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Cold stress-induced ferroptosis involves the
ASK1-p38 pathway
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Abstract

A wide variety of cell death mechanisms, such as ferroptosis, have
been proposed in mammalian cells, and the classification of cell
death attracts global attention because each type of cell death has
the potential to play causative roles in specific diseases. However,
the precise molecular mechanisms leading to cell death are poorly
understood, particularly in ferroptosis. Here, we show that contin-
uous severe cold stress induces ferroptosis and the ASK1-p38 MAPK
pathway in multiple cell lines. The activation of the ASK1-p38
pathway is mediated by critical determinants of ferroptosis: MEK
activity, iron ions, and lipid peroxide. The chemical compound
erastin, a potent ferroptosis inducer, also activates the ASK1-p38
axis downstream of lipid peroxide accumulation and leads to
ASK1-dependent cell death in a cell type-specific manner. These
lines of evidence provide mechanistic insight into ferroptosis, a
type of regulated necrosis.
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Introduction

Cells are persistently exposed to the fluctuation of diverse environ-

mental cues, including temperature, pH and redox status; hence, it

is critical for cells to manage the perturbation in order to maintain

their homeostasis. Extracellular temperature is one major parameter

easily varied depending on the situation, even within homothermal

animals. Ablation of thermoregulation of the core body temperature

is a life-threatening event accompanied with multiple defects such

as hypotension [1], indicating that temperature homeostasis is vital

for living organisms. Only a slight rise in temperature causes protein

misfolding, cytoskeleton defects, and changes in membrane fluidity,

which provide deleterious effects to the cell. To mitigate this detri-

mental situation, heat-shock proteins (HSPs) reign at the center of

the heat-shock responses [2]. Numerous studies have revealed the

mechanisms of heat-shock responses; however, only a few studies

have investigated the cold stress responses in mammals [3]. Most

studies have focused on the responses to mild hypothermia (25–

35°C); however, a more severe cold stress response appears to be

an important issue in the context of organ transplantation, a signifi-

cant therapeutic method to replace dysfunctional organs [4–6]. Even

though a wide variety of organ preservation methods have been

extensively examined, such as the machine perfusion system, cold

stress-induced tissue damage is still a significant issue to be solved.

Several lines of evidence have shown that the accumulation of reac-

tive oxygen species (ROS) is one of the main damaging factors in

cold-storage tissues, which induces cell death [7]. However, the

signaling mechanism by which cell toxicities are induced under

severe cold situations remains elusive.

Diverse signaling cascades are liable to convey the sensed

physicochemical stress, such as thermal stress, to the effector mole-

cules; the stress-responsive mitogen-activated protein kinase

(MAPK) cascade is one of the major pathways in which the signals

converge onto two MAPKs, p38 MAPK and c-jun N-terminal kinase

(JNK). Several MAPK kinases (MAP2Ks) are responsible for activat-

ing MAPKs, and over a dozen of MAPK kinase kinases (MAP3Ks)

exist as upstream kinases of MAP2Ks [8]. Apoptosis signal-regu-

lating kinase 1 (ASK1) was first discovered in 1997 as a novel

member of the MAP3K family [9]. Many studies have revealed that

ASK1 is activated by a wide range of extra/intracellular stresses

such as oxidative stress, ER stress and UV irradiation [10]. Overall,

the unique mechanism of the oxidative stress responses has been

investigated extensively in the past two decades. Briefly, in response

to oxidative stress, an ASK1 inhibitory protein thioredoxin (Trx) is

conformationally changed into the oxidized form and dissociates

from ASK1, which leads to ASK1 activation via enhancement of

ASK1 homo-oligomerization [11–13]. Hydrogen peroxide (H2O2), a

type of ROS, is a potent ASK1 activator that induces cell death; a

number of studies have revealed that ASK1 is involved in H2O2-

induced apoptosis and necrosis [14–16]. Considering that generation

of ROS seems to be enhanced under cold circumstances [7,17],

ASK1 might respond to cold stress. According to a previous study,

heat shock activates ASK1 in an ROS-independent manner in

concert with the dissociation of glutathione S-transferase mu 1-1

(GSTM1-1), an inhibitory protein of ASK1, which results in p38
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MAPK activation [18]. Conversely, while ASK1-deficient mice

exhibit vulnerability to cold shock [19], the role of ASK1 signaling

in a low-temperature environment has not been studied at the cellu-

lar level. Regarding the downstream kinases, one study has revealed

that severe cold stress leads to p38 MAPK activation and subsequent

IL-8 expression in bronchial epithelial cells [20], suggesting the

involvement of MAPK signaling in cold stress responses.

The cell possesses the capacity to maintain its homeostasis

through the response to diverse environmental cues including ambi-

ent temperature; however, drastic changes in the extracellular envi-

ronment cause severe damage to the cell, which results in cell

death. Cell death has long been divided into two classes: apoptosis

and necrosis; the former is a regulated cell death, and the latter is

an accidental one. However, the emergence of necroptosis has

caused a paradigm shift in the field of cell death research; necropto-

sis is a regulated cell death with necrotic features [21,22]. In addi-

tion to necroptosis, other forms of regulated necrosis including

ferroptosis, pyroptosis and parthanatos have recently been discov-

ered [23]. However, the precise molecular mechanisms to induce

cell death of these emerging types of regulated necrosis remain

elusive, especially in ferroptosis.

Ferroptosis was first defined in 2012 as a novel type of regulated

necrosis requiring iron [24] and has been implicated in the context

of several pathophysiological conditions such as tumorigenesis and

ischemia–reperfusion injury [25,26]. The specific feature of ferropto-

sis is the requirement of lipid peroxide accumulation for cell death,

and iron and MEK activity are prerequisites for the generation of

lipid peroxide. A potent and specific inhibitor of ferroptosis was also

identified in the same study and named ferrostatin-1 (Fer-1). Fer-1

does not chelate iron or inhibit MEK activity but possesses an ability

to scavenge free radicals [24]. Although growing evidence has

revealed the mechanism for lipid peroxide accumulation [27–29],

the downstream signaling pathway of lipid peroxide accumulation

responsible for cell death remains largely unknown. Only one report

has suggested that MAP kinases are involved in this process [30].

Here, we show that continuous severe cold stress induces ferrop-

tosis through lipid peroxide accumulation, and ASK1-p38 signaling

plays a pivotal role in regulating the cell death.

Results

Sustained cold stress induces cell death through the
ASK1-p38 axis

To examine the responsiveness of the ASK1-MAPK pathways

under cold stress, we applied direct cold stress to A549 cells in

a CO2 incubator and assessed the activation status of ASK1,

JNK, and p38 by phospho-specific antibodies. Although ASK1 is

not activated in the 25°C condition, an apparent increase in

ASK1 activity was observed within 2 h by cold stress on ice

(Fig 1A). p38 was strongly activated within 30 min on ice and

weakly activated at 25°C, while JNK was not activated in

response to cold stress (Fig 1A). We measured the actual temper-

ature of the medium on ice and revealed that placing cell culture

plates on top of ice for 10 min was enough to cool the medium

down to ~8 to 10°C (Fig 1B), which we define as a “cold stress”

hereafter. The temporal transition of the activity of ASK1 and

MAPK was monitored for 5 h. The results showed that ASK1

and p38 were activated in a time-dependent manner, but JNK

was not activated even after 5 h of cold stress (Fig 1C). We also

evaluated the effect of siRNA-mediated knockdown of ASK1 on

p38 activation. Cold stress-induced p38 activation was abolished

by ASK1 knockdown (Fig 1D), which indicates that the ASK1-

p38 pathway is activated in response to continuous and severe

cold stress. Likewise, cold stress also induces ASK1-p38 path-

way activation in HEK293A (Fig 1E). To further analyze the acti-

vation mechanism of ASK1, we focused on the critical regulator

of ASK1, thioredoxin (Trx). Trx is a redox-regulatory protein,

which binds to the N-terminal region of ASK1 and suppresses

ASK1 activity through the inhibition of homo-oligomerization

[11,13]. Oxidative stress such as H2O2 converts Trx into the

oxidized form, which results in the dissociation of Trx from

ASK1. In a similar fashion, Trx dissociation from ASK1 was

also observed in response to cold stress (Fig 1F). These

results suggest that continuous and severe cold stress induces

the activation of the ASK1-p38 axis presumably through ROS

signaling.

Several lines of evidence have shown that prolonged cold stress

eventually leads to cell death [17,31,32]; hence, we confirmed

whether cell death is observed in our system using A549 cells. As

previously reported [32], cells treated with cold stress for 8 h

underwent cell death as monitored by LDH release (Fig 2A). To

investigate the requirement of the ASK1-p38 axis in cold stress-

induced cell death, we utilized siRNA-mediated knockdown and

inhibitors. The knockdown of ASK1 clearly attenuated cold-

induced cell death (Fig 2B and C). Additionally, two p38 inhibitors

(SB202190 and SB203580) also abolished cell death without

affecting ASK1 activity, while their inactive analog (SB202474) did

not suppress cell death (Figs 2D and EV1A). Conversely, a JNK

inhibitor (SP600125) did not suppress cell death without affecting

the phospho-ASK and phospho-p38 signals (Fig EV1B and C). The

requirement of ASK1 for cold-induced cell death was also observed

in HEK293A cells (Fig 2E and F), and the requirement of p38

▸Figure 1. Sustained cold stress activates the ASK1-p38 pathway.

A Immunoblots of endogenous phospho-ASK, phospho-p38, and phospho-JNK signals in the lysate from A549 cells treated with cold stress for the indicated time.
B The temperature transition of culture medium placed on ice. Mean � SEM, N = 3.
C Immunoblots of endogenous MAPK signals in A549 lysate treated with cold stress on ice for the indicated time. A star indicates non-specific signal.
D, E Immunoblots of endogenous phospho-ASK and phospho-p38 signals in siRNA-treated A549 (D) or in HEK293A cells (E). Cold stress on ice was applied for the

indicated time.
F Endogenous thioredoxin was immunoprecipitated from A549 lysate with an anti-thioredoxin antibody after 4 h of cold stress on ice, and the immune complex was

examined by Western blot analysis.

Source data are available online for this figure.

EMBO reports Vol 18 | No 11 | 2017 ª 2017 The Authors

EMBO reports Cold stress induces ferroptosis Kazuki Hattori et al

2068



activity was also observed in HEK293A, HT-1080, and HepG2 cells

(Fig 2G–I). We observed that an inactive analog SB202474 exhib-

ited only a marginal inhibitory effects on cold-induced cell death

in HEK293A cells with unknown mechanisms (Fig 2G). These data

suggest that the ASK1-p38 axis is required for cold stress-induced

cell death in multiple cell lines.
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Cold stress evokes ferroptosis through the ASK1-p38 axis

Diverse classification of cell death is emerging and is a focus of

recent research because each type of cell death has a potential to

play a causative role in specific diseases. We therefore sought to

reveal the type of cell death caused by sustained cold stress. First,

we assessed the involvement of apoptotic pathways [33]; however,

the pan-caspase inhibitor Z-VAD-FMK did not inhibit cold-induced

cell death (Fig 3A), and caspase-3 activity was not enhanced under

cold stress conditions (Fig 3B). We next assessed the involvement

of RIP1, which is a crucial regulator of necroptosis, using RIP1

kinase inhibitors: necrostatin-1 (Nec-1) and Nec-1 stable (Nec-1s)

[21,34,35]. Neither inhibitor suppressed the cold-induced cell death,

whereas both exhibited potent inhibitory effects on canonical
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Figure 2. The ASK1-p38 pathway is involved in cold stress-induced cell death.

A Cold stress was applied to A549 cells on ice for the indicated time, and cell death was determined by LDH assay. Mean � SEM, N = 4. ****P < 0.0001 by one-
way ANOVA followed by Dunnett’s multiple comparisons test. See also Appendix Table S1A.

B, C, E, F An LDH assay was performed after 8 (B) or 12 (E) hours of cold stress on ice using siRNA-treated A549 (B) or HEK293A (E) cells. Mean � SEM, N = 4 (B), 5 (E).
**P < 0.01, ***P < 0.001, ****P < 0.0001 by two-way ANOVA followed by Tukey’s multiple comparisons test. Immunoblots of endogenous ASK1 and a-tubulin
in A549 (C) or HEK293A (F) cells for confirming the knockdown efficiency of the samples used in (B) or (E), respectively. See also Appendix Table S1B and D.

D, G–I Cells were pretreated with p38 inhibitors (10 lM SB203580, 10 lM SB202190) and their inactive analog (10 lM SB202474) 30 min before cold stress
application. Cell death of A549 (D), HEK293A (G), HT-1080 (H), and HepG2 (I) cells was determined by LDH assay after cold stress on ice for 8 (D, H) or 12 (G, I)
hours. Mean � SEM, N = 5 (D), 6 (G), 4 (H), 3 (I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-way ANOVA followed by Tukey’s multiple
comparisons test. See also Appendix Table S1C, E, F, and G.

Source data are available online for this figure.
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necroptosis in L929 cells induced by Smac-mimetic and Z-VAD-FMK

(Fig 3C and D) [36]. MLKL is a key downstream effector of RIP1-

and RIP3-dependent necroptosis, and necrosulfonamide (NSA) was

identified as a direct inhibitor of MLKL [37]. Treatment with NSA

did not suppress the cell death either, whereas it abolished canoni-

cal necroptosis in HT-29 cells (Fig 3E and F). These data
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Figure 3. Cold stress induces neither caspase-dependent apoptosis nor RIP1-dependent necroptosis.

A, C, E Cold stress was applied to A549 cells on ice for 8 h after pretreatment with a pan-caspase inhibitor (10 lM Z-VAD-FMK), RIP1 inhibitors (10 lM necrostatin-1,
10 lM necrostatin-1s), or an MLKL inhibitor (10 lM necrosulfonamide) for 30 min. Cell death was assessed by LDH assay. Mean � SEM, N = 3 (A), 4 (C), 5 (E).
Two-way ANOVA followed by Bonferroni’s (A, E) or Tukey’s (C) multiple comparisons test was performed. No significant difference was observed in all pairs.

B A caspase-3 assay using A549 cells after cold stress treatment on ice for the indicated time. All samples were normalized by the protein amount and then
normalized to the value of non-treated cells in each experiment, and 1 lM staurosporine (STS) was used as a positive control. Mean � SEM, N = 3.

D L929 cells were pretreated with RIP1 inhibitors (10 lM necrostatin-1, 10 lM necrostatin-1s) for 30 min. Then, necroptotic stimuli were applied using 50 nM
Smac mimetics (S) and 10 lM Z-VAD-FMK (Z) for 8 h. Mean � SEM, N = 3. ****P < 0.0001 by two-way ANOVA followed by Dunnett’s multiple comparisons test.

F HT-29 cells were pretreated with an MLKL inhibitor (1 lM necrosulfonamide) for 30 min. Then, necroptotic stimuli were applied using 20 ng/ll TNF-a (T), 100 nM
Smac mimetics (S), and 20 lM Z-VAD-FMK (Z) for 24 h. Mean � SEM, N = 7. ****P < 0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 4. Cold stress mediates ferroptosis through the ASK1-p38 axis.

A, B Cell death of A549 cells was examined by LDH assay after 8 h of cold stress on ice. Cells were pretreated with a lipid peroxide scavenger (1 lM ferrostatin-1), MEK
inhibitor (5 lM U0126), its inactive analog (5 lM U0124), or an iron chelator (100 lM deferoxamine). Mean � SEM, N = 5. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 by two-way ANOVA followed by Tukey’s (A) or Bonferroni’s (B) multiple comparisons test. See also Appendix Table S1H.

C A549 cells were pretreated with 1 lM ferrostatin-1 for 30 min and then applied to cold stress on ice. Cell death was examined by LDH assay after the indicated
time. Mean � SEM, N = 4. ****P < 0.0001 by two-way ANOVA followed by Bonferroni’s multiple comparisons test.

D, E Immunoblots of endogenous phospho-ASK and phospho-p38 signals after 4 h of cold stress on ice. A549 cells were pretreated with the indicated compound for
30 min before cold stress was applied.

F Lipid peroxidation levels in A549 cells were determined by Bodipy 581/591 after cold stress for the indicated time.
G, H Cold stress on ice was applied to A549 cells after 30 min of pretreatment with the indicated compound. Lipid peroxidation was measured after 4 h of treatment.

Source data are available online for this figure.
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recapitulate the hypothesis that canonical apoptosis or necroptosis

pathways are not the cause of cold stress-induced cell death.

In the context of organ preservation, several studies have

investigated the mechanisms underlying cold stress-induced cell

death. The studies showing that lipid peroxide and MEK activity

are involved in cell viability under cold circumstances [7,17] led

us to explore if cold stress evokes ferroptotic pathway. Three key

determinants for ferroptosis have been identified in the previous

report: lipid peroxide, iron ions, and MEK activity [24]. Hence, we

examined the involvement of these three factors using the lipid

peroxide scavenger Fer-1, the iron chelator deferoxamine (Dfx),

and the MEK inhibitor U0126. Treatment with these three

compounds clearly abolished cold-induced cell death, while

U0124, an inactive analog of U0126, failed to suppress cell death

(Fig 4A and B). Even if cold stress was applied for longer time

periods, such as 12 or 20 h, Fer-1 completely inhibited cell death

(Fig 4C). Activation of ASK1 and p38 was also suppressed by Fer-

1, Dfx, and U0126 but not by U0124, suggesting that the ASK1-

p38 axis is the downstream effector of the ferroptotic pathway

(Fig 4D and E). To further examine whether lipid peroxide is

accumulated within the cell under cold stress, we utilized Bodipy

581/591, which is commonly used to measure lipid peroxide

levels [38,39]. As we expected, lipid peroxide was accumulated in

a time-dependent manner in response to cold stress (Fig 4F).

Furthermore, the accumulation of lipid peroxide was completely

abolished by Fer-1, Dfx, and U0126 but not by U0124, in agree-

ment with the previous report (Fig 4G and H) [24]. However,

knockdown of ASK1 or p38 inhibition did not affect lipid peroxide

accumulation (Fig EV1D and E), which supports the model that

the ASK1-p38 axis is the downstream effector of lipid peroxide

accumulation. Since glutathione depletion within the cell is the

hallmark of ferroptotic pathway [26], we also measured the

glutathione levels in A549 cells after 4 h of cold stress application.

However, the total glutathione rather increased in response to cold

stress (Fig EV1F), suggesting that cold stress-induced cell death

may differ in part from canonical ferroptosis.

Cold-induced ferroptosis was observed not only in A549 cells but

also in HEK293A, L929, HepG2, and HT-1080 cells although the

sensitivity to cold stress varies among the cell lines (Fig EV2A–E).

These results suggest that ferroptosis is a common mechanism for

cold-induced cell death.

Taken together, these data indicate that cold stress evokes ferrop-

tosis, and the ASK1-p38 pathway is activated downstream of lipid

peroxide, leading to the cell death.

The ASK1-p38 axis is involved in erastin- and
RSL3-induced ferroptosis

To elucidate whether the ASK1-p38 axis regulates ferroptosis in

universal settings other than cold stress, we analyzed erastin-

induced cell death, one of the most established models of ferroptosis

[24]. Erastin inhibits cystine uptake by the Na+-independent

cystine/glutamate antiporter, system X�
c , which results in the deple-

tion of glutathione, a major antioxidant within the cell, thereby

facilitating toxic lipid peroxide accumulation [24]. More than 16 h

of treatment of A549 cells with erastin induced activation of ASK1

and p38 (Fig 5A), and Fer-1 effectively prevented their activation

(Fig 5B). Moreover, erastin-induced p38 activation was suppressed

in the absence of ASK1 as evidenced by the siRNA-mediated knock-

down experiment (Fig 5C). Thus, we concluded that the ASK1-p38

axis is also activated in the erastin-induced ferroptosis model as a

downstream consequence of lipid peroxide accumulation.

We next examined the cell viability of erastin-treated cells using

water-soluble tetrazolium salt. As previously reported, erastin

dramatically reduced cell viability in A549 cells in a dose-dependent

manner (Fig 6A), which is regarded as the consequence of ferropto-

sis [40]. We then confirmed that the decrease in cell viability was

clearly rescued by treatment with Fer-1, U0126, or Dfx but not
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Figure 5. The ASK1-p38 pathway is activated through the course of erastin-induced ferroptosis.
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Source data are available online for this figure.
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U0124 (Fig 6A and B), suggesting that the dramatic decrease in the

cell viability evoked by erastin is caused by ferroptosis. A recent

study has suggested that p38 MAPK might be involved in this

process in HL-60 cells [30]; hence, we analyzed the p38 requirement

for erastin-induced ferroptosis in our model. The p38 inhibitor

SB202190 significantly suppressed erastin-dependent ferroptosis,

but its inactive analog SB202474 failed (Fig 6C). We further

analyzed the importance of ASK1 by siRNA-mediated knockdown

and revealed that erastin-induced ferroptosis was partially but

significantly suppressed in the absence of ASK1, which was con-

firmed using three different siRNAs (Fig 6D and E). To confirm the

requirement of ASK1 for erastin-induced cell death, we also

performed an LDH assay. Similar to the results found using the Cell

Counting Kit-8 assay in Fig 6D, ASK1 knockdown significantly

attenuated LDH release (Fig 6E and F). RSL3 is another major

ferroptosis inducer, which inhibits the activity of glutathione peroxi-

dase 4 (GPX4) [26,41]. We then analyzed the ASK1-dependency of

RSL3-induced ferroptosis in A549. The knockdown of ASK1 partially
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H Schematic diagram of the ferroptosis pathway through the ASK1-p38 axis.

Source data are available online for this figure.
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attenuated RSL3-mediated ferroptosis in a similar fashion with

erastin-induced model (Fig 6E and G). To further analyze whether

ASK1-p38 pathway is the general mediator of ferroptosis, we also

examined using HEK293A and HT-1080 cells. p38 inhibition

partially suppressed both erastin- and RSL3-induced ferroptotic cell

death in HEK293A and HT-1080 cells, where Fer-1, U0126, or Dfx

clearly abolished the cell death (Fig EV3A–F). However, although

ASK1-p38 pathway is activated in response to RSL3 in HT-1080 cells

(Fig EV4A), siRNA-mediated knockdown of ASK1 did not exhibit

any effect for erastin- and RSL3-induced cell death in HEK293A and

HT-1080 cells unlike in A549 cells (Fig EV4B–G). Moreover, the

ASK1 knockdown did not suppress GPX4 deficiency-dependent

ferroptosis in HT-1080 cells (Fig EV5A and B). These lines of

evidence indicate that the ASK1-p38 pathway is a signal mediator of

ferroptosis in a cell type-specific manner (Fig 6H).

Discussion

Homeothermal animals maintain their body temperature at ~37°C

even under cold circumstances through shivering or non-shivering

thermogenesis. Most cells themselves, however, have difficulty

producing heat in order to maintain their intracellular temperature;

hence, a dramatic drop in ambient temperature easily causes cell

damage. Many studies have focused on the cold ischemia–warm reper-

fusion model because it is worth analyzing as it relates to organ trans-

plantation. In addition, several studies have attempted to discover the

mechanism of cold stress-induced cell death; however, whether apop-

tosis or necrosis occurs under cold circumstances remains controver-

sial [17,31,42,43]. Here, we clearly show that cold stress induces

ferroptosis in multiple cell lines (Figs 4 and EV2), and canonical apop-

totic or necroptotic pathways are not major players in this process

(Fig 3). There seems to be a discrepancy with the studies insisting that

apoptosis is induced in response to cold [17,43]; however, previous

reports only showed DNA fragmentation or changes in cell morphol-

ogy as the evidence for apoptosis, which is apparently insufficient to

demonstrate the requirement of apoptotic pathways. Although we

cannot exclude the possibility that the type of cell death is dependent

on cell type, cold stress-dependent ferroptosis was commonly

observed in at least five different cell types (Figs 4 and EV2).

Cells are rarely exposed to a severe cold environment for a long

time period in physiological settings; however, sustained cold stress

is regarded as one of the major problems in the context of organ

transplantation [4]. Many efforts have been made to improve the

cold preservation solution or the apparatus used for continuous

perfusion; however, the time period that a donor organ remains

viable is still limited [44]. Our results advocate that a ferroptosis

inhibitor, such as Fer-1, U0126, or Dfx, or p38 inhibitors are poten-

tial drugs for the prevention of cold-induced injury, which might

improve the method of organ preservation.

Since the discovery of ferroptosis in 2012, numerous studies have

elucidated the mechanism by which lipid peroxide accumulates

within the cell. Nevertheless, the exact effectors mediating cell death

have remained largely unknown. In the present report, we revealed

that the ASK1-p38 pathway is one of the regulators of ferroptosis

downstream of lipid peroxide. The fact that Trx clearly dissociates

from ASK1 in response to cold stress suggests that the ASK1

complex may directly sense oxidative stress caused by lipid

peroxidation (Fig 1F). Recent study revealed that NADPH depletion

is one common biomarker of ferroptosis downstream of lipid perox-

ide accumulation; hence, NADPH depletion may lead to the activa-

tion of ASK1-p38, or vice versa [45,46]. To understand the precise

mechanism by which cold stress activates ASK1, the subcellular

localization of the activation site of ASK1 would be an important

issue to be elucidated. Furthermore, the downstream signaling of

p38 also remains elusive. Taking one study with others, there is a

possibility that p38 induces the nuclear translocation of AIF that

was reported as one of the ferroptosis activators [47–49]. Further

analyses are required to elucidate the precise downstream mecha-

nisms to induce ferroptosis including non-cell-autonomous mecha-

nisms [25,50].

A recent study suggested that the endoplasmic reticulum (ER) is

an important site of lipid peroxidation [29]. ASK1 adjacent to the ER

might be activated in response to lipid peroxide. Considering that

ASK1 activation is largely dependent on homo-oligomerization-

dependent autophosphorylation [51], local activation of ASK1 may

be propagated throughout the cytosol. There is also a possibility that

lipid peroxide initiates further reactions that lead to redox imbalance

at the other intracellular compartment where ASK1 is activated.

From another point of view, many studies have suggested that cold

stress evokes cell swelling dependent on the disruption of ionic

integrity [42]. Because ASK1 is activated by hypoosmotic stress that

induces cell swelling [52], ASK1 may respond to cell expansion or

ion imbalance under cold circumstances, provided that cold-induced

cell swelling requires lipid peroxide.

Growing evidence indicates that ferroptosis governs several

pathophysiological settings including ischemia–reperfusion injury

(IRI) and neurodegeneration [23]. Based on our present data, the

ASK1-p38 axis potentially contributes to these pathologies. Indeed,

several studies have already revealed that ASK1 deficiency amelio-

rates the pathogenesis of IRI in cardiomyocytes and the kidney

[53,54]. These phenotypes may presumably be based on the

suppression of ferroptotic cell death in ASK1-deficient mice. Further-

more, our present dataset provides the insight that deletion of ASK1

or p38 inhibition is a promising target for the treatment of other

ferroptosis-related diseases such as cancer or neurological disorders.

Materials and Methods

Antibodies and reagents

A polyclonal antibody to phospho-ASK1 (Thr838) was established

as previously described [51]. Phospho-specific antibodies to p38

(Thr180/Tyr182) (#9211) and JNK (Thr183/Tyr185) (#9251) were

purchased from Cell Signaling Technology. Antibodies to p38

(#9228) were also purchased from Cell Signaling Technology. The

anti-ASK1 antibody (ab45178) and the anti-GPX4 antibody

(ab125066) were purchased from Abcam, and the anti-a-tubulin
antibody (MCA77G) was purchased from Bio-Rad. The anti-

thioredoxin antibody (sc-20146) and anti-JNK1 antibody (sc-571)

were purchased from Santa Cruz Biotechnology. Normal rabbit IgG

(sc-2027) purchased from Santa Cruz Biotechnology was used for

the immunoprecipitation assay.

SB202190 (559388), SB203580 (559389), SB202474 (559387),

U0124 (662006), and necrosulfonamide (480073) were purchased
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from Calbiochem. SP600125 (194-14823) and U0126 (211-01051)

were purchased from Wako. Ferrostatin-1 (SML0583), necrostatin-1

(N9037), and Z-VAD-FMK (V116) were purchased from Sigma.

Deferoxamine (14595) was purchased from Cayman Chemical,

necrostatin-1s (2263-1) from BioVision, Smac-mimetic (LCL-161)

from Active Biochem, RSL3 (S8155) from Selleckchem, and

Staurosporine (569396) from Millipore. Erastin was purchased from

either Sigma (E7781) or Calbiochem (329600).

Cell culture and immunoblotting

A549, HEK293A, HT-29 cells were cultured in DMEM–high glucose

(D5796, Sigma) containing 10% FBS, and HT-1080 cells were

cultured in DMEM–high glucose (D5796, Sigma) containing 10%

FBS and MEM Non-Essential Amino Acids Solution (11140050,

Thermo Fisher Scientific), and L929 and HepG2 cells were cultured

in DMEM–low glucose (D6046, Sigma) containing 10% FBS in a 5%

CO2 atmosphere at 37°C.

Lipofectamine RNAiMAX (Life Technologies) was utilized for

transfection of siRNA. siRNAs were purchased from Invitrogen, and

the sequences were as follows: human ASK1 #1, 50-GCCAACACUA
CAGUCAGGAAUUAAU-30; human ASK1 #2, 50-UGAAGCUAAGUA
GUCUUCUUGGUAA-30; human ASK1 #3, 50-CCUGUGCUAACGA
CUUGCUUGUUGA-30; human ASK1 #4, 50-AUAUCUGAAGCAACUU
GUCCUUCGC-30; human GPX4 #1, 50-UACUUGUCCAGGUUAAC
CAUGUGCC-30; human GPX4 #2, 50-UUUACUUCGGUCUUGCC
UCACUGGG-30. Stealth RNAi siRNA Negative Control Med GC #1,

#2, and #3 (Invitrogen) were used as controls. We avoided the use

of the siRNAs that clearly affect cell proliferation.

Cells were lysed with IP lysis buffer (20 mM Tris–HCl pH 7.5,

150 mM NaCl, 4 mM EDTA pH 8.0, 1% w/v sodium deoxycholate,

1% v/v Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 lg/
ml leupeptin, 8 mM NaF, 1 mM Na3VO4, 12 mM b-glyceropho-
sphate, 1.2 mM Na2MoO4, 5 lM cantharidin, 2 mM imidazole),

and immunoprecipitation was performed using nProtein A

Sepharose 4 Fast Flow (GE Healthcare, 17-5280-04). Cell extracts

and immunoprecipitates were resolved by SDS–PAGE and elec-

troblotted onto polyvinylidene difluoride membranes (Pall or Milli-

pore). The membranes were blocked with 2% skim milk

(Yukijirushi) in TBS-T (50 mM Tris–HCl, 150 mM NaCl, and 0.05%

Tween 20, pH 8.0) and then probed with appropriate antibodies.

Detection was performed using an ECL system.

Cold stress application

Cell culture plates were placed on top of metal covered with ice in a

5% CO2 atmosphere at ~26°C. The ice was replaced when it was

melted. Cells were placed in a 5% CO2 atmosphere at 25°C if indi-

cated. The temperature of the medium was measured using a micro-

probe thermometer (BAT-12, Physitemp).

Cell death-related assays

Cell death rate was measured using the LDH-Cytotoxic Test (Wako)

basically following the manufacturer’s instruction. Briefly, culture

medium was collected and centrifuged for 5 min at 400 × g to

separate into the supernatant (medium sample) and a pellet. Adher-

ent cells were lysed with PBS containing 0.1% Triton X-100 (Sigma),

and then the pellet was also lysed with the same solution, which

was centrifuged for 5 min at 17,700 × g to separate it into the super-

natant (lysate sample) and a pellet. Medium and lysate samples

were individually mixed with reagents on microplates, and the

absorbance was measured at 570 nm using Varioskan Flash

(Thermo Fisher Scientific) or Multiskan BICHROMATIC (LabSys-

tems) after a 10-min incubation at room temperature.

Cell viability was measured using a Cell Counting Kit-8 (CK04,

Donjindo) following the manufacturer’s instruction.

A caspase-3 assay was performed using Caspase-3 Substrate VII

(264151, Calbiochem). Cells were lysed with RIPA buffer (150 mM

NaCl, 50 mM Tris–HCl pH 8.0, 1% NP-40, 0.5% DOC, 0.1% SDS),

and the cell lysate was incubated with PBS containing reaction

buffer (1068-80, BioVision), dithiothreitol (D0632, Sigma) and

Caspase-3 Substrate VII for 2 h at 37°C. The luminescent signal was

measured by Varioskan Flash (Thermo Fisher Scientific), and the

signals were standardized by the protein amount. The protein

concentration was determined using a DC Protein Assay

(5000116JA, Bio-Rad) following the manufacturer’s instruction.

Lipid peroxide measurement

Here, 10 lM BODIPY 581/591 C11 (D3861, Thermo Fisher Scientific)

was added to the culture media and incubated for an hour in a 5%

CO2 atmosphere at 37°C. Cells were washed with PBS twice and then

replaced with fresh culture media right before inhibitor treatment

or cold stress application. In the erastin treatment experiments,

10 lM BODIPY 581/591 C11 was added to the culture media an

hour before the analysis. After stimulation, cells were washed with

PBS twice and trypsinized, followed by suspension in PBS. The cell

suspension was filtered through a cell strainer (0.04 mm, Falcon)

and then subjected to flow cytometer analysis (FACSCalibur, BD

Biosciences) measuring 10,000 cells for each sample. The raw data

were extracted by FlowPy (http://flowpy.wikidot.com) and calcu-

lated using Microsoft Excel, followed by depicting figures using

GraphPad Prism. To calculate the FL1/FL2 ratio, we subtracted the

median fluorescence values of unstained cells before dividing the

values of each sample.

Determination of glutathione

Total glutathione was quantified using GSSG/GSH Quantification Kit

(G257, Dojindo) following the manufacturer’s instruction. The

values were standardized by the cell number.

Statistical analysis

All experiments were independently repeated at least three times.

All results are given as the mean � SEM and N in each figure legend

represent biological replicates. Unpaired two-tailed Student’s t-test,

one-way ANOVA followed by Dunnett’s or Tukey’s multiple

comparisons test, or two-way ANOVA followed by Dunnett’s,

Bonferroni’s or Tukey’s multiple comparisons tests were used. The

results of the statistical analyses are represented in Appendix Tables

S1 and S2; stars are also indicated in some figures. Statistical analy-

ses were performed using GraphPad Prism 7.

Expanded View for this article is available online.
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