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Abstract Aberrant gene expression in the cell death pathway is a hallmark of cancers. Sulfasalazine and erastin are
representative inducers of ferroptosis, which is a form of regulated cell death caused by iron-mediated accumulation of
lethal lipid peroxides. This study aimed to evaluate the vulnerability of hepatocellular carcinoma cells to ferroptotic
inducers. Sulfasalazine and erastin decreased cell viability with an increase of membrane permeabilization in Huh7, Huh6,
and HepG2 cells. 2-Mercaptoethanol, a reducing agent, prevented cell death induced by 500 µM sulfasalazine in all tested
cell lines, whereas ferrostatin-1, a ferroptosis inhibitor, restored by 57.5, 45.8, and 21.9% in Huh7, Huh6, and HepG2 cells,
respectively. The cell death induced by 3 µM erastin was reversed in the presence of ferrostatin-1, by 42.9, 45.3, and 29%
in Huh7, Huh6, and HepG2 cells, respectively. Necrostatin-1, a RIPK1 inhibitor, restored sulfasalazine- or erastin-induced
cell death to a similar extent as ferrostatin-1. Z-VAD-FMK, a pan-caspase inhibitor, and chloroquine, an autophagy
inhibitor, failed to prevent sulfasalazine- or erastin-induced cell death. The increase of lipid peroxide by sulfasalazine was
higher in Huh7 cells than in HepG2 cells, and was prevented by ferrostatin-1 and necrostatin-1 treatment of Huh7 cells.
In contrast, sulfasalazine and erastin decreased the viability of PLC/PRF/5 cells by 60% without significant morphological
changes, which was not affected by any inhibitor. Together, these results showed distinct cell context-dependent
mechanisms for growth inhibition by sulfasalazine and erastin in hepatocellular carcinoma.
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was therefore named after its ability to eradicate Ras- and small
T-transformed cells. Erastin-induced cell death did not show any
hallmark of apoptosis, such as caspase activation, annexin V
staining, involvement of Bax or Bak, or morphological changes in
the nucleus. Erastin acted by inhibiting system x −, leading to
deregulated cellular redox homeostasis and accumulation of lethal
lipid peroxide. Sulfasalazine, which is known to inhibit system x −,
showed similar cellular and molecular changes as erastin. Erastin
and sulfasalazine-induced lethality were potently suppressed by
iron chelators (deferoxamine), lipophilic antioxidants, and ferrostatin-1,
but not by small molecule inhibitors of apoptosis (Z-VAD-FMK),
necroptosis (necrostatin-1), or autophagy (chloroquine) in HT1080
fibrosarcoma cells.
However, it is not clear whether inhibition of system x −
induces ferroptotic cell death in other cancer cell types. Cystine
starvation-induced cell death in triple-negative breast cancer cells
was prevented by ferrostatin-1 and deferoxamine, as well as
necrostatin-1, indicating that both necroptosis and ferroptosis were
involved. Erastin-induced mixed types of cell death have been
reported to be inhibited by both ferrostatin-1 and necrostatin-1 in
HL-60 leukemia cells. Sulfasalazine activated apoptosis in
malignant glioma cells by sensitizing TRAIL-induced caspase
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Ferroptosis is a form of cell death distinct form other types of
regulated cell death, such as apoptosis, necroptosis, and autophagic
cell death. Ferroptotic cell death is caused by the iron-mediated
accumulation of lipid peroxides and lethal reactive oxygen
species. Cell starvation of cysteine induces ferroptosis, which is
induced by the inhibition of system x −, a transmembrane cystineglutamate antiporter that imports cystine into cells. Cystine is
reduced to cysteine and then used for the biosynthesis of
glutathione (GSH). GSH is a substrate of glutathione peroxidase,
which repairs lipids to avoid the accumulation of lethal lipid
peroxides and consequential cell death.
Erastin and sulfasalazine are representative ferroptosis inducers,
Erastin emerged from screening
which inhibit system x −.
performed to identify lethal compounds for cells with oncogenic
mutant HRAS, as well as the large and small T oncoproteins, and
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activation and cytochrome c release, and by inducing DNA
fragmentation and annexin V exposure. Sulfasalazine-induced
cell death was prevented by an autophagy inhibitor in oral cancer
cell lines. Together, these results indicated that sulfasalazine and
erastin activate various mechanisms of cell death, including
necroptosis, apoptosis, autophagy, and/or ferroptosis, depending on
the cell context. However, the specific mechanisms for cell death
induced by sulfasalazine and erastin in hepatocellular carcinoma
(HCC) cell lines are still unknown.
In the present study, we characterized the mechanisms of cell
death and vulnerability to ferroptosis using chemical inhibitors of
cell death in response to sulfasalazine or erastin in HCC cell lines.
We found that sulfasalazine- and erastin-induced growth inhibition
was prevented by ferrostatin-1 and necrostatin-1, and the degree
of reversal depended on the cell type. Our data suggested distinct
mechanisms underlying regulated cell death in HCC in response
to the inhibition of system x −.
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(Promega, Madison, WI, USA) using a EnVision
plate reader (Perkin Elmer, Waltham, MA, USA).

®

multimode

PI staining

After treatment with sulfasalazine as indicated, the cells were
washed with phosphate-buffered saline (PBS) and incubated with
1 µg/mL PI for 30 min in the dark. Bright field and fluorescence
images with excitation/emission maxima at 535/617 nm were
acquired using the EVOS FL Auto Imaging System (Thermo
Fisher Scientific, Waltham, MA, USA).
TM

Detection of lipid peroxidation

Lipid peroxide was detected using the Image-iT
Lipid
Peroxidation Kit, which is based on the lipophilic BODIPY
581591 C11 probe (Thermo Fisher Scientific). After treatment as
indicated, 1 µM probe was added and incubated for another
30 min at 37 C. Cells were collected by trypsinization and the
fluorescence with excitation/emission at 488/525 nm was measured
from 5,000 cells using a Guava easyCyte flow cytometer and
analyzed with InCyte2.6 software (MilliporeSigma).
TM

®

o
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Materials

Huh7 and Huh6 cell lines were obtained from the Korean Cell
Line Bank (Seoul, Republic of Korea), and the PLC/PRF/5 and
HepG2 cell lines were purchased from the American Type
Culture Collection (Manassas, VA, USA). Sulfasalazine, 2mercaptoethanol, ferrostatin-1, necrostatin-1, chloroquine, and
propidium iodide (PI) were purchased from MilliporeSigma
(Burlington MA, USA). Z-VAD-FMK and erastin were supplied
from Selleckchem (Houston, TX, USA).
Cell culture

Huh7, Huh6, and HepG2 cells were cultured in Dulbecco’s
modified essential medium, and PLC/PRF/5 cells were grown in
RPMI-1640 medium containing 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at
37 C in a humidified 5% CO incubator. Cells were maintained as
described previously, and regularly checked for the absence of
mycoplasma contamination.
o
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Cell viability

Cells were seeded in fresh medium in a 96-well plate at a
density of 2,000 cells per well. At 24 h after seeding, the cells
were exposed to 2-mercaptoethanol, ferrostatin-1, necrostatin-1, ZVAD-FMK, or chloroquine, 1 h before treatment with sulfasalazine
or erastin for 4 days. Paired control cells were treated with
dimethyl sulfoxide as a vehicle. Cell viability was measured with
a CellTiter Glo assay following the manufacturer’s instructions
®

Statistical analyses

Data are expressed as mean ± standard deviation (SD), with n
indicating the number of independent in vitro experiments for a
particular set of experiments. P<0.05 was considered to indicate
statistical significance. Statistical analyses were performed using
the two-sided Student’s t-test and one-way analysis of variance,
followed by Tukey’s multiple-comparison test or repeated-measures
two-way analysis of variance followed by Bonferroni’s multiplecomparison test, as applicable. All statistical analyses were
conducted using SPSS statistical software for Windows (version
22; SPSS Inc., Chicago, IL, USA).

Results
Sensitivity to sulfasalazine and erastin-induced cell death
in HCC cell lines

To examine the sensitivity to inhibition of system x −, dosedependent changes in cell viability by sulfasalazine and erastin
were monitored in four types of HCC cell lines. Sulfasalazine
significantly altered the viability of Huh7, Huh6, HepG2, and
PLC/PRF/5 cell lines (*p<0.05) (Fig. 1A). HepG2 was the cell
line most sensitive to sulfasalazine, with an IC of 247 µM. The
Huh7 and Huh6 cell lines were moderately sensitive, with an IC
of 284 and 332 µM, respectively. The highest concentration of
sulfasalazine completely inhibited proliferation in Huh7, Huh6,
and HepG2 cells, and induced morphological changes characterized
c
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Fig. 1. Sulfasalazine and erastin dose-dependently induced growth inhibition in HCC cells. (A) Huh7, Huh6, HepG2, and PLC/PRF/5 cells
were treated with sulfasalazine at concentrations of 62.5, 100, 125, 250, 300, 400, and 500 µM for 4 days, followed by measurement of cell
viability. Data at each dose were acquired from two to four independent analyses performed in triplicate. (B) Sulfasalazine was treated at a
concentration of 300 µM for 20 h in Huh7 cells, and at a concentration of 500 µM for 48 h in HepG2 cells. Membrane permeabilization was
detected with 0.1 µg/mL propidium iodide (PI) staining. Phase contrast (left), PI stained (middle), and merged (right) images were shown. (C)
Cells were exposed to vehicle (white bar) or 3 µM erastin (black bar) for 4 days and subjected measure viability. Three independent analyses
were performed in triplicate. Phosphate-buffered saline (PBS) and dimethyl sulfoxide were used as vehicle for sulfasalazine and erastin,
respectively, in the control group. The data are expressed as the mean±SD. **p<0.01, sulfasalazine or erastin versus the vehicle treatment.

by rounded, shrunken, and then detached cells (Fig. 1B). Staining
of HepG2 and Huh7 cells with PI revealed sulfasalazine-induced
cell death with increased membrane permeability and chromatin
condensation, as previously reported.
However, sulfasalazine
decreased the viability of PLC/PRF/5 cells only by 60%, without
significant morphological changes. Next, the effect on cell viability
of erastin was compared in these cell lines, which was performed
with the study of Fig. 3 and displayed separately to enhance
understanding (Fig. 1C). Viability of Huh6 and HepG2 cells was
totally suppressed, whereas that of Huh7 and PLC/PRF/5 cells
were decreased by 75 and 55%, respectively, by 3 µM erastin.
The decrease of viability of PLC/PRF/5 cells by 10 µM erastin
11,12)
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was similar to that by 3 µM erastin (data not shown). Together,
these results showed that sulfasalazine and erastin induced growth
inhibition in tested cell lines, and that Huh7, Huh6, and HepG2
cells were more sensitive than PLC/PRF/5 cell lines.
Determination of the type of cell death induced by sulfasalazine and erastin

We then determined the type of cell death induced by sulfasalazine
in Huh7, Huh6, HepG2, and PLC/PRF/5 cell lines, using chemical
inhibitors to induce cell death. The decrease of cell viability by
500 µM sulfasalazine was prevented in all tested cells by
pretreatment with 2-mercaptoethanol, a reducing agent that may
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Fig. 2. Determination of the type of cell death induced by sulfasalazine. Huh7 (n=4), Huh6 (n=3), HepG2 (n=3), and PLC/PRF/5 (n=4) cells
were pretreated with vehicle (1) 25 µM 2-mercaptoethanol (2), 20 µM ferrostatin-1 (3), 10 µM necrostatin-1 (4), 20 µM Z-VAD-FMK (5), or
3 µM chloroquine (6) for 1 h, and then further incubated vehicle (white bar) or 500 µM sulfasalazine (black bar) for 4 days in Huh7, Huh6,
HepG2, and PLC/PRF/5 cells. The cells were used for viability measurements (A), and for the capture of images (20×) (B). PBS was used as
vehicle in the control group. Three to four independent analyses were performed in triplicate. The data are expressed as the mean±SD.
**p<0.01, sulfasalazine treatment in the presence versus absence of inhibitors.

rescue cells from L-cystine depletion caused by inhibition of
system x − induced by sulfasalazine (Fig 2A). Ferrostatin-1, a
lipophilic antioxidant having radical scavenging activity and
preventing lipid peroxidation,
reversed sulfasalazine-induced
cell death by 57.5% in Huh7 and 45.8% in Huh6 cells, whereas
it reversed sulfasalazine-induced cell death by only 21.9% in
c

13,14)

HepG2 cells. Cell death by sulfasalazine was inhibited by necrostatin1, a RIPK1 inhibitor, to a similar extent as ferrostatin-1 in Huh7,
Huh6, and HepG2 cells. Sulfasalazine-induced cell death was
prevented by ferrostatin-1 and necrostatin-1 in Huh7 and Huh6
cells, whereas partially by ferrostatin-1, necrostatin-1, and chloroquine,
an autophagy inhibitor, which decreased autophagosome-lysosome
J. Pharm. Soc. Korea
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Fig. 3. Determination of the type of cell death induced by erastin. Cells were pretreated with vehicle (1), 25 µM 2-mercaptoethanol (2), 20
µM ferrostatin-1 (3), 10 µM necrostatin-1 (4), 20 µM Z-VAD-FMK (5), or 3 µM chloroquine (6) for 1 h and then further incubated vehicle
(white bar) or erastin at a concentration of 3 µM (black bar) for 4 days in Huh7, Huh6, HepG2, and PLC/PRF/5 cells. Dimethylsulfoxide was
used as a vehicle in the control group. Three independent analyses were performed in triplicate. The data are expressed as the mean±SD.
**p<0.01, sulfasalazine treatment in the presence versus absence of inhibitors.

fusion in HepG2 cells. In contrast, Z-VAD-FMK, a membrane
permeable pan-caspase inhibitor, did not alter sulfasalazineinduced cell death in all tested cell lines. Ferrostatin-1 and any
tested inhibitor did not restore sulfasalazine-induced cell death in
PLC/PRF/5 cells. The morphology of cells treated with sulfasalazine
in combination with ferrostatin-1 and necrostatin-1 was similar to
that of vehicle-treated cells (Fig. 2B).
Next, we assessed erastin-induced growth inhibition in the
absence or presence of chemical inhibitors (Fig. 3). Treatment
with 2-mercaptoethanol reversed erastin-induced growth inhibition
to the greatest extent compared to the other inhibitors. Ferrostatin1 reversed the 3 µM erastin-induced decrease in viability by 42.9,
45.3, and 29% in Huh7, Huh6, and HepG2 cells, respectively, and
necrostatin-1 restored it by similar extents. Growth inhibition by
10 µM erastin was restored by ferrostatin-1 in these cell lines, but
that was inhibited by necrostatin-1 only in Huh7 cells. Z-VADFMK and chloroquine had little effect on erastin-induced cell
death in the tested cell lines. Taken together, growth inhibition by
sulfasalazine or erastin was restored by 2-mercaptoethanol,
ferrostatin-1, and necrostatin-1, but the degree of reversal was cell
context- and dose-dependent. None of the cell death inhibitors
affected sulfasalazine or erastin-induced growth inhibition in PLC/
PRF/5 cells.
15)
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Mechanism underlying sulfasalazine and erastin-induced
lipid peroxidation

Inhibition of system x − by sulfasalazine induces the accumulation
Because
of lipid peroxide, leading to ferroptotic cell death.
Huh7 and HepG2 cells showed differences in degree of dependency
on ferrostatin-1 and necrostatin-1 for sulfasalazine-induced cell
death, we assessed the amount of lipid peroxide induced by
sulfasalazine at IC dose and the effect of inhibitors in these cells.
Sulfasalazine at 300 µM significantly increased the level of lipid
peroxide, by 7-fold, which was completely inhibited by pretreatment
with ferrostatin-1 or necrostatin-1 in Huh7 cells. Meanwhile,
sulfasalazine at 250 µM changed the level of lipid peroxide by
1.5-fold, which was partially decreased by ferrostatin-1 in HepG2
cells. Together, these results showed that equivalent dose of
sulfasalazine induced different levels of lipid peroxide in a cell
context-dependent manner.
c
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Discussion
This study showed the susceptibility to cell death and ferroptosis
of HCC cell lines by sulfasalazine and erastin. Huh7, Huh6, and
HepG2 cells showed higher degrees of growth retardation than
PLC/PRF/5 cells when treated with sulfasalazine or erastin. The
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Fig. 4. Changes in the level of lipid peroxidation induced by sulfasalazine. After pretreatment with vehicle (1), 20 µM ferrostatin-1 (2) or 10
µM necrostatin-1 (3) for 1 h, vehicle (white bar) or 300 µM sulfasalazine (black bar) was further incubated for 20 h in Huh7 cells, and at 250 µM
for 20~72 h in HepG2 cells. PBS and dimethyl sulfoxide were used as vehicle for sulfasalazine and erastin, respectively, in the control group.
Cells were further incubated with lipophilic BODIPY®581591 C11 probe and lipid peroxide was detected. Three analyses were performed
independently. The data are expressed as the mean±SD. **p<0.01, sulfasalazine versus vehicle treatment; ††p<0.01, sulfasalazine treatment in
the presence versus absence of inhibitors.

decreases in viability caused by sulfasalazine and erastin were
significantly reversed by ferrostatin-1 and necrostatin-1 in Huh7,
Huh6, and HepG2 cells, but the degree of reversal varied by cell
type. Huh7 cells showed a higher level of reversal by ferrostatin1 against sulfasalazine-induced cell death, and greater accumulation
of lipid peroxide by sulfasalazine than HepG2 cells. Sulfasalazineand erastin-induced growth inhibition in PLC/PRF/5 cells were
not affected by any of the tested chemical inhibitors.
Our data showed that the sulfasalazine- and erastin-induced
decreases in viability were reversed by ferrostatin-1, but the degree
of reversal was cell context-dependent. Ferrostatin-1 largely
reversed sulfasalazine- and erastin-induced decreases in viability in
Huh7 and Huh6 cells, but minimally restored it in HepG2 cells,
indicating that the dependency on ferroptosis for sulfasalazineand erastin-induced cell death was cell type-specific. Considering
that the degree of increase in lethal lipid peroxide was higher in
Huh7 cells than in HepG2 cells, HepG2 cells were probably
resistant to the depletion of L-cystine caused by the inhibition of
system x −. Some cells, which acquire cysteine via the metabolism
of methionine through the transsulfuration pathway, can bypass
c

their dependence on system x −. Although HepG2 cells might be
resistant to ferroptotic cell death, they showed the lowest IC
value for sulfasalazine, and the highest degree of growth inhibition
when treated with 3 µM erastin, indicating that they might be
vulnerable to other types of cell death in response to sulfasalazine
and erastin. Sulfasalazine is a well-known NF-kB suppressor
directly inhibiting IKKa and IKKb, but is also an apoptosis
inducer triggering mitochondrial accumulation of Bax, downregulation
of Bcl-xL and Bcl-2, and mitochondrial-nuclear translocation of
Sulfasalazine-induced apoptosis
apoptosis-inducing factor.
accompanies cleavage of caspase, but Z-VAD-FMK fails to inhibit
sulfasalazine-induced apoptosis. Our results consistently showed
that Z-VAD-FMK did not prevent sulfasalazine- or erastin-induced
growth inhibition in any of the tested cell lines. Future studies
should therefore determine whether sulfasalazine and erastin
activate caspase-independent apoptosis in HCC cells, which
showed resistance to the depletion of L-cystine.
Our results revealed that the sulfasalazine- and erastin-induced
decreases in viability was also restored by necrostatin-1, and to a
similar extent by ferrostatin-1. Necrostatin-1 blocks the kinase
16)
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activity of RIPK1, which is essential for the necroptosis and
RIPK1-dependent apoptosis induced by TNFα. RIPK1 binds to
FADD and caspase-8 to form complex IIa, to promote apoptosis
in apoptosis competent cells. When apoptosis is inhibited, RIPK1
forms complex IIb, consisting of RIPK1, FADD, caspase-8, and
RIPK3, which in turn promotes the oligomerization of MLKL and
initializes necroptosis. Loss of RIPK3 expression is a frequent
reason for the escape from necroptosis of many types of cancers.
Because we found that RIPK3 was not expressed in Huh7 cells
(data not shown), it was thought that necroptosis was not
activated in sulfasalazine- and erastin-induced growth inhibition.
Taken together, inhibition of system x − in HCC activates RIPK1dependent apoptosis in a caspase-independent manner. Otherwise,
RIPK1 may participate in sulfasalazine- and erastin-induced
generation of lipid peroxide and ferroptotic cell death, because
necrostatin-1 completely prevented the increase of lipid peroxide
induced by sulfasalazine. The results showing that MPP exhibits
mixed features of non-apoptotic cell death, such as lipid peroxidation,
inhibition by ferrostatin-1, and necrostatin-1, appear to support this
possibility.
21)
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Conclusion
Our data characterized the distinct features of cell death induced
by sulfasalazine and erastin in HCC cell lines. Sulfasalazine and
erastin induced cell death in tested cell lines, but ferrostatin-1 and
necrostatin-1 prevented cell death by varying degrees depending
on the cell type. Sulfasalazine increased lipid peroxidation in
Huh7 cells in which sulfasalazine-induced cell death was dependent
on ferostatin-1. These results helped to elucidate mechanisms
underlying system x − inhibition-induced cell death in a cell
context-dependent manner.
c
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