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Abstract

Background: Ferroptosis is a newly defined form of regulated cell death characterized by the iron-dependent
accumulation of lipid peroxidation and is involved in various pathophysiological conditions, including cancer.
Targeting ferroptosis is considered to be a novel anti-cancer strategy. The identification of FDA-approved drugs as
ferroptosis inducers is proposed to be a new promising approach for cancer treatment. Despite a growing body of
evidence indicating the potential efficacy of the anti-diabetic metformin as an anti-cancer agent, the exact
mechanism underlying this efficacy has not yet been fully elucidated.

Methods: The UFMylation of SLC7A11 is detected by immunoprecipitation and the expression of UFM1 and
SLC7A11 in tumor tissues was detected by immunohistochemical staining. The level of ferroptosis is determined by
the level of free iron, total/lipid Ros and GSH in the cells and the morphological changes of mitochondria are
observed by transmission electron microscope. The mechanism in vivo was verified by in situ implantation tumor
model in nude mice.

Results: Metformin induces ferroptosis in an AMPK-independent manner to suppress tumor growth.
Mechanistically, we demonstrate that metformin increases the intracellular Fe2+ and lipid ROS levels. Specifically,
metformin reduces the protein stability of SLC7A11, which is a critical ferroptosis regulator, by inhibiting its
UFMylation process. Furthermore, metformin combined with sulfasalazine, the system xc

− inhibitor, can work in a
synergistic manner to induce ferroptosis and inhibit the proliferation of breast cancer cells.

Conclusions: This study is the first to demonstrate that the ability of metformin to induce ferroptosis may be a
novel mechanism underlying its anti-cancer effect. In addition, we identified SLC7A11 as a new UFMylation
substrate and found that targeting the UFM1/SLC7A11 pathway could be a promising cancer treatment strategy.
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Background
Due to its high efficacy, low cost, and safety, the biguan-
ide metformin is the most widely used oral anti-diabetic
drug. In addition, potential clinical applications other
than diabetes have been proposed, such as cancer pre-
vention and treatment [1], anti-aging [2], anti-haze [3]

activity, and other applications. Among them, validation
of metformin’s anti-tumor clinical efficacy and explor-
ation of the underlying mechanism have become a hot
spot in the field of cancer research. Over time, more and
more novel anti-tumorigenic mechanisms of metformin
are gradually being revealed.
Metformin might influence tumorigenesis both indir-

ectly, through systemic reduction of insulin levels, and
directly, via induction of energetic stress [1]. On the one
hand, metformin has been shown to suppress
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tumorigenesis by altering systemic endocrine and meta-
bolic states and thereby reducing serum glucose and in-
sulin levels. On the other hand, accumulating evidence
has shown that metformin acts directly on tumor cells
and exerts its antitumor biological effects through
AMPK-dependent and/or AMPK-independent signaling
pathways. Specifically, metformin can activate AMP-
activated protein kinase (AMPK) to inactivate mamma-
lian target of rapamycin (mTOR), change intracellular
reactive oxygen species (ROS) levels, and inhibit mito-
chondrial functions [4]. Metformin has also been shown
to regulate iron homeostasis in cells, which may be
linked to cell metabolism [5]. With the advancement of
research, the mechanism by which metformin regulates
apoptosis, autophagy, and other cell death pathways have
gradually been revealed, but the dominant cell death
mechanism by which metformin mediates tumor sup-
pression is still not clear [6, 7]. One of the key challenges
in cancer research is how to effectively kill cancer cells
while leaving healthy cells intact. Dissecting the principal
molecular mechanisms of metformin’s antitumor activ-
ities and the major forms of death mediated by metfor-
min can help us to develop novel treatments.
To proliferate and progress, cancer cells show a higher

iron requirement than healthy cells. The dependence of
cancer cells on iron has implications in a number of cell
death pathways, including ferroptosis, an iron-dependent
form of cell death. Uniquely, both iron excess and iron
depletion can be utilized in anticancer therapies. The ab-
sorption, transportation, storage and utilization of iron
are mediated by the membrane protein including trans-
ferrin receptor 1 (TFR1), the ferrireductase activity of
STEAP3, divalent metal transporter 1 (DMT1, also
termed SLC11A2), and ferritin (an iron storage protein
complex), all affect the sensitivity of ferroptosis [8, 9].
When iron is depleted, ferritinophagy can maintain iron
homeostasis through autophagic degradation of the
iron-storage protein ferritin. Ferritin is recruited by the
specific cargo receptor NCOA4 to autophagosomes and
undergoes lysosomal degradation to release free iron
[10]. In addition, iron metabolism can be regulated by
mitochondria [11, 12],which are the sole sites of heme
synthesis and the major sites for iron–sulfur cluster
(ISC) biogenesis [10]. Iron is an essential trace element
for proper cell functioning. Exploring its physiological
functions and mechanism of action may provide poten-
tial therapeutic directions against cancer and other
diseases.
Their dependence on iron makes cancer cells more

susceptible to iron-catalyzed necrosis, known as ferrop-
tosis [8]. Ferroptosis was first proposed by Stockwell as a
novel regulated cell death in 2012 [13]. Unlike autoph-
agy and apoptosis, ferroptosis is defined as an iron-
dependent and reactive oxygen species (ROS)-reliant cell

death with characteristic cytological changes, including
decreased or vanished mitochondria cristae, ruptured
outer mitochondrial membranes, and condensed mito-
chondrial membranes [14]. Many diseases, including tu-
mors, have been reported to be associated with
ferroptosis, and targeting ferroptosis to eliminate tumors
is increasingly becoming a promising new approach for
tumor treatment [14]. The biological significance of fer-
roptosis is expanding rapidly by virtue of the discovery
that GPX4 and system xc

− are crucial regulators of fer-
roptosis and by the use of ferrostatins to inhibit ferrop-
tosis in diverse contexts. One of the key bottlenecks for
protection from ferroptosis is the availability of GSH,
which serves as a redox equivalent for GPXs, including
GPX4. GSH synthesis depends on the availability of
intracellular cysteine, which can be generated from cyst-
ine imported from the extracellular space via the
sodium-independent cystine/glutamate antiporter system
xc

−.
System xc

−, the cysteine/glutamate transporter, is a
heterodimer consisting of a heavy chain (4F2, gene name
SLC3A2) and a light chain (xCT, gene name SLC7A11),
[15]. xCT is often aberrantly overexpressed in many can-
cers [16], making it a weak spot for overcoming cancer
by induction of ferroptosis. Interestingly, several FDA-
approved drugs have been identified to function via fer-
roptosis induction in different cancer entities. Addition-
ally, ferroptosis-inducing compounds and mechanisms
have been identified and are broadly categorized as sys-
tem xc

− inhibitors (Erastin, Sulfasalazine, Sorafenib),
glutathione depleters (FIN56), direct GPX4 inhibitors
(RSL3), or as an iron scavenger (Deferoxamine) [17].
Among these, sulfasalazine (SAS) is commonly used for
treatment of rheumatoid arthritis and has been previ-
ously identified as an inhibitor of SLC7A11 transporter
activity [18]. In addition, Slc7a11 KO mice are viable
with no obvious phenotype [19]. Therefore, SLC7A11
likely represents a better therapeutic target for cancer
treatment than GPX4 because inhibiting SLC7A11
would presumably cause less toxicity in patients than
inhibiting GPX4. Considering this, we have primarily fo-
cused on Sulfasalazine (which inhibits SLC7A11) in our
studies.
UFM1 represents a small subclass of ubiquitin proteins

discovered in 2004 [20]. It is composed of 85 amino
acids and has a molecular weight of 9.1 kD. UFM1 has a
tertiary structure similar to the ubiquitin molecule, but
only 16% of its amino acid sequence is similar, and it is
located in the nucleus and cytoplasm [21]. Similar to
ubiquitin proteins, UFM1 can covalently bind to target
proteins through a series of enzymatic cascade reactions:
UBA5 activates UFM1 as an E1 enzyme, UFC1 acts as a
UFM1 E2 binding enzyme, and UFL1 acts as a UFM1 E3
ligase [22, 23]. This series of reactions is called
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UFMylation. Recent studies have demonstrated that as a
novel posttranslational modification, UFMylation is in-
volved in the occurrence and development of various
diseases, including breast cancer [24–26]. Here, we
found that UFM1 can act as a target protein for metfor-
min, and that UFM1 can modify SLC7A11, which can
thus be regulated by metformin.
Fully understanding the regulation mechanism of

SLC7A11 is helpful to find an effective target for cancer
therapy. Previously, the tumor suppressors p53 [27],
BAP1 [28], and NRF2 [29] have been identified as up-
stream regulators of SLC7A11 which play a significant
role in ferroptosis. In particular, recent studies have
shown that NRF2 can regulate metabolic pathways in-
cluding glutamine metabolism [30] and oxidative stress
[31] that are associated with ferroptosis. And since met-
formin can regulate the expression of p53 [32] and
NRF2 [33], the role of these genes in the regulation of
ferroptosis by metformin could be a direction for further
research in the future.
In this study, for the first time, we describe the in-

volvement of ferroptosis in metformin-induced cell
death and tumor inhibition, as well as the mechanism of
metformin in regulating ferroptosis, and evaluate the
strategies of metformin combined with ferroptosis in-
ducers (Sulfasalazine) in the treatment of cancer. In
short, our study demonstrates the function and mechan-
ism of metformin in regulating ferroptosis in cancer cells
through SLC7A11 UFMylation.

Methods
Cell culture
All cells were cultured in a 37 °C incubator in an atmos-
phere of 5% CO2. The human breast cancer cell lines
(MCF-7, T47D, HCC1937, Bcap37, NHFB, HBL-100)
were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum and 10,000 U/mL
penicillin-streptomycin. The MDAMB231 and BT549
cell lines were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and
10,000 U/mL penicillin-streptomycin. The cell culture
media and supplements were purchased from Thermo
Fisher Scientific.

Reagents
Erastin (#HY15763), Sulfasalazine (#HY-14655), Z-VAD-
FMK (#HY16658B), Ferrostatin-1(#HY100579), E-
necrosulfonamide(#HY-100573), Cycloheximide (#HY-
12320), 3-Methyladenine(#HY19312), Deferoxamine
mesylate (#HYB0988), and AICAR(#HY-13417), Com-
pound C (#HY-13418A) were purchased form Med-
ChemExpress (MCE).

Western blotting
For the Western blotting analysis, cell lysates were col-
lected by addition of lysis buffer supplemented with pro-
tease and phosphatase inhibitors for 30 min on ice. The
cell lysates were centrifuged at 12,000 rpm for 15min at
4 °C, and the supernatants were collected and quantified
using the Bradford method. Between 20 and 50 μg of
proteins were diluted in 5× SDS loading buffer, boiled at
100 °C for 10 min, separated on SDS-PAGE gels and
then transferred to polyvinylidene fluoride membrane.
The membranes were blocked with 5% milk in 0.1%
Tween-TBS at room temperature for 1 h and then incu-
bated with the primary antibodies at 4 °C overnight. The
following antibodies were used: SLC7A11 (Abcam,
ab37185), UFM1 (Abcam, ab109305), GPX4 (Abcam,
ab125066), 4-HNE (Abcam, ab46545), AMPK⍺-antibody
(CST, #2532), Phospho-AMPK⍺-antibody (CST, #2535),
GAPDH (Santa Cruz, sc-47,724), and HA (Santa Cruz,
sc-7392). The corresponding HRP-conjugated secondary
antibodies were incubated for 1 h at room temperature.
Immunoreactive bands were detected by an ECL system
(Amersham Biosciences) using an image reader. Densito-
metric analysis was performed by ImageJ. The data were
then corrected by background subtraction and normal-
ized against GAPDH as an internal control.

qRT-PCR
Total RNA was extracted using TRIzol reagent, and
cDNA was synthesized with SuperScript II Reverse
Transcriptase. Quantitative real-time PCR was per-
formed using SYBR GreenER qPCR SuperMix Universal,
and triplicate samples were run on a Stratagene
MX3000P qPCR system according to the manufacturer’s
protocol. The threshold cycle (Ct) values for each gene
were normalized to those of GAPDH, and the 2 −ΔΔCt
method was used for quantitative analysis. The following
primers were used:

Q-SLC7A11-F: TCATTGGAGCAGGAATCTTCA
Q-SLC7A11-R: TTCAGCATAAGACAAAGCTCCA
Q-UFM1-F: CAGTGTTCCTGAAAGTACACCTT
Q-UFM1-R: CCGCAGTTCTGAACCATGTTTTA
Q-GAPDH-F: TGTGGGCATCAATGGATTTGG
Q-GAPDH-R: ACACCATGTATTCCGGGTCAAT

siRNA plasmid and transfection
For in vitro assays, knockdown of SLC7A11 and UFM1
proteins was performed by transfection of cells with
siRNA duplex oligos using Lipofectamine 3000 (Invitro-
gen, no.2189668) in OPTI-MEM (Gibco, no.2185849)
overnight. The corresponding siRNA sequence were as
follows:

siSLC7A11#1: UGGAGUUAUGCAGCUAAUU
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siSLC7A11#2: GAGGUCAUUACACAUAUAU
siUFM1#1: GUUGGAAGUUGUUAAUAUC
siUFM1#2: GAACUGCGGAUUAUUCCUA

Colony formation assay
For the colony formation assay, 1000 cells were seeded
in 6-well plates. Cells were treated with DMSO or Met-
formin. After 10–14 days of incubation, colonies were
fixed with 4% paraformaldehyde for 20 min and stained
with 0.5% crystal violet for 10 min. The crystal violet was
carefully removed, and the cells were rinsed with tap
water. The plates with colonies were allowed to dry in
normal air at room temperature. Plating efficiency was
determined for each cell line, and the surviving fraction
was calculated based on the number of colonies that
arose after treatment.

Cell viability assay
Cell viability was evaluated using Cell Counting Kit-8
(CCK-8). Cells were seeded in a 96-well plate, and after
cell treatments, CCK-8 reagent was added according to
the manufacturer’s instructions. Absorbance was mea-
sured at 450 nM using a standard instrument.

Cell death assay
Propidium iodide (PI, Invitrogen) was used as a fluores-
cent signal for cell death, and images were taken after
metformin treatment with or without DFO and Fer-1.
For PI imaging, the cultures were supplemented with 5
mg/ml PI. After a 30 min incubation, brightfield and PI
images were acquired. Quantitative analysis of cell death
was measured by PI staining coupled with flow
cytometry.

Total ROS assay
The total ROS level in cells was assessed using a React-
ive oxygen species detection kit (Beyotime, S0033S).
Cells were treated as indicated, and then, 10 μmol/L
DCFH-DA diluted in serum-free medium was added and
incubated with the cells at 37 °C for 20 min. Excess
DCFH-DA was removed by washing the cells three times
with serum-free cell culture medium. DCFH-DA can be
hydrolyzed by intracellular esterases to produce DCFH.
Labeled cells were trypsinized and resuspended in
serum-free medium. Intracellular reactive oxygen species
can oxidize nonfluorescent DCFH to produce DCF,
which is fluorescent. The fluorescence of DCF was ana-
lyzed using flow cytometry.

Lipid ROS assay
The relative lipid ROS level in cells was assessed using
C11-BODIPY dye (Thermo Fisher Scientific, D3861).
Cells were treated with 5 μm C11-BODIPY for 30 min,
harvested, washed twice with PBS and resuspended in

500 μl PBS. Oxidation of the polyunsaturated butadienyl
portion of the dye results in a shift of the fluorescence
emission peak from ~ 590 nm to ~ 510 nm.

GSH assay
The relative GSH concentration in cell lysates was
assessed using a total Glutathione Assay Kit (Beyo-
time, S0052) according to the manufacturer’s instruc-
tions. Briefly, Glutathione reductase reduces oxidized
glutathione (GSSG) to reduced glutathione (GSH),
which reacts with the chromatin substrate DTNB to
produce yellow TNB and GSSG. The combination of
the two reactions reveals the total glutathione (GSSG
+ GSH), and the amount of TNB (yellow) formation
represents the amount of total glutathione. Thus, the
total glutathione content can be calculated by meas-
uring A412.

Iron assay
Intracellular chelatable iron was determined using the
fluorescent indicator Phen Green SK from Thermo
Fisher Scientific (P-14313). PSK-green was diluted with
HBSS to 5 μM. Cells were washed twice with HBSS and
incubated with 5 μM PSK-green at 37 degrees for 30
min. Then, the cells were washed with HBSS, digested
with trypsin and collected by centrifugation. The fluores-
cence of Phen Green SK was detected using flow
cytometry.

Transmission electron microscopy
Cells cultured in a 6-well plate were fixed with a so-
lution containing 2.5% glutaraldehyde in PBS for 24 h.
After being washed in 0.1 M PBS, the cells were
treated with 0.1% Millipore-filtered cacodylate-
buffered tannic acid, postfixed with 1% buffered os-
mium, and stained with 1% Millipore-filtered uranyl
acetate. After dehydration and embedding, samples
were incubated in a 60 °C oven for 24 h. Digital im-
ages were obtained using a transmission electron
microscope. Mitochondrial density is Quantitative
analysis by the ImageJ software. Cell Number ≥ 3,
mitochondria Number ≥ 17, *p < 0.05, t-test.

Protein stability assay
Cells were treated with 100 μg/mL cycloheximide (CHX)
for a variety of time intervals after knockdown of UFM1.
Then SLC7A11 protein lysate was resolved on SDS-
PAGE and analyzed by western blotting.

UFMylation modification detection
UFM1 is mainly bound to its target protein through co-
valent bonding. Therefore, to detect whether a protein
can be modified by UFM1, the interference of noncova-
lent binding needs to be eliminated. Cells were lysed
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with a strong denaturant containing SDS and then
boiled at 100 °C for 10 min to remove noncovalently
bound UFM1 protein. Immunoprecipitation was per-
formed with the supernatant.

Immunohistochemistry and digital pathology analysis
Tissue sections from the indicated mouse models were
fixed in 10% buffered formalin and embedded in paraf-
fin. For IHC staining, tissue slides were deparaffinized in
xylene and rehydrated in alcohol. Endogenous peroxid-
ase was blocked with 3% hydrogen peroxide. Antigen re-
trieval was achieved using a microwave and 0.1M citric
sodium buffer (pH 6.0). Sections were then incubated
overnight at 4 °C with the primary antibody. Then three
PBS washes were performed, after which the slides were
exposed to the secondary antibody (ZGBBT, PV-9001)
for 1 h at room temperature. We wash 3 times with PBS,
5 min each time, then with DAB color development for
5 min, tap water for 10 min, hematoxylin counterstain
for 2 min, tap water again for 10 min, and then routine
dehydration, transparency, mounting, and microscopy.
And for each staining, a positive control was included
(human breast cancer tissues), as well as a negative con-
trol, without the primary antibody or with rabbit/ mouse
IgG.
Immunostained slides of each histology sample from

serially cut tumor sections were scanned at magnifica-
tion × 20. The SLC7A11 and 4-HNE were localized on
the cell membrane and cytoplasm respectively. The
UFM1 was localized on the cell membrane and cyto-
plasm. The specimens were evaluated according to the
intensity of staining (no staining = 0, weak staining = 1,
moderate staining = 2, strong staining = 3) and the extent
of stained cells (0% = score 0, 1–10% = 1; 11–50% = 2; >
51% = score3). Negative means 0% area staining. Focally
positive means 1–80% area staining, diffusely positive
means 81–100% area staining. Values were expressed as
mean ± SD.

Xenograft studies
Animal studies were reviewed and approved by the Eth-
ics Committee for Animal Studies of Zhejiang Univer-
sity. T47D xenografts were established in 5- week-old
nude mice (Shanghai SLAC Laboratory Animal Corpor-
ation) by inoculating 1 × 107 cells mixed with Matrigel
(BD Biosciences) at 1:1 ratio (volume) into the abdom-
inal mammary fat pad. When the tumor reached 50–
100 mm3, the mice were assigned randomly into differ-
ent treatment groups (DMSO, Metformin, SAS, and
Metformin + SAS groups). Metformin (200 mg/kg/day)
was provided in drinking water. Sulfasalazine was dis-
solved in dimethyl sulfoxide (DMSO), diluted in PBS,
and then intraperitoneally injected into mice at a dose of
250 mg/kg once a day. Tumor sizes were measured every

3 days, and tumor volumes were calculated as follows:
length × width2 × 0.5. Each group consisted of 5 mice.
After 21 days of treatment, all mice were euthanized,
and the tumors were surgically removed. A portion of
the tumors was immediately fixed in 10% buffered for-
malin for immunohistochemistry.

Bioinformatics
Kaplan Meier plot showing influence of SLC7A11 or
UFM1 expression level on overall survival of BRCA pa-
tients. We identified the upper and lower cut-off values
using:75 and 25%. Statistical tests and P-values were
two-sided. Differences were considered significant with a
value of P < 0.05.

Software and statistical analysis
Flow cytometry data were analyzed using Flow Jo soft-
ware (X.10.0.7r2). The schematic diagram was drawn
using ChemDraw Ultra (16.0.1.4). Statistical analyses
were carried out using Microsoft Excel software and
GraphPad Prism to assess differences between experi-
mental groups. Pearson’s correlation (two-sided) was
performed to analyse gene correlation of UFM1 and
SLC7A11 expression in different cancer types. Data are
presented as mean ± SD from 3 independent experi-
ments. P Statistical significance was determined using a
two-tailed, unpaired Student’s t-test with a confidence
interval of 95%. P ≤ 0.05 was considered statistically sig-
nificant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001).

Results
Metformin triggers Iron-dependent cell death
Accumulating evidence has demonstrated that metfor-
min has great potential in prevention and treatment of
breast cancer in clinical settings, and metformin can ef-
fectively inhibit the proliferation of breast cancer [34,
35]. Consistently, our study also showed that metformin
could effectively inhibit the proliferation of some breast
cancer cells in dose- and time-dependent manner
(Fig. 1a, Fig. S1A and B). Next, we explored whether
these well-established forms of regulated cell death are
involved in the anti-cancer activity of metformin in
breast cancer cells. We used various cell death inhibi-
tors, including Z-VAD-FMK (an apoptosis inhibitor),
necrosulfonamide (a necroptosis inhibitor), and 3-
Methyladenine (3-MA, an autophagy inhibitor). Since
metformin has been shown to regulate iron homeostasis
in cells, which may be linked to cell metabolism [5], we
also introduced an iron scavenger, Deferoxamine (DFO)
[36]. The results showed that DFO restored cell viability
in T47D and MCF7 cells cultured with metformin (Fig.
1b). In our study, Z-VAD-FMK, necrosulfonamide, and
3-MA also slightly improved cell viability compared with
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DMSO (Fig. 1b). Although metformin can induce apop-
tosis and inhibit autophagy (Fig. S2A-D), the effect of
DFO was much more significant than that of the apop-
tosis and autophagy inhibitors (Fig. 1b). Moreover, met-
formin promoted the accumulation of iron ions, and the
increase in the iron ion level was inhibited by DFO (Fig.
1c and d). Propidium iodide staining confirmed that
DFO inhibited metformin-induced cell death in T47D
cells (Fig. 1e). Collectively, these findings indicate that
iron ions are required for the anti-cancer effect of met-
formin, and that the increase in iron ions induced by
metformin may be a mechanism by which metformin
exerts its anti-cancer effect.

Metformin can induce ferroptosis
Ferroptosis is an iron-dependent form of cell death
[23]. Metformin can promote accumulation of iron
ions, and DFO, as a ferroptosis inhibitor, can effect-
ively inhibit the anti-cancer effect of metformin (Fig.

1c and d). Therefore, we hypothesized that the anti-
cancer effect could be at least partly explained by
metformin-mediated iron-dependent ferroptosis.
To clarify the association between metformin and

ferroptosis, we first investigated the effects of metfor-
min on the morphological characteristics of ferropto-
sis. One of the unique morphological characteristics
of ferroptosis is a decrease in mitochondrial volume
and an increase in membrane density [37]. Transmis-
sion electron microscopy showed that metformin in-
duced a decrease in mitochondrial volume and an
increase in membrane density in MCF7 and T47D
cells (Fig. 2a). Next, we focused on the effects of met-
formin on the biochemical processes of ferroptosis,
including accumulation of total ROS and lipid peroxi-
dation, which can be inhibited by ferroptosis inhibi-
tors (DFO, Fer-1), and a reduction in the intracellular
GSH level [37]. Therefore, breast cancer cells were
treated with metformin at different concentrations,

Fig. 1 Metformin-Induced Cell Death can be Inhibited by DFO. A Breast cancer lines were treated with metformin (5 mM) for 0, 12, 24, 36, or 48
h, and cell viability was assayed. B MCF7 and T47D cells were treated with metformin (0–80 mM) in the absence or presence of Z-VAD-FMK
(20 μM), necrosulfonamide (1 μM), 3-Methyladenine (5 mM) or Deferoxamine (20 μM) for 48 h, and cell viability was assayed. C T47D cells were
treated with metformin (5 mM) for 0, 12, 24, 36, or 48 h, and the relative levels of Fe2+ were assayed. D T47D cells were treated with metformin
(5 mM) for 48 h in the absence or presence of Deferoxamine. The relative levels of Fe2+ were assayed. E T47D cells were treated with metformin
(5 mM) for 48 h in the absence or presence of Deferoxamine. Microscopy showing cell death. Propidium iodide (PI) staining indicates dead cells
(scale bar, 100 mM). Quantitative analysis of cell death was measured by PI staining coupled with flow cytometry
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and the corresponding kits were used to detect these
indicators. Unsurprisingly, our results showed that
metformin increased intracellular total ROS and lipid
ROS levels, and the increase of lipid ROS was inhib-
ited by ferroptosis inhibitors (DFO, Fer-1) while DFO

and Fer-1 themselves had little effect on these (Fig.
2b and c and Fig. S1C). In addition, metformin re-
duced intracellular GSH levels (Fig. 2d and Fig. S1D).
Moreover, we tested whether ferroptosis inhibitors
(DFO, Fer-1) could reverse the anti-cancer effect of

Fig. 2 Metformin can Trigger ferroptosis. A Cell morphology was observed via transmission electron microscopy after cells were treated with
metformin (5 mM) for 48 h. The area and density of mitochondrial is quantitative analysis by using the ImageJ software. B T47D cells were treated
with metformin (5 mM) for 48 h. The relative total ROS levels were assayed via DCFH-DA fluorescence. C T47D cells were treated with metformin
(5 mM) for 48 h in the absence or presence of Ferrostatin-1 (1 μM) and Deferoxamine (20 μM) for 48 h. The relative lipid ROS levels were assayed
via C11-BODIPY fluorescence. D T47D cells were treated with metformin at 0, 2, 5, or 10 mM for 48 h, and the relative levels of GSH were assayed.
E T47D cells were treated with metformin (0–80mM) for 48 h in the absence or presence of Ferrostatin-1 (1 μM) and Deferoxamine (20 μM) for
48 h. Cell viability was assayed. F T47D cells were treated with metformin (5 mM) for 48 h in the absence or presence of Ferrostatin-1 (1 μM) for
48 h. Microscopy showing cell death. Propidium iodide (PI) staining indicates dead cells (scale bar, 100 mM). Quantitative analysis of cell death
was measured by PI staining coupled with flow cytometry
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metformin. Our results demonstrated that both DFO
and Fer-1 could significantly rescue cell viability when
T47D cells were treated with metformin (Fig. 2e).
Furthermore, propidium iodide staining confirmed
that Fer-1 inhibited metformin-induced cell death in
T47D cells (Fig. 2f). In summary, metformin can in-
duce ferroptosis.

Metformin inhibits SLC7A11 expression
Next, we sought to study how metformin induced fer-
roptosis. Ferroptosis is triggered by lipid peroxidation
and is tightly regulated by SLC7A11, a key component
of the cystine-glutamate antiporter. GPX4 and GSH syn-
ergistically regulate lipid peroxidation [38, 39]. GSH gen-
eration is regulated by SLC7A11, which is a crucial
factor in the glutamate transport system and plays a key
role in the ferroptosis pathway [40, 41]. To identify the
specific molecular mechanism of metformin in regulat-
ing ferroptosis, the effects of different metformin con-
centrations and treatment durations on the expression
of SLC7A11 and GPX4 were detected. The results
showed that metformin effectively inhibited the expres-
sion of SLC7A11 in T47D and MCF7 cells in a dose-
and time-dependent manner while the level of transcrip-
tion was significantly elevated (Fig. 3a and b). In
addition, metformin had no significant effect on GPX4
expression (Fig. 3a). We also examined the inhibitory ef-
ficiency of metformin against SLC7A11 in other breast
cancer cells. The results showed that metformin select-
ively inhibited the expression of some breast cancer cells
(Fig. S3B). Therefore, metformin inhibits SLC7A11 ex-
pression in a posttranscriptional manner and may play
its anti-cancer role by inhibiting the SLC7A11 protein
level (Fig. S1A and B, Fig. S3B).
To further clarify the role of SLC7A11 in the anti-

cancer effect of metformin, SLC7A11 was knocked down
or overexpressed in T47D cells to detect changes in met-
formin sensitivity and its effect on lipid ROS and GSH
levels. The results showed that knockdown of SLC7A11
significantly increased the sensitivity of cells to metfor-
min and enhanced the production of Lipid ROS induced
by metformin (Fig. S3C and S4C). And overexpression
of SLC7A11 significantly reversed the anti-cancer effect
of metformin and the upregulation of GSH (Fig. 3c and
d and Fig. S3C). In addition, overexpression of SLC7A11
blocked the lipid ROS increase induced by metformin
(Fig. S3D). Moreover, knock down or over-expression of
SLC7A11 had no significant effect on cell proliferation
(Fig. S4A). Therefore, we conclude that the effect of
SLC7A11 in the inhibition of tumor cells by metformin
may rule out the effect of SLC7A11 itself on cell prolif-
eration. These results suggest that metformin can induce
ferroptosis to suppress cancer by downregulating the
SLC7A11 protein level.

Metformin can regulate UFM1 expression
UFMylation is a ubiquitin-like modification that plays an
important role in the occurrence and development of
breast cancer. The UFM1 system is conserved in meta-
zoans and plants but not in yeast, suggesting its specific
roles in multicellular organisms [20]. Based on DRUG-
SURV database analysis (DRUGSURV: a resource for re-
positioning of approved and experimental drugs in
oncology based on patient survival information), we
found that UFM1 can be targeted by metformin indir-
ectly (Fig. 4a). We speculated that UFM1 might play a
certain role in the anti-cancer effect of metformin [24].
To detect the regulatory effect of metformin on UFM1,
the effect of metformin on UFM1 expression was tested.
The results showed that metformin inhibited the level of
UFM1 protein and the overall UFMylation modification
level (Fig. 4b) to some extent without affecting the
UFM1 transcription level (Fig. 4c).
To further clarify the effect of UFM1 on the tumor in-

hibition activity of metformin, UFM1 was overexpressed
in T47D cells. The results showed that overexpression of
UFM1 effectively blocked the anti-cancer effect of met-
formin and restored the inhibition of the GSH level me-
diated by metformin (Fig. 4d and e). In addition, in
order to rule out the effects of UFM1 on cell viability,
we examined the effects of UFM1 on cell proliferation,
the result show that over-expression of UFM1 had no
significant effect on cell proliferation (Fig. S4B). More-
over, overexpression of UFM1 also blocked the lipid
ROS induction effect of metformin (Fig. S3E). In sum-
mary, our results showed that metformin might exert its
anti-cancer effect through UFM1, which can regulate the
GSH level.

Metformin downregulated SLC7A11 expression by
inhibiting UFMylation of SLC7A11
Ferroptosis is triggered by lipid peroxidation and is
tightly regulated by SLC7A11, a key component of the
cystine-glutamate antiporter [42], and thus, exploring its
regulatory mechanism is helpful in finding further novel
therapeutic targets for inducing ferroptosis in cancer
therapy. Our results demonstrated that the ferroptosis
inducer erastin downregulated the expression of UFM1
and SLC7A11, indicating that UFM1 may participate in
ferroptosis regulation, and further confirming the correl-
ation between SLCA7A11 and UFM1 (Fig. S3A). To
clarify the role of UFM1 in ferroptosis regulation by
metformin, we first detected the expression of SLC7A11
and UFM1 in different breast cancer cell lines. Our re-
sults showed that there was an obvious positive correl-
ation between the SLC7A11 and UFM1 protein levels
(Fig. 5a). Next, utilizing publicly available databases, our
bioinformatics analysis showed that there was a signifi-
cant negative correlation between the expression of
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SLC7A11 and the prognosis of breast cancer patients,
but not UFM1(Fig. 5b).
To determine whether SLC7A11 and UFM1 have regu-

latory effects, the effect of SLC7A11 expression was de-
tected after knockdown of UFM1. The results showed that
knockdown of UFM1 downregulated the expression of
SLC7A11 without affecting its transcription level (Fig. 5c).
Furthermore, knockdown of UFM1 inhibited the protein
stability of SLC7A11 (Fig. 5d).
To determine whether SLC7A11 could be modified by

UFM1, UFMylation of SLC7A11 was detected with or
without UFM1 knockdown. SLC7A11 was found to be a
substrate for UFMylation, and the specificity of its modifi-
cation was determined by knockdown of UFM1 (Fig. 5e).
Covalent binding of UFM1 to a target protein can be re-
versed by the UfSP2 enzyme. Further tests of UFMylation

modification showed that SLC7A11 UFMylation could be
inhibited by UfSP2 (Fig. 5f). These findings define
SLC7A11 as a new modification substrate of UFM1.
Furthermore, to clarify the specific molecular mechanism by

which metformin regulates SLC7A11, we used metformin-
treated cells to detect the effect of metformin on the level of
SLC7A11 UFMylation. The results showed that metformin ef-
fectively inhibited the level of SLC7A11 UFMylation (Fig. 5g).
In summary, metformin downregulates SLC7A11 pro-

tein stability to induce ferroptosis by inhibiting UFMyla-
tion of SLC7A11.

Metformin can induce ferroptosis independent of the
AMPK pathway
At present, many studies have demonstrated that met-
formin can directly act on tumor cells and exerts its

Fig. 3 Metformin causes System Xc
− dysfunction. A MCF7 and T47D cells were treated with metformin at 0, 2, 5, or 10 mM for 48 h or treated

with metformin (5 mM) for 0, 12, 24, 36, or 48 h. SLC7A11 and GPX4 protein expression was measured via Western blotting. B The relative
SLC7A11 RNA level was measured via qRT-PCR after MCF7 and T47D cells were treated with metformin at 0, 2, 5, or 10 mM for 48 h. C T47D cells
were treated with metformin (0–80 mM) for 48 h with or without the overexpression of SLC7A11. Cell viability was assayed. D T47D cells were
treated with 5 mM metformin for 48 h with or without the overexpression of SLC7A11. The relative levels of GSH were assayed
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antitumor biological effects through AMPK-dependent
and/or AMPK-independent signaling pathways [43]. Our
results also show that metformin can activate AMPK
phosphorylation (Fig. 6a). Therefore, to determine
whether the AMPK pathway is involved in the regulation
of metformin on ferroptosis, we firstly clarify whether
the activation of AMPK can induce ferroptosis. The re-
sults show AICAR, an AMPK activator, increased lipid

ROS production and inhibited SLC7A11 expression
which indicated that AMPK activation can induce fer-
roptosis (Fig. 6e and f). To further determine the role of
AMPK pathway in the ferroptosis induced by metformin,
we treat cells with metformin in the absence or presence
of Compound C, an inhibitor of AMPK. Interestingly,
the results showed that the combination of metformin
and Compound C can synergistically increase the level

Fig. 4 Metformin can regulate UFM1 expression. A DRUGSURV database (http://www.bioprofiling.de/GEO/DRUGSURV/) analysis showing that
UFM1 is an indirect target of metformin. B T47D cells were treated with metformin at 0, 2, 5, or10 mM for 48 h or treated with metformin (5 mM)
for 0, 12, 24, 36, or 48 h. The UFM1-conjugated proteins were measured via Western blotting. C The relative UFM1 RNA level was measured via
qRT-PCR after T47D cells were treated with metformin at 0, 2, 5, or 10 mM for 48 h. D T47D cells were treated with Metformin (0–80mM) for 48 h
with or without the overexpression of UFM1. Cell viability was assayed. E T47D cells were treated with 5 mM metformin for 48 h with or without
overexpression of UFM1. The relative levels of GSH were assayed
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of Lipid ROS and inhibit the level of GSH and the ex-
pression of SLC7A11(Fig. 6a, b, c). In addition, Com-
pound C itself can increase the production of lipid ROS
and Fe2+ (Fig. 6c and d). Therefore, it suggests that the
balance of AMPK is critical for cell survival and the acti-
vation or inhibition of AMPK may induce stress re-
sponse in cells in which ferroptosis may be involved. In
short, these findings indicate that either metformin or
AMPK imbalances can induce ferroptosis, and metfor-
min may induce ferroptosis without the involvement of
AMPK.

The synergistic effect of SAS and metformin can
effectively inhibit breast cancer cell
Our aforementioned data prompted us to examine
whether inactivating SLC7A11 with sulfasalazine would

potentiate metformin-induced lipid peroxidation and fer-
roptosis, thus sensitizing cancer cells to metformin. We
treated cells with metformin combined with the SLC7A11
inhibitor sulfasalazine. Subsequently, we tested cell viabil-
ity with a CCK8 assay to determine the synergistic effect
of combining metformin and sulfasalazine. Our results
showed that the combination of sulfasalazine and metfor-
min can work in a synergistic manner to inhibit the prolif-
eration of breast cancer, especially MDAMB231 cells
(Fig. 7a, S5A). In addition, RSL3, a direct GPX4 inhibitor,
also can work in synergy with metformin (Fig. S5D).
Moreover, the combination of sulfasalazine and metfor-
min further reduced the expression of SLC7A11 (Fig. S5B)
and induced the reduction of mitochondrial volume and
increased the membrane density (Fig. 7b and S5C). Fur-
thermore, lipid peroxidation detection and GSH detection

Fig. 5 Metformin downregulated SLC7A11 expression by inhibiting UFMylation of SLC7A11. A UFM1 and SLC7A11 expression in breast cancer
cell lines was detected via Western blotting. Scatter plots showing positive correlation of UFM1 and SLC7A11 expression in different cancer types.
B TCGA database analyse the effect of UFM1 or SLC7A11 on survival. C After knockdown of UFM1 with siRNA, the relative SLC7A11 protein and
RNA expression levels were measured via Western blotting and qRT-PCR. D The protein level of SLC7A11 in breast cancer cell lines was detected
by Western blotting after cells were treated with cycloheximide (CHX, 100 μg/ml) after knockdown of UFM1. E After siRNA-mediated knockdown
of UFM1, SLC7A11 UFMylation was measured via Co-IP. F SLC7A11 UFMylation was measured via Co-IP in the absence or presence of UfSP2. G
SLC7A11 UFMylation was measured via Co-IP in the absence or presence of metformin
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revealed that the combination of metformin and
sulfasalazine significantly increased the lipid ROS
level and inhibited GSH generation (Fig. 7c and d).
DFO and Fer-1 effectively attenuated the killing ef-
fect of the metformin and sulfasalazine combination

(Fig. 7e). Cumulatively, our data strongly suggests
that the combination of sulfasalazine and metformin
synergistically induces lipid peroxidation and fer-
roptosis and thus inhibits the proliferation of breast
cancer.

Fig. 6 Metformin can induce ferroptosis independent of the AMPK pathway. A T47D cells were treated with metformin (5 mM) for 48 h in the
absence or presence of Comp C (1 μM) for 48 h. Protein expression was measured via Western blotting. B T47D cells were treated with
metformin (5 mM) for 48 h in the absence or presence of Comp C (1 μM) for 48 h, and the relative GSH levels were assayed. C and D T47D cells
were treated with metformin (5 mM) for 48 h in the absence or presence of Comp C (1 μM) for 48 h. The relative lipid ROS and Fe2+ levels were
assayed via C11-BODIPY and PSGK fluorescence, respectively. E T47D cells were treated with AICAR (2 mM) for 48 h, and protein expression was
measured via Western blotting. F T47D cells were treated with AICAR (2 mM) for 48 h. The relative lipid ROS levels were assayed via
C11-BODIPY fluorescence
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Fig. 7 The synergistic effect of SAS and Metformin can effectively inhibit breast cancer. A T47D and MCF7 cells were treated with metformin (0–
80mM) in the absence or presence of sulfasalazine for 48 h. Cell viability was assayed. B Cell morphology was observed via transmission electron
microscopy after cells were treated with metformin (5 mM) in the absence or presence of sulfasalazine for 48 h. The area and density of
mitochondrial is quantitative analysis by using the ImageJ software. C T47D cells were treated with metformin (5 mM) in the absence or presence
of sulfasalazine for 48 h. The relative lipid ROS levels were assayed using C11-BODIPY fluorescence. D T47D and MCF7 cells were treated with
metformin (5 mM) in the absence or presence of sulfasalazine for 48 h. The relative levels of GSH were assayed. E T47D and MCF7 cells were
treated with metformin and sulfasalazine in the absence or presence of ferrostatin-1 (1 μM) and Deferoxamine (20 μM) for 48 h. Cell viability
was assayed
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Sulfasalazine synergistically enhances the anti-cancer
activity of metformin in vivo
We investigated whether Sulfasalazine enhances the
anti-cancer activity of metformin in vivo. T47D cells
were implanted subcutaneously into the right flank of
immunodeficient nude mice. One week later, tumor-
bearing mice were randomly divided into four groups
and subsequently treated with DMSO, metformin, Sulfa-
salazine, or metformin with Sulfasalazine. Unsurpris-
ingly, metformin and Sulfasalazine significantly
suppressed tumor growth compared with the DMSO
group (Fig. 8a and b). Among the four groups, the met-
formin and Sulfasalazine combination had the highest
efficacy in inhibiting tumor growth (Fig. 8a and b). In
addition, mice treated with metformin and Sulfasalazine
showed lower UFM1 and SLC7A11 expression and
higher 4-HNE expression, which have frequently been
used as general markers of oxidative stress in tissues
(Fig. 8c). These data indicate that Sulfasalazine sensitizes
cancer cells to metformin-induced lipid peroxidation
and ferroptosis, leading to tumor suppression in vivo.

Discussion
In our current study, we demonstrated that metformin
inhibited breast cancer mainly by inducing ferroptosis
(Fig. 8d). Biochemically, metformin induced intracellular
lipid ROS and Fe2+ accumulation and reduced the level
of GSH (Fig. 1c and 2b, d). Morphologically, mitochon-
dria become smaller with increased membrane density
and significantly decreased volume after metformin ad-
ministration (Fig. 2a). Mechanistically, metformin down-
regulated the expression of a key ferroptosis pathway
protein, SLC7A11 (Fig. 3a). In addition, bioinformatics
analysis and Western blotting showed that the
ubiquitin-like molecule UFM1 is a target protein of met-
formin (Fig. 4a). Moreover, our results suggested that
metformin could suppress UFM1 expression, subse-
quently inhibiting the overall cellular UFMylation level
(Fig. 4b). Finally, we also found that SLC7A11 is a novel
substrate for UFMylation modification by UFM1, which
could be suppressed by metformin (Fig. 5e, g). In sum-
mary, our data suggest a novel anti-cancer mechanism
of metformin in which metformin induces ferroptosis by
repressing UFMylation of SLC7A11.
However, how metformin regulates UFM1 expression

remains unclear. Our previous studies showed that low
doses of metformin can downregulate the expression of
long noncoding RNA H19, thereby inhibiting the metas-
tasis of tumor cells. H19 can also bind to SAHH protein
and affect its enzyme activity, consequently changing the
binding state in the genomic DNA of methylated trans-
ferase DNMT3B and regulating genomic DNA methyla-
tion [44, 45]. Therefore, we speculated that metformin
may regulate UFM1 via H19. Indeed, our ongoing

research suggests that H19 is involved in the regulation
of UFM1 (unpublished data). Moreover, in addition to
SLC7A11, our study suggests that metformin can alter
the overall cellular UFMylation modification level. Since
UFMylation is extensively involved in various patho-
physiological processes [21], whether metformin can
exert other biological or therapeutic effects through
UFM1 merits further studies.
In our study, we identified SLC7A11 as a new UFMy-

lation substrate. However, an unanswered question is
how UFM1 acts on SLC7A11. Currently, only a few
UFM1 substrates have been found, including ASC1 [24]
and DDRGK1 [25]. It is proposed that UFM1 primarily
regulates target proteins by covalently binding to the
substrate via lysine. Therefore, whether UFM1 acts on
SLC7A11 in a similar lysine-related manner remains to
be further studied. Exploring more substrates is helpful
for further understanding of the functions of UFM1. In
addition to system Xc−, ferroptosis is also regulated by
other genes, including ACSL4 and FSP1 [37]. ACSL4 is
responsible for shaping the cellular lipidome, which acts
as an important node that determines the sensitivity or
resistance of a cell to ferroptosis. In addition, the FSP1-
catalyzed regeneration of CoQ10 (consuming NAD(P)H)
exists as a stand-alone parallel anti-ferroptotic system,
which cooperates with GPX4 and glutathione to sup-
press phospholipid peroxidation and ferroptosis [46].
However, whether and how UFM1 regulates these fer-
roptosis regulators is still not clear. It is also possible
that additional mechanisms are involved in metformin-
induced ferroptosis. Dissecting such mechanisms will re-
main an important area of future investigation.
The roles of AMPK in the anti-cancer effect of metfor-

min have been well-established [1]. Accumulating evi-
dence indicates an intimate link between AMPK and
ferroptosis [41, 47, 48]; however, the results remain
largely inconclusive. A recent study clearly showed that
energy-stress-mediated AMPK activation likely inhibits
ferroptosis [47]. Controversially, another study proposed
that AMPK-mediated Beclin 1 (BECN1) phosphorylation
promotes ferroptosis by inhibiting SLC7A11-mediated
cystine transport [41]. Additionally, a recent study
showed that mitochondria activation selectively pro-
motes cystine-starvation-induced or erastin-induced fer-
roptosis, which suggests that mitochondria play an
important role in regulating ferroptosis [48]. Our results
suggest that either AMPK activation or inhibition can
induce ferroptosis (Fig. 6a, b, c). Based on these findings,
we speculate that the potential role of AMPK in ferrop-
tosis is context-dependent and that metformin may in-
duce ferroptosis without the involvement of AMPK.
Interestingly, another study has shown that AICAR, an
AMPK avtivator, can enhance the efficacy of rapamycin
in human cancer cells [49]. The mTOR inhibitors
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Fig. 8 (See legend on next page.)
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including rapamycin can activate autophagy, and in-
creasing evidences also prove that autophagy can regu-
late the development of ferroptosis [50]. Moreover,
rapamycin has been applied in couple with erastin to en-
hance ferroptosis by inducing autophagy [51]. In our
study, metformin can trigger ferroptosis but suppress
autophagy (Fig. S2C, D). So, we suppose that metformin
is similar to AICAR in that it also can combined with
any mTOR inhibitors which may rescue the autophagy
inhibited by metformin and thus further promote ferrop-
tosis. There have also been studies showing that AMPK
can regulate mTOR in a feedback loop manner [52]. In
the absence of nutrients, AMPK is the metabolic check-
point that inhibits cell growth which can be realized by
suppressing the mTORC1 channel [53]. Some metabolic
pathways, such as (selenium) thiol metabolism, fatty acid
metabolism, iron handling, mevalonate pathway and
mitochondrial respiration, directly impinge on the sensi-
tivity of cells toward Lipid peroxidation and ferroptosis
[54]. Therefore, studying the role of AMPK/mTOR-me-
diated metabolic pathway in ferroptosis will be a signifi-
cant research direction in the future.
In addition, it’s interesting that cancer cells show a

higher iron requirement than healthy cells which bring
us to a major question that how do healthy primary cells
react to the metformin treatment. Next, we tested the
sensitivity of different breast cancer and normal breast
cells to metformin (Fig. S1A, B.) The results showed that
although metformin can effectively inhibit the prolifera-
tion of normal breast epithelial cells (HBL-100) and fi-
broblasts cells (NHFB), the toxicity of metformin to
normal breast cells was similar to that of triple negative
breast cancer (MDAMB231, BT549, HCC1937) and sig-
nificantly lower than that of ER positive breast cancer
cells including MCF7 and T47D. These results suggests
that normal breast cells are relatively insensitive to met-
formin and the molecular subtype may affect the differ-
ent effectivities of metformin treatment.
In this study, we elucidated how metformin regulates

SLC7A11 and affects ferroptosis, but how metformin af-
fects iron ions to regulate ferroptosis remains unclear.
Iron-dependent lipid peroxidation is a hallmark of fer-
roptosis. Iron is an important component that composes
a subunit of oxidase for lipid peroxidation [44, 55]. Iron

not only directly catalyzes the formation of ROS but is
also involved in the synthesis of lipoxygenases (LOXs)
that oxidize cellular membrane polyunsaturated fatty
acids (PUFAs), resulting in lipid peroxides in ferroptosis.
Hence, iron is an essential component of ferroptosis
[56]. Regulation of iron metabolism and ferritinophagy
are additional potential points in control of ferroptosis.
Some studies have shown that metformin can regulate
iron ion homeostasis, but the specific mechanism is un-
known. One study showed that metformin can modulate
ferritin heavy chain (FHC) against the oxidative stress
induced by doxorubicin [57]. Since iron can be con-
sumed and stored by mitochondria [58], there may be a
mutually regulatory relationship between mitochondria
and iron ions that affect the development of ferroptosis.
In addition, our data show that metformin can cause
mitochondrial membrane potential disorder, suggesting
that metformin may regulate iron ion levels through
mitochondria. The regulatory effects of metformin in
other iron metabolism signaling pathways still need to
be further studied.
The anti-cancer effect of metformin has been closely

correlated with apoptosis, autophagy, and other regu-
lated cell death pathways [7, 59]. To the best of our
knowledge, our study is the first to reveal that metfor-
min can exert an anti-cancer effect by inducing ferropto-
sis. There is a growing body of evidence suggesting the
presence of crosstalk between ferroptosis and other reg-
ulated cell death types. Autophagy plays an important
role in the process of ferroptosis by regulating cell iron
homeostasis and cell ROS production, and in contrast,
ferroptosis induction also activates autophagy [50]. An-
other study demonstrated that autophagy contributes to
ferroptosis via degradation of ferritin [60]. Our results
showed that metformin induced ferroptosis (Fig. 2) and
apoptosis (Fig. S2A/B) and inhibited autophagy (Fig.
S2C). Besides, only ferroptosis inhibitors could signifi-
cantly inhibit the anti-cancer effect of metformin, while
apoptosis, autophagy, and necrosis inhibitors had only a
slight and insignificant effect (Fig. 1a). Based on our
data, we propose that the cancer cell suppression effect
of metformin is mainly due to ferroptosis induction.
However, we have not investigated whether metformin
may contribute to other forms of death by inducing

(See figure on previous page.)
Fig. 8 Sulfasalazine synergistically enhances the anti-cancer activity of Metformin in vivo. A Athymic nude mice were orthotopically injected with
T47D cells and treated with metformin (200 mg/kg, three weeks) daily in drinking water with or without sulfasalazine administration via
intraperitoneal injection until the end of the experiment. Tumor volumes are shown relative to the initial volume measured before treatment
(n = 5 mice/group). B Representative isolated tumor images from each treatment group at day 21 after treatment are shown. C Representative
images of immunohistochemical staining (SLC7A11, UFM1 and 4-HNE) of T47D cell-derived xenograft tumors with the indicated treatments. The
box graphs show the quantification of IHC staining. Chi-square test was used for statistical analysis. D Schematic diagram showing metformin
regulation of ferroptosis. SLC7A11 can be modified by UFM1; metformin exerts its anti-cancer effect by inhibiting UFMylation of SLC7A11 leading
to ferroptosis in an AMPK-independent manner
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ferroptosis. Due to the complexity of the crosstalk
among the different regulated cell death types, future
studies are guaranteed.
Previous studies have suggested an association between

metformin use and improved outcome in patients with dia-
betes and breast cancer, indicating that metformin has great
potential in the treatment of breast cancer [61, 62]. However,
another study demonstrated that the addition of metformin
to first-line chemotherapy in metastatic breast cancer did
not provide a meaningful clinical benefit in terms of PFS or
OS [63]. It is critical to screen the appropriate molecular tar-
gets and precisely identify patients who have the highest like-
lihood of benefiting from metformin. We found the
SLC7A11 expression was significantly negatively correlated
with the prognosis of patients with breast cancer (Fig. 5b).
Overall, we propose that breast cancer cases with higher
SLC7A11 levels might be appropriate candidates for Breast
Cancer treatment, breaking down the mechanisms under-
lying the protection of SLC7A11 in some breast cancer cells
may be a potential avenue for future research in the treat-
ment of breast cancer.
Sulfasalazine is a Food and Drug Administration-

approved drug commonly used for the treatment of
rheumatoid arthritis. It is a well-characterized specific in-
hibitor of SLC7A11-mediated cystine transport and has
been shown to inhibit the growth, invasion, and metastasis
of several cancer types [18, 64]. Our data showed that
sulfasalazine synergistically increased the level of ferropto-
sis and enhanced the anti-cancer effect of metformin
in vitro and in vivo (Fig. 7a-e and 8a, b), but whether met-
formin in combination with SAS induces other forms of
cell death is still not clear, and remains to be explored.
Notably, we also found that combining Sulfasalazine with
metformin effectively suppressed the relatively “metformin
resistant” MDAMB231 cancer cells (Fig. S5A). Consistent
with our findings, a recent study demonstrated that met-
formin combined with hemin is effective for breast cancer
[65]. Thus, screening a new metformin-based drug com-
bination might be a promising strategy to further enhance
the anti-cancer efficacy of metformin.

Conclusions
In summary, to the best of our knowledge, this study is
the first to establish a link between metformin and fer-
roptosis. Thus, to fully harness the potential of metfor-
min for cancer treatment, it will be important in the
future work to determine not only cellular determinants
of ferroptosis sensitivity and resistance but also systemic
responses and the mechanisms through which these re-
sponses are interlinked with other types of regulated cell
death. Finally, we envision that a detailed understanding
of the exact genetic or tumor contexts that maximize
treatment efficacy will likely govern the therapeutic util-
ity of metformin.
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