosis [13]. Acyl-coenzyme A

Fig. 1 Key ferroptosis-related metabolic pathways. Ferroptosis is driven by iron-dependent lipid peroxidation, and ferroptosis sensitivity is
intricately linked to iron metabolism, PUFA metabolism, and GSH synthesis. Iron metabolism encompasses processes such as iron absorption,
transport, storage, and utilization. Lipid metabolism plays a crucial role in driving ferroptosis by regulating PUFA supply and PL synthesis,
thereby activating the peroxidation of specific lipids that are incorporated into membrane lipids. The classical ferroptosis-suppressing
pathway involves the uptake of Cys-Cys and the synthesis of GSH. GPX4 reduces PUFA peroxidation while simultaneously converting GSH to
oxidized glutathione. FPN Ferroportin, TF Transferrin, TFR1 Transferrin receptor 1, LIP Labile iron pool, STEAP3 Six-Transmembrane Epithelial
Antigen of Prostate 3, DMT1 Divalentmetal-iontransporter-1, NCOA4 Nuclear receptor coactivator 4, PUFA polyunsaturated fatty acid, ACSL4
Acyl- coenzyme A synthetase long-chain family 4, PUFA-CoA Coenzyme A-activated polyunsaturated fatty acid, LPCAT3 lysophosphatidylcho-
line acyltransferase 3, PUFA-PL polyunsaturated fatty acid-containing phospholipid, POR cytochrome P450 oxidoreductase, LOXs
lipoxygenases, GSH reduced glutathione, GSSH oxidized glutathione, GPX4 glutathione peroxidase 4, Cys-Cys Cystine, Cys cysteine, Glu
glutamate, Gly glycine, FSP1 ferroptosis suppressor protein 1, CoQ10 ubiquinone, CoQ10H2 ubiquinol, DHODH dihydroorotate
dehydrogenase, GCH1 GTP cyclohydrolase 1, BH4 tetrahydrobiopterin.
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synthetase long-chain family (ACSL) 4 and lysophosphatidylcholine
acyltransferase 3 are critical for ferroptosis because they promote
the activation and incorporation of PUFAs into membrane lipids. The
conversion of fatty acids to acyl-coenzyme A (CoA) esters is a crucial
regulatory step in ferroptosis [14–16]. Remodeling lipid metabolism,
particularly the redistribution of oxidizable PUFAs, leads to increased
lipid peroxidation and induces ferroptosis in tumors [17]. Similarly,
removal of the oxidized-PUFA tails on PLs can suppress ferroptosis
[18]. In contrast to PUFAs, exogenous monounsaturated fatty acids
effectively limit lipid peroxidation and block ferroptosis under
ACSL3-dependent conditions [19].
In addition to oxidants that induce lipid peroxidation, inhibitors

that prevent lipid peroxidation are also produced during normal
metabolism. Among these inhibitors, GPX4 plays a central role in
ferroptosis regulation, and GSH, which prevents oxidative stress
caused by oxidants such as hydrogen peroxide, can restrain the
accumulation of lipid ROS. The depletion of GSH increases the
susceptibility of cells to ferroptosis, while GSH synthesis confers
resistance to ferroptosis [20, 21]. Mechanisms that modulate the
degradation of GPX4 also participate in regulating ferroptosis
sensitivity. Both ferroptosis-inducer-56 and chaperone-mediated
autophagy facilitate ferroptosis by inducing the degradation of
GPX4 [22]. Additionally, there are other systems independent of
GPX4 that regulate ferroptosis, such as ferroptosis suppressor
protein 1 (FSP1)/ubiquinone (CoQ10) [23], dihydroorotate dehy-
drogenase (DHODH) [24], GTP cyclohydrolase-1 (GCH1)/tetrahy-
drobiopterin (BH4) [25], and amino acid oxidase interleukin-4-
induced-1/indole-3-pyruvate [26]. Cholesterol, as a major compo-
nent of the cell membrane, is involved in the synthesis of CoQ10
through an intermediate (isopentenyl pyrophosphate) in its
synthesis pathway, thereby influencing ferroptosis. Furthermore,
isopentenyl pyrophosphate can be utilized by a selenium protein
to regulate GPX4 synthesis and increase ferroptosis sensitivity [27].
In summary, lipid peroxidation and disrupted lipid metabolism
exacerbate ferroptosis, affecting disease progression and prog-
nosis. A deeper understanding the mechanism of lipid metabolism
in ferroptosis is of great significance for the development of new
treatment strategies and preventive measures.

Iron metabolism
Membrane lipid peroxidation with PUFA tails requires the
involvement of the labile iron pool, which accelerates the Fenton
reaction (Fe2++ HOOH→Fe3++OH−+OH˙), as well as iron-
dependent enzymes such as lipoxygenase and cytochrome P450
oxidoreductase [28]. Therefore, iron metabolism is significantly
important for the regulation of ferroptosis. Ferritin, an essential
iron-storage protein, chelates free iron into Fe3+ to prevent the
Fenton reaction. Transferrin and ferroportin (FPN) are responsible
for iron transport. The cellular abundance of iron, and hence the
sensitivity to ferroptosis, is determined by the availability of
ferritin, the level of transferrin, and the function of FPN [29, 30].
Fe3+ is taken up into cells in the form of ferritin through transferrin
and transferrin receptor 1 and is then reduced to bivalent ferritin
by the six-transmembrane epithelial antigen of prostate 3.
Subsequently, bivalent ferritin is deproteinized via divalent
metal-ion transporter-1 or metal transporter ZIP14 (Slc39a14) to
form Fe2+ and enters the labile iron pool. Excess Fe2+ is
transported out of cells through FPN. The accumulation of Fe2+

leads to the Fenton reaction between Fe2+ and PUFAs-O-OH,
which generates ROS, accelerates lipid peroxidation, and induces
ferroptosis. Thus, the critical aspect of iron metabolism regulation
in ferroptosis lies in controlling the capacity of the labile iron pool.
A recent study suggested that O-GlcNAcylation modulates

ferroptosis by regulating the content of labile iron [31]. The
transcription factor NUPR1 prevents ferroptosis by reducing the
accumulation of labile iron and oxidative damage [32]. Mice fed a
high-iron diet and mice with mutations associated with hereditary
hemochromatosis (an iron overload disease caused by inherited

mutations in genes that regulate iron metabolism) both devel-
oped ferroptosis-related liver damage [33]. Conversely, the
ubiquitin ligase E3 HUWE1/MULE, which acts as a negative
regulator of ferroptosis, regulates iron metabolism by targeting
transferrin receptor 1 and counteracts abnormal iron accumula-
tion, thereby alleviating acute liver injury caused by hepatic
ischemia-reperfusion (I/R) [34]. Under hypoxic conditions, human
macrophages inhibit ferritin autophagy by reducing the expres-
sion of nuclear receptor coactivator 4 (NCOA4), resulting in
increased mitochondrial ferritin expression and decreased intra-
cellular free iron, thus regulating ferroptosis [35]. Similarly,
tripartite motif-containing protein 7 mediates ferritin autophagy
and ferroptosis in human glioblastoma cells by binding to NCOA4
[36]. Additionally, NCOA4-ferritin heavy polypeptide 1-mediated
iron metabolism disorder is related to retinal ganglion cell
ferroptosis following pathologically high intraocular pressure
injury [37]. A study indicated that histone deacetylase inhibitors,
which are used clinically to treat certain cancers, can increase
ferroptosis-induced cell death, possibly due to increased iron
accumulation and decreased FPN expression after epithelial-to-
mesenchymal transition mediated by histone deacetylase inhibi-
tors [38]. These findings highlight a significant link between iron
metabolism and susceptibility to ferroptosis.

Amino acid metabolism
Ferroptosis is dependent on cystine transport and the synthesis of
GSH. GSH, a significant antioxidant and enzyme cofactor in cells,
consists of glutamic acid, cysteine, and glycine. In particular,
cysteine is the rate-limiting substrate for GSH synthesis. Cysteine
can be derived from cystine transported by System Xc- or
produced through endogenous transsulfuration [39]. Dixon et al.
demonstrated that erastin depletes cysteine and GSH by blocking
cystine uptake via System Xc-, leading to ferroptosis [40]. In the
absence of cystine, certain tumor cells can convert methionine to
cysteine, enabling them to escape ferroptosis [41]. In contrast,
when other amino acids are deficient (at levels still sufficient to
stimulate cell proliferation), cystine deprivation can effectively
induce ferroptosis for anticancer therapy [42]. Cysteine can be
catabolized into acetyl-CoA and taurine through two main
pathways. Interestingly, acetyl-CoA can synergize with GSH to
exert an anti-ferroptosis effect [43], while the production of
taurine reduces intracellular GSH levels and increases ROS
production [44]. This may be related to the fact that CoQ10, a
CoA derivative, is reduced to panthenol by the oxidoreductase
FSP1, thus preventing lipid peroxidation, while taurine production
competes with cysteine for GSH synthesis. Additionally, cystine/
cysteine can regulate GPX4 protein synthesis by activating the
Rag-mTORC1-4EBPs signaling axis in a GSH-independent manner,
thereby preventing ferroptosis [45].
As the most abundant amino acid in the human body and an

important fuel, glutamine metabolism is also closely linked to
ferroptosis. Glutamine can be converted to glutamate by
glutaminase, and glutamate can combine with cysteine and
glycine to synthesize GSH [46]. Glutamine can act as an inducer of
ferroptosis, promoting ferroptosis through its own hydrolysis, but
this process requires cystine starvation [47]. As essential amino
acids, elevated serum levels of branched-chain amino acids,
including leucine, valine, and isoleucine, increase ROS production
by activating the Akt-mTOR signaling pathway, thereby affecting
ferroptosis [48]. Tryptophan metabolites, such as
5-hydroxytryptamine and 3- hydroxyanthranilic acid, act as
potential radical-trapping antioxidants and can protect cells from
ferroptosis by eliminating lipid peroxidation [49]. Moreover,
interleukin-4-induced-1, an amino acid oxidase secreted by
immune cells, can inhibit ferroptosis through indole-3-pyruvate
produced from tryptophan metabolism [26]. L-arginine can
alleviate the oxidative stress induced by lipopolysaccharide
(LPS). L-arginine increases the cellular GPX4 content and decreases
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ROS production through the arginase-1 signaling pathway,
suggesting its involvement in the regulation of ferroptosis [50].
Furthermore, a study has demonstrated that lysine oxidase can
activate ferroptosis signals through the oxidative deamination of
lysine and the rapid generation of ROS [51].

GUT MICROBIOTA AND HOST METABOLIC HOMEOSTASIS
Host lipid metabolism
The gut microbiota plays an important role in host lipid
metabolism process. Their crosstalk is essential for the develop-
ment of various diseases, including obesity, alcoholic liver disease
and other metabolic diseases [52, 53]. The gut microbiota can
influence the composition of lipids in the host’s serum, adipose
tissue, and liver, particularly triglycerides and phosphatidylcholine,
thereby impacting the host’s energy and lipid metabolism [54].
For instance, Lactobacillus rhamnosus can regulate the abundance
of beneficial bacteria in the gut microbiota of zebrafish larvae,
thereby affecting the transcription of genes related to cholesterol-
triglyceride metabolism and modulating host lipid processing and
metabolism [55].
Researchers have focused on elucidating the specific mechan-

isms by which the gut microbiota affects host lipid metabolism. A
previous study demonstrated that the circadian transcription
factor NFIL3, which controls the expression of circadian-clock
genes, may be a crucial molecule in the influence of the gut
microbiota on host lipid metabolism and body composition [56].
The addition of exogenous melatonin improves the intestinal
microbial composition and circadian rhythm in high-fat diet-fed
mice, thereby regulating the host’s metabolic circadian clock and
lipid metabolism [57]. Moreover, metabolites derived from the gut
microbiota, such as SCFAs, secondary bile acids, triethylamine, and
LPS, may mediate the regulation of host lipid metabolism and
possess anti-obesity potential [58, 59]. In particular, free fatty acids
and SCFAs play significant roles in the microbiota-host lipid
metabolism axis, which has important implications for human
health [60, 61]. In addition, specific strains of the gut microbiota
can impact host lipid metabolism differently and have individual
effects on disease progression [62]. For instance, Lactobacillus
paracasei promotes lipid storage in intestinal cells, while
Escherichia coli enhances lipid catabolism and ultimately inhibits
lipid secretion [63]. Escherichia fergusonii interferes with host lipid
metabolism by secreting microRNA-sized small RNAs that inhibit
hepatic lipid β-oxidation and promote liver fat accumulation [64].
Further research in this field may provide valuable insights into
potential therapeutic interventions for lipid-related diseases.

Host iron homeostasis
The gut microbiota is involved in the absorption of iron in the host
intestine, and microbial metabolites are associated with the
regulation of iron homeostasis. Specifically, the function of the gut
microbiota impacts host iron absorption, while iron homeostasis in
the host also influences the diversity, classification, function, and
dominant bacterial community of the microbiota [65]. A study in
diabetic mice showed that iron metabolism is closely related to
the abundance of Lactobacillus in the gut microbiota [66]. A
comparative study of germ-free and microbially colonized mice
indicated that the gut microbiota can induce specific iron-related
protein signaling pathways and alter the perception of iron by
intestinal epithelial cells [67]. Commensal bacteria secrete the
siderophore enterobactin, which binds to the α subunit of ATP
synthase, facilitating host mitochondria iron uptake [68]. This
potential host mechanism of beneficial enterobactin utilization
contributes to the maintenance of iron homeostasis in the host.
Interestingly, gut microbiota-derived metabolites can reduce iron
absorption in the host intestine by suppressing intestinal hypoxia-
inducible factor-2α activity and decreasing ferritin expression [69].
Moreover, in a whole-body iron overload mouse model, hypoxia-

inducible factor-2α inhibitory microbial metabolites efficiently
prevented tissue iron accumulation.
Iron depletion in the gut lumen can alter the function of

intestinal epithelial cells and the composition of the intestinal
microbiota [70], while different iron supplements also lead to
differences in the regulation of the gut microbiota [71]. Compared
with those in iron-sufficient rats, cecal butyrate and propionate
levels are significantly lower in iron-deficient rats, and the
abundance of dominant species is noticeably altered [72].
Furthermore, iron sulfate supplementation had a stronger effect
on the gut microbiota than electrolytic iron, indicating that ferrous
iron was more readily utilized by the microbiota. Interestingly,
under iron-rich conditions and in the absence of host influences,
iron has adverse effects, including a decrease in beneficial
microorganisms and an increase in bacterial metabolite levels,
which in turn impairs the barrier function of intestinal epithelial cells
[73]. Different doses and regimens of iron supplements have been
suggested to have opposite effects. For example, ferrous bisglyci-
nate is beneficial in sodium sulfate-induced colitis, whereas ferric
ethylenediaminetetraacetic acid is highly detrimental [74]. Addi-
tionally, oral supplementation with ferrous sulfate can enhance the
beneficial effects of probiotics on colitis. In general, understanding
the intricate interactions between the gut microbiota and host iron
metabolism can provide valuable insights into interventions for
iron-related disorders and the maintenance of intestinal health.

Host amino acid metabolism
The gut microbiota performs several functions in the host’s life,
including the conversion of nutrients that the host cannot digest
into usable compounds. It can provide the host with essential
amino acids necessary for tissue structure synthesis and may also
play a significant role in amino acid metabolism in protein-
deficient animals [75]. The alteration of amino acid metabolism in
the host brain was presented based on the differentiated amino
acid concentrations of plasma and brain between conventionally
raised mice and germ-free mice, which attributed to the
participation of gut microbiota [76]. Moreover, studies based on
gene expression data and tissue-specific genome-scale metabolic
models have demonstrated that the gut microbiota can influence
host amino acid metabolism and contribute to changes in
glutathione metabolism [77]. Similarly, experiments with different
concentrations of antibiotics for bumblebees have shown that the
gut microbiota may regulate host growth through essential amino
acids and BCAAs [78]. For instance, supplementation with BCAAs
can alleviate gut microbial dysbiosis, improving amino acid
metabolism and host growth performance [79]. The impact of
the gut microbiota on host amino acid metabolism can further
influence disease progression and therapeutic response [80].
Understanding the complicated relationship between the gut
microbiota and amino acid metabolism is critical for elucidating
disease progression and optimizing therapeutic interventions.

ADVANCED STUDIES ON THE CORRELATION BETWEEN THE
GUT MICROBIOTA AND FERROPTOSIS
In recent years, there has been a growing focus on the role of the
gut microbiota in the occurrence of ferroptosis, with the aim of
elucidating the potential relationship between the microbiota and
ferroptosis (Fig. 2). For instance, a recent study revealed that
microbial metabolic disorders leading to Th17/Treg imbalance can
trigger hepatocyte ferroptosis, potentially explaining the involve-
ment of Porphyromonas gingivalis in the progression of non-
alcoholic fatty liver disease [81]. Obeticholic acid, a clinical drug for
non-alcoholic fatty liver disease treatment, can induce liver lipid
peroxidation by affecting the gut microbiota, which subsequently
mediates hepatocyte ferroptosis and compromises its antioxida-
tive and antifibrotic effects [82]. In the presence of environmental
toxins, gut microbiota-derived metabolites (such as
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glycochenodeoxycholate) can induce ferroptosis, lipid metabolic
disorders, and inflammation by activating the TFR and ACSL4 [83].
Exogenous toxins also increase the synthesis of LPS, intensifying
hepatocyte ferroptosis and resulting in hepatic lipid metabolic
disorders. However, melatonin can decrease microbiota-derived
LPS and hepatocyte ferroptosis by modulating the gut microbiota
[84]. The total flavonoids of Rhizoma Drynaria can prevent
oxidative stress and hepatic lipid deposition, reverse hepatic
ferroptosis by improving the host intestinal microenvironment,
and play a protective role in aflatoxin B1-induced liver damage
[85]. Daidzein, released by gut microbial β-galactosidases, can
suppress hepatocyte ferroptosis by reducing farnesyl diphosphate
synthase expression [86]. Urolithin C can alleviate the adverse
effects of a choline-deficient amino acid-defined high-fat diet by
regulating the AMPK-ferroptosis axis, which involves the gut-liver
axis. Furthermore, the application of urolithin C can ameliorate
intestinal mucosal barrier and gut microbiota dysbiosis [87]. These
studies highlight therapeutic interventions targeting the gut
microbiota, which are expected to alleviate hepatic lipid
metabolism disorders and ferroptosis-associated liver damage.
Ferroptosis and the gut microbiota are closely related in the

context of gastrointestinal disease. A previous study indicated that
capsiate enhances GPX4 expression and suppresses ferroptosis
through the activation of transient receptor potential cation channel
subfamily V member 1, along with the attenuation of intestinal I/R
injury [88]. Ferroptosis caused by microbiota dysbiosis can be
inhibited by early-life gut microbiota-derived ether lipids (plasmalo-
gens), which also influence susceptibility to colitis [89]. The effect of
maternal embryonic leucine zipper kinase pharmacological inhibi-
tors, which suppress ferroptosis in intestinal tissue and alleviate
intestinal inflammation in mice with colitis, is closely related to the
regulation of the gut microbiota [90]. The therapeutic effect of
protocatechuic acid on ulcerative colitis is accomplished by
regulating the gut microbiota and suppressing ferroptosis [91]. In
addition to inhibiting ferroptosis, the iron chelator deferasirox also
improves gut microbiota dysbiosis and enhances the production of
SCFAs during dextran sulfate sodium salt-induced ulcerative colitis

[92]. Similarly, ferrostatin-1 can restore gut microbiota homeostasis
and alleviate ionizing radiation-induced intestinal injury by inhibiting
ferroptosis and the p53-mediated apoptosis signaling pathway [93].
A recent study illustrated that trans-3-indoleacrylic acid, a trypto-
phan metabolite derived from the intestinal microbe P. anaerobius,
accelerates colorectal carcinogenesis by inhibiting ferroptosis [94].
These findings highlight the complex role of understanding the
regulation of the gut microbiota in the development and treatment
of gastrointestinal diseases related to ferroptosis, contributing to the
elucidation of potential mechanisms underlying gastrointestinal
diseases and the exploration of new therapeutic approaches.
The gut microbiota has a significant impact on ferroptosis and

stability in other parts of the host, beyond just the liver and
intestine. Gut microbiota dysbiosis and microbiota-derived meta-
bolites interfere with the regulation of ferroptosis. For example,
dysbiosis of the esophageal/intestinal microbiome and elevation
of peripheral blood LPS can regulate ferroptosis in the esophageal
epithelium by increasing ACSL4 expression, serum ferritin secre-
tion, and iron accumulation [95]. Gut microbiota dysbiosis caused
by perfluorooctanoic acid can lead to fetal growth retardation
through ferroptosis and inflammation [96]. Obesity-related atrial
fibrillation susceptibility is increased by gut microbiota dysbiosis,
which activates the toll-like receptor 4/nuclear factor kappa-B/
NOD-like receptor thermal protein domain associated protein 3
signaling pathway and induces ferroptosis [97]. Mercury exposure-
induced brain injury in common carp is associated with neuronal
ferroptosis via the augmentation of intestinal A.hydrophila [98].
Additionally, the gut microbiota-derived metabolite capsiate
relieves ferroptosis-related osteoarthritis through the regulation
of solute carrier family 2 member 1 and HIF-1α [99]. On the other
hand, interventions targeting the gut microbiota, such as
berberine supplementation can suppress neuronal ferroptosis by
modulating the gut microbiota and mitigating cerebral I/R injury
[100]. Similarly, the neuroprotective effect of sinomenine on
cognitive dysfunction following type 2 diabetes mellitus is
achieved through the inhibition of ferroptosis in hippocampal
neurons via the classical ferroptosis signaling pathway (epidermal

Fig. 2 The gut microbiota has been implicated on ferroptosis in a variety of organs, tissues, and diseases. The gut microbiota is associated
with ferroptosis in various tissues and organs, such as the liver, intestines, and kidneys, contributing to disease progression.
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growth factor/nuclear factor erythroid derived 2-related factor 2
(Nrf2)/heme oxygenase 1) and the microbiota-gut-brain axis [101].
Furthermore, electroacupuncture inhibits ovarian oxidative stress
and Fe2+ accumulation in premature ovarian failure mice by
altering the gut microbiota [102]. Probiotic supplementation can
reverse bacteroidaceae-induced intestinal ferroptosis, thereby
relieving systemic inflammation and hematopoietic toxicity [7].
Moreover, the use of probiotics inhibits perfluorobutanesulfonate-
mediated ferroptosis and improves metabolic disorders in the
host [103]. The next-generation probiotic strain L. lactis MG1363-
pMG36e-GLP-1 plays a neurotrophic role in Parkinson’s disease
through the regulation of oxidative stress, prevention of
ferroptosis, and correction of dysbiosis [104]. In conclusion, the
complex relationship between the gut microbiota and ferroptosis
emphasizes the importance of maintaining a healthy microbiota
for host health. Further research in this field holds the potential to
develop new therapeutic strategies for iron-related diseases.

POTENTIAL MECHANISMS OF GUT MICROBIOTA INTERACTION
WITH FERROPTOSIS
System Xc-/GPX4 axis
System Xc-, also known as the cystine-glutamate reverse
transporter, is primarily responsible for the intracellular and
extracellular transport of amino acids [105]. Specifically, it
transports intracellular glutamate out of the cell and takes up
extracellular cystine, which is then reduced to cysteine. It consists
of the transporter proteins solute carrier family 7 member 11 and
solute carrier family 3 member 2. System Xc- plays a critical role in
maintaining the body’s levels of GSH by participating in glutamate
release, cystine uptake, and GSH synthesis. GSH is an important
antioxidant in mammalian cells and is synthesized from gluta-
mate, cysteine, and glycine [106]. GSH functions as a prosthetic
group of glyceraldehyde phosphate dehydrogenase and as a
coenzyme of glyoxalase and triose dehydrogenase. It is involved in
the tricarboxylic acid cycle, glucose metabolism, and can activate
various enzymes to promote glycometabolism, lipid metabolism,
and protein metabolism. Additionally, the active sulfhydryl group
carried by GSH can combine with free radicals in the body,
eliminate oxidants, and participate in redox reactions. GPX4, a
crucial oxidoreductase, is essential for removing lipid peroxidation
products by using GSH as a reducing agent [107]. GPX4 converts
GSH to oxidized glutathione, resulting in a decrease in the
peroxidation of PUFAs. Undoubtedly, GPX4 is a key suppressor of
ferroptosis. Inactivation of system Xc- or dysfunction in GSH
synthesis leads to reduced GPX4 activity, impairing cellular
antioxidant capacity and ultimately resulting in ferroptosis.
A study on the intestinal microbiome of young and old mice has

revealed that the gut microbial-derived metabolite
3-hydroxyphenylacetic acid upregulates GPX4 expression, inhibits
ferroptosis, and alleviates spermatogenic dysfunction in aging
mice [108]. Another gut microbial-derived metabolite, capsiate,
alleviates ferroptosis induced by intestinal I/R injury by promoting
GPX4 expression through the activation of transient receptor
potential cation channel subfamily V member 1 [88]. However,
dysbiosis of the gut microbiota, leading to the colonization of
harmful bacteria such as adherent-invasive E. coli, exacerbates lipid
peroxidation and ferroptosis in intestinal epithelial cells by
reducing GPX4 and ferritin heavy chain levels [109]. In a study
on the alleviation of kidney injury using the traditional Chinese
medicine Mori Fructus aqueous extracts, it was found that extracts
altered the gut microbiota in experimental mice, accelerated the
nuclear transport of Nrf2, and increased the expression of heme
oxygenase 1 and GPX4. Nonetheless, there is a lack of direct
evidence linking the increase in Nrf2 to alterations in the gut
microbiota. Another recent study confirmed that gut microbiota-
derived butyrate improves ferroptosis in mice with ulcerative
colitis through the Nrf2/GPX4 signaling pathway and protects the

integrity of the intestinal mucosal barrier [110]. Fecal microbiota
transplantation experiments further verified that the regulation of
the gut microbiota can upregulate the Nrf2/GPX4 pathway to
attenuate ferroptosis in septic liver injury [111].

FSP1/CoQ10/NADPH system
FSP1, identified as another ferroptosis suppressor through
genome-wide screening, primarily prevents lipid peroxidation
and ferroptosis by reducing lipid free radicals in lipid droplets or
plasma membranes [112]. The FSP1/CoQ10/NADPH system
protects cells from ferroptosis in a manner independent of the
GPX4 axis by inhibiting lipid peroxidation and ferroptosis through
the NAD(P)H-dependent reduction of CoQ10 to ubiquinol (CoQH2)
[23]. Recent research has demonstrated that trans-3-indoleacrylic
acid, a tryptophan metabolite derived from the gut microbiota,
suppresses ferroptosis and facilitates colorectal cancer progression
[94]. Metabolite-dependent resistance to ferroptosis relies on the
FSP1/CoQ10/NADPH system. Specifically, as an endogenous ligand
of the aromatic hydrocarbon receptor, trans-3-indoleacrylic acid
upregulates the expression of aldehyde dehydrogenase 1 family
member A3, leading to increased production of NADH by utilizing
retinol as a substrate. Furthermore, it promotes FSP1-mediated
synthesis of reductive CoQ10 and inhibits ferroptosis in tumor
cells. During disease progression, alterations in the gut microbiota
are accompanied by functional changes in GSH metabolism and
CoQ10 biosynthesis pathways [113]. Moreover, some quinones,
particularly menaquinones, are essential growth factors for the gut
microbiota and regulate microbiota homeostasis by improving the
growth medium and promoting symbiotic bacterial growth [114].
CoQ10-rich pumpkin juice obtained through the fermentation of
Rhodobacter sphaeroides not only exhibits antioxidant capacity,
especially ferric ion reduction antioxidant capacity but also
modulates the gut microbiota of mammals to protect the
intestinal barrier [115]. These studies highlight the crucial role of
CoQ10 in lipid peroxidation, ferroptosis, and microbiota growth.

GCH1/BH4/dihydrofolate reductase (DHFR) system
The GCH1/BH4/DHFR system is a novel mechanism for suppres-
sing ferroptosis that operates independently of GPX4 [25]. BH4
promotes the synthesis of CoQ10 by converting phenylalanine to
tyrosine, thereby serving as a free radical-trapping antioxidant
[116]. Additionally, GCH1, a rate-limiting enzyme synthesized by
BH4, has the potential to suppress ferroptosis [117]. The
expression of GCH1 induces lipid remodeling in cells, inhibiting
ferroptosis by selectively preventing the consumption of PLs with
two PUFA tails [25]. DHFR, a component of the BH4 recycling
process, can cooperate with GPX4 inhibitors to promote the
occurrence of ferroptosis. A study suggested that in GCH1-
deficient mice, BH4 could still accumulate with age, which was
associated with the production of BH4 by specific gut microbiota,
such as intestinal Actinobacteria [118]. BH4 derived from the
microbiota also stimulates the gut microbiota to enhance the
production of L-DOPA, thereby improving brain function and
behavior [119, 120]. Therefore, interventions targeting the gut
microbiota may increase the levels of BH4 in the body, which can
be beneficial for human health, especially for patients with
congenital biopterin deficiency. Furthermore, the diversity of gut
microbiota taxa and the abundance of bacterial gene families are
associated with the inhibitory effect of drugs on DHFR [121].

DHODH/CoQH2 system
DHODH is located on the inner mitochondrial membrane and its
primary function is to catalyze the synthesis of pyrimidine nucleotides.
During this process, DHODH oxidizes dihydroorotate to orotate, while
CoQ10 receives electrons and is reduced to CoQH2 [24]. CoQH2 is a
free radical-trapping antioxidant that prevents lipid peroxidation and
inhibits ferroptosis. Similar to FSP1, DHODH is a CoQ10-reduced flavin
protein that acts as a GPX4-independent defense system against
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ferroptosis in mitochondria. Moreover, GPX4 downregulation limits
mitochondrial lipid peroxidation and ferroptosis [122]. The use of
metformin in patients with gestational diabetes mellitus affects the
composition and metabolic characteristics of the gut microbiota,
particularly the metabolic pathways related to CoQH2 biosynthesis
[123]. However, further studies are needed to establish a direct
relationship between CoQH2 synthesis and the therapeutic effects of
metformin. In a study on aging-related diseases, an increase in the
abundance of gut microbiome genes involved in the CoQH2 synthesis
pathway was observed with age [124]. Nevertheless, a more in-depth
discussion of the underlying mechanisms is still lacking.

USING CKD AS AN EXAMPLE: BIBLIOMETRIC ANALYSIS OF
FERROPTOSIS AND THE GUT MICROBIOTA
We conducted a literature search on the Web of Science Core
Collection (https://www.webofscience.com/wos/woscc/basic-
search) from January 1, 2012 (the year when the concept of
ferroptosis was introduced), to January 28, 2024. The search
criteria were as follows: 1st: (TS= (ferroptosis)) AND TS= (chronic
kidney disease); 2nd: (TS= (gut microbiota)) AND TS= (chronic
kidney disease); 3rd: (TS= (ferroptosis)) AND TS= (gut micro-
biota). We selected articles of the “Article” and “Review Article”
types and limited the search to articles published in English. This
resulted in a total of 1113 articles on ferroptosis and the gut
microbiota in the context of CKD. Subsequently, we utilized
Microsoft Office Excel 2019, CiteSpace, VOSviewer, and the R
package “bibliometrix” for analysis and visualization.
Figure 3a displays the increasing number of publications on

ferroptosis and the gut microbiota in CKD over the past decade, with
a particularly notable increase in the last 5 years. Numerous scholars
have dedicated their efforts to this research area, and close
collaboration among them is evident (Fig. 3b). Similarly, a positive
and strong cooperative relationship exists between co-cited authors
(Fig. 3c). The majority of these publications originate from Asia, North
America, and Europe, including countries such as China, the United
States, and Italy. Notably, there is substantial collaboration among
different countries (Fig. 3d, e). Co-occurrence analysis of authors’

keywords indicates that metabolism, dysbiosis, inflammation, and
uremic toxins are the primary research directions in the field of
ferroptosis and gut microbiota in CKD (Fig. 4a). Keyword trend topic
analysis demonstrates that ferroptosis and the gut microbiota have
emerged as focal points in CKD research in recent years (Fig. 4b).
Finally, the co-cited references network and references with citation
bursts provide insight into the frequently cited literature in this field
and the co-citation relationships among them (Fig. 4c, d). The majority
of the top 15 cited references focus on the gut microbiota and CKD.
This could be attributed to the emergence of the concept of
ferroptosis only within the last decade, with ongoing research
exploring its role in CKD each year. The top 15 references with
strongest citation bursts show alterations in the gut microbiota in CKD
patients and animal models [125, 126], characterized by a decrease in
bacteria-producing SCFAs and an increase in bacteria-producing
uremic toxins [127]. Dysbiosis of the gut microbiota disrupts the
structure and function of the intestinal epithelial barrier [128], forming
harmful metabolic profiles [129], which induce inflammation and
immune dysfunction via the gut-kidney axis [130, 131], exacerbating
renal injury [132]. CKD patients should consume more foods rich in
dietary fiber [133, 134] and avoid high-choline foods such as
L-carnitine [135] and phosphatidylcholine [136] because trimethyla-
mine-N-oxide, generated from choline metabolism by the gut
microbiota, contributes to the progression of CKD and the risk of
death [137]. In conclusion, targeting the gut microbiota is a novel
therapeutic direction to improve CKD outcomes, and interventions
such as probiotics to modulate the gut microbiota may provide new
insights into individualized CKD treatment.

SUMMARY AND PERSPECTIVE
Ferroptosis is a regulated, iron-dependent, lipid peroxidation-
driven cell death process that has gained increasing attention in
recent years. Alterations in the gut microbiota can impact host
metabolic homeostasis and the antioxidant system, suggesting
that the gut microbiota and its metabolites may regulate
ferroptosis. However, despite of numerous studies indirectly
demonstrating a link between ferroptosis and the gut microbiota,

Fig. 3 Analysis of publication quantity, country, authors, and co-cited authors. a annual quantity of publications; b Visualization of the co-
authorship author network; c Visualization of the co-citation cited author network; d Visualization of the co-authorship country network;
e country collaboration map.
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there is a lack of robust evidence directly supporting the causal
relationship. Furthermore, the specific role of the gut microbiota in
regulating ferroptosis and the key regulatory factors involved
require further discussion. Additionally, we provide a summary of
studies on ferroptosis and the gut microbiota in CKD, aiming to
identify meaningful clues for investigating disease mechanisms
and developing treatment strategies. Currently, there are several
unresolved questions that warrant further study:

1. Role of specific microbiota and metabolites: Identifying
which specific microbiota species and metabolites play a
regulatory role in ferroptosis and determining whether their
impact on ferroptosis is positive or negative.

2. Mechanisms of gut microbiota modulation: Investigating the
influence of the gut microbiota on the defense system
against ferroptosis and the signaling pathways through
which the gut microbiota regulates ferroptosis.

3. Influence of interventions: Exploring the effects of interven-
tions that regulate the gut microbiota, such as probiotics,
prebiotics, and fecal microbiota transplantation, on ferrop-
tosis, as well as the therapeutic implications of these
interventions for ferroptosis-related diseases.

By addressing these problems, a deeper understanding of the
influence of the gut microbiota on ferroptosis and its implications
for various diseases can be gained, paving the way for potential
therapeutic interventions and personalized treatment approaches.
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