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Rapid Communication

2,2,6,6-Tetramethylpiperidine-1-oxyl acts as a volatile inhibitor
of ferroptosis and neurological injury
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Ferroptosis, a type of oxidative stress cell death, has
been implicated in cell injury in several diseases, and
treatments with specific inhibitors have been shown
to protect cells and tissues. Here we demonstrated
that a treatment with the nitroxide radical, 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO), prevented the
ferroptotic cell death in an airborne manner. Other
TEMPO derivatives and lipophilic antioxidants, such
as Trolox and ferrostatin-1, also prevented cell death
induced by erastin and RSL3; however, only TEMPO
exhibited inhibitory activity from a physically distant
location. TEMPO vaporized without decomposing and
then dissolved again into a nearby water solution.
Volatilized TEMPO inhibited glutamate-induced cell
death in mouse hippocampal cell lines and also reduced
neuronal cell death in a mouse ischemia model. These
results suggest that TEMPO is a unique cell protective
agent that acts in a volatility-mediated manner.

Keywords: gas; ischemia; lipid peroxidation; oxytosis;
radical scavenger.

Introduction

Ferroptosis is regulated cell death induced by a number of
stimuli, such as inhibition of glutathione biosynthesis or
disruption of membrane peroxide-reducing systems (1, 2).

Graphical Abstract

This cellular event may be characterized at the molecular
level by the accumulation of lethal lipid reactive oxygen
species (ROS) in cell membranes, and at the morphological
level by the appearance of shrunken mitochondria (3). The
role of ferroptosis in cancer prevention and pathological
cell death in ischemia and degenerative diseases has been
extensively studied.

Glutathione peroxidase 4 (GPX4) is the primary sup-
pressor of ferroptosis that can reduce lipid hydroperoxides
even within membranes. The inactivation of GPX4 by the
direct inhibition or depletion of glutathione has been shown
to induce ferroptosis in several fibroblasts and cancer cells,
and the inducible Gpx4 deletion in mice led to cell death
in the kidneys, brain, retina and liver (4–7). Recent studies
reported another antioxidative system in which ferroptosis
suppressor protein 1 at the plasma membrane provided
reduced coenzyme Q10 (ubiquinone-10), which effectively
prevented lipid peroxidation in the absence of GPX4
(8, 9).

Ferroptosis requires intracellular labile iron, because
it is suppressed by iron chelators (e.g. desferrioxamine),
chemical inhibitors of lysosome function (e.g. bafilomycin
A1) and the gene silencing of transferrin receptor 1 or
NCOA4, a selective cargo receptor for the autophagic
degradation of ferritin (10–12). Although the exact mech-
anism remains elusive, iron has been suggested to catalyze
Fenton-type reactions for the production of lipid radicals
and the subsequent accumulation of lipid aldehydes in
membranes.

The screening of small compound libraries identified
ferrostatin-1 and liproxstatin-1, as specific inhibitors of
ferroptosis, in addition to having lipophilic antioxidant
properties related to α-tocopherol (3, 13). These amines
have shown to inhibit lipid peroxidation, similar to radical-
trapping antioxidants (RTAs), and nitroxides that exhibit
RTA activity have recently been reported as potent ferrop-
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Fig. 1. Ferroptotic cell death may be prevented by TEMPO from a remote location. (A) HT1080 cells in 35 mm dishes were treated with 1 μM
RSL3 for 5 h. 10 μl of TEMPO solution (1, 2.5, 10 and 100 mM, dissolved in DMSO) was added to 1 ml of water in different 35 mm
dishes at the same time as RSL3, as shown in the illustration. Cells and water dishes were placed side by side in the 100 mm dish and were incubated at
37◦C. Trolox was added to RSL3-treated cells (0.2 mM). The cell death rate was determined by the trypan blue dye-exclusion assay. Results are the
mean ± SE of three independent experiments. (B) HT1080 cells were treated with 1 μM RSL3 (left panel) or 10 μM erastin (right panel) in the presence
or absence of the TEMPO dish for the indicated time. The cell death rate was determined as in (A). Results are the mean ± SE of three independent
experiments. (C) Summary of the inhibitory effects of various ferroptosis inhibitors. Although TEMPO, 4-hydroxy-TEMPO, 4-amino-TEMPO,
4-oxo-TEMPO, trolox and ferrostatin-1 all inhibited RSL3-induced ferroptosis in medium, only TEMPO suppressed it from a remote location (see
Supplementary Fig. S1).

tosis inhibitors (14–16). 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) is an archetypic nitroxide. Its hydrophilic
analogs, such as 4-hydroxy-TEMPO (TEMPOL), are more
stable and have been investigated for pharmacological
applications to the prevention of oxidative cytotoxicity
in several rodent disease models (17–19).

We herein examined a number of radical scavengers for
their ability to protect tumor cells from ferroptotic death,
and unexpectedly noted the remote effect of TEMPO.
Cerebral ischemic damage was significantly reduced in
mice that inhaled this spontaneously vaporized compound.
Therefore, TEMPO administered by inhalation may be

effective in the acute treatment of patients with cerebral
infarction.

Materials and Methods

Inhibitors Erastin and ferrostatin-1 were purchased from
Merck Calbiochem (Darmstadt, Germany). RSL3 was
from Selleck Chemicals (Houston, TX). 6-Hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
was purchased from Tokyo Chemical Industries (Tokyo).
TEMPO was purchased from Fujifilm Wako (Osaka)
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Fig. 2. TEMPO from a remote location vaporizes and then dissolves in cell medium. (A) HT1080 cells in a 6-well plate were treated with 1 μM
RSL3 for 5 h. 1 μl of TEMPO (100 mM, in DMSO) or DMSO was placed in a different well at the same time as RSL3, as shown in the illustration. The
cell death rate was determined by the trypan blue dye-exclusion assay. (B) 10 μl of TEMPO (100 mM, in DMSO) in a 75-mm flask was heated at 37◦C,
and gaseous components in air were collected. This gas was then injected into a 100 mm dish in which cells in a 35 mm dish were treated with RSL3, as
shown in the illustration. The cell death rate was determined as in (A). (C) 10 μl of TEMPO (100 mM, in DMSO) and 1 ml of water were placed in
separate 35 mm dishes and heated at 37◦C in one 100 mm dish (sealed), as shown in the illustration. 10 μl each of water from the preincubation and
post-incubation were collected and then added to RSL3-treated cells. The cell death rate was determined as in (A). All results are the mean ± SE of three
independent experiments.

and Merck Sigma (St. Louis, MO). TEMPOL, 4-amino-
TEMPO, and 4-Oxo-TEMPO were purchased from Merck
Sigma. Free radical scavenger MCI-186 was purchased
from Cayman Chemical (Ann Arbor, MI). All chemicals
were dissolved in dimethyl sulfoxide (DMSO) unless
otherwise indicated.

Cell culture and cell death induction HT1080 (human
fibrosarcoma) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS). For ferroptosis induction, cells were plated at
1.0 × 105 cells per well on 6-well plates or on 35 mm dishes
and cultured for 40 h. Culture medium was replaced with
1 ml of medium containing erastin or RSL3 with or without
inhibitors. To induce apoptosis/necrosis, cells were treated
with 0.4 mM hydrogen peroxide for 12 h, tumor necrosis

factor-α (TNF-α, Fujifilm Wako) with cycloheximide for
24 h, or 25 J/m2 UV radiation. The mouse hippocampal
cell line HT22 was cultured in low glucose DMEM con-
taining 10% FBS. Regarding the glutamate treatment, cells
were plated at 1 × 105 cells per dish on 35 mm dishes,
and cultured for 24 h. Culture medium was replaced with
1 ml of medium containing 5 mM glutamate. Cell viability
was determined by the trypan blue dye-exclusion assay, as
previously described (11).

Vaporized TEMPO treatment Ten microliters of 100 mM
TEMPO was placed in a T75 flask (or 1-L aluminum bag),
and the flask cap was substituted by a septum cap. After
incubating TEMPO at 37◦C for 3 h, 10 ml of gas including
air was collected using a gas tight syringe with a Luer
Lock needle (SGE Analytical Science, Melbourne). The
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Table 1. Quantitative analysis of vaporization and redissolution of
TEMPO.
1 ml of TEMPO stock solution (50 mM, in H2O) and 1 ml of water were

placed in separate 35-mm dishes, and both dishes were placed in a 100-mm
culture plate (sealed), as shown in the illustration in Fig. 2C. After incubating
the plate in CO2 incubator at 37◦C for 1 h, both reservoir (TEMPO) and

receiver (water) solutions were collected and then their concentrations of
TEMPO were determined by LC/MS (n = 2) or the absorption spectroscopy
(n = 3)

Method TEMPO concentration
(stock reservoir) (mM)

TEMPO concentration
(water receiver) (mM)

LC/MS 38.27 6.85

Absorption spectroscopy 38.50 6.80

gas was injected into a 100 mm sealed dish with a 35 mm
cell culture dish placed at its center. For permanent middle
cerebral artery occlusion (MCAO) mice, fresh TEMPO
solution (dissolved in H2O) in a 35 mm dish with 20 needle
holes was placed in the center of the mouse cage.

Quantitation of TEMPO TEMPO was quantified by
using a triple quadrupole mass spectrometer coupled
with a Nexera liquid chromatograph system (LCMS-8050
system, Shimadzu). The chromatographic separation of
TEMPO was conducted on a Mastro C18 column (3 μm,
2.1 × 150 mm, Shimadzu). The mobile phase consisted
of 50 mM ammonium formate (pH 4.0) with methanol in
95:5 (v/v) (mobile phase A) and 5:95 (v/v) (mobile phase
B) at a flow rate of 0.3 ml/min. The gradient program
(time (A:B %)) was as follows: 0 min (10:90), to 0.5 min
(10:90), to 5.5 min (40:60), to 6.5 min (0:100), to 8.5 min
(0:100), to 9 min (10:90) and to 11 min (10:90). The
column oven temperature was set at 55◦C. The eluent
was ionized by electrospray ionization, then measured
by the mass spectrometer in selected reaction monitoring
(SRM) mode. The SRM transition for TEMPO was m/z
157.15 [M + H]+ > 142.1. Peak identification and peak
area integration were performed by using the LabSolutions
software (Version 5.99 SP2, Shimadzu) according to the
manufacturer’s instructions. Nitroxides including TEMPO
exhibit a weak absorption peak in the visible region (420–
470 nm) in the ultraviolet–visible (UV–vis) spectra analy-
sis (20). The absorption of the aqueous TEMPO solutions
in the visible region (430 nm) was measured by a Bio-Rad
SmartSpec Plus spectrophotometer, and the concentrations
were calculated according to a calibration curve.

Middle cerebral artery occlusion All procedures were
performed according to the rules governing animal exper-
imentation and the guidelines for the Care and Use of
Laboratory Animals, Gunma University. All mice were
kept for >2 days before surgical interventions, at a 14/10 h
light/dark cycle with ad libitum access to water and food.
Adult male mice (C.B-17/Icr − +/+Jcl, 7–10 weeks, 30–
35 g body weight, CREA Japan) were anesthetized with
2–5% isoflurane in O2/air (1:9). Mice were maintained
as normotensive, normocapnic, adequately oxygenated and
normothermic during anesthesia. Focal cerebral ischemia
was induced using a modification of the MCAO method for
rats, as previously described (21). Briefly, the zygomatic
bone was cut to expose the base of the temporal bone, and
a 4 × 4 mm hole was made to expose the MCA. Cerebral
ischemia was induced by electrocoagulation. After visually

Fig. 3. Vaporized TEMPO does not affect apoptosis or necrosis.
HT1080 cells were treated with 25 ng/ml tumor necrosis factor-α plus
10 μg/ml cycloheximide, 40 J/m2 UV radiation or 0.1 mM hydrogen
peroxide in the presence or absence of the TEMPO dish (as examined in
Fig. 1A) for the indicated time. The cell death rate was determined by
the trypan blue dye-exclusion assay. Results are the mean ± SE of three
independent experiments.

confirming blood flow occlusion, the cauterized vessel was
cut after cleaning the wound. Rectal temperature was care-
fully monitored during recovery from anesthesia. Fifteen
minutes after infarction, mice were placed one by one in
a 17 × 10 × 10 cm cage with an air hole and randomly
assigned to one of the following three groups. In the control
group, 0.1 g of cotton placed in a 35 mm dish was soaked
with 5 ml of water and then placed in the center of the cage.
In the TEMPO group, freshly made TEMPO solution (dis-
solved in H2O) was used instead of water. In the MCI-186
group, 0.1 ml of MCI-186 solution (3 mg/ml) was injected
into mice via the femoral vein 15 min after infarction.

Magnetic resonance imaging Magnetic resonance imag-
ing (MRI) measurements were performed using a 1 T
animal MRI scanner (ICON, Bruker, Billerica, MA, USA).
T2-weighted MRI scans were obtained 3, 5 and 7 h after
the MCAO treatment. To calculate the infarct level, images
were analyzed with ImageJ (NIH, Bethesda, MD). The sig-
nal intensity ratio (mean value of the infarcted area/mean
value of the non-infarcted area) was calculated as the ratio
between the average of the measured values of three points
located at a certain distance in the infarcted area and that of
three points on the non-infarcted side of the infarcted area,
which was linearly symmetrical.

Tissue processing and ischemic damage assessment
Briefly, mice were deeply anesthetized with 5% halothane,
and fixed with 50 ml of ice-cold 3.8% formaldehyde
in 0.1 M sodium phosphate buffer (pH 7.4) via cardiac
perfusion for 10 min after washing out blood with
physiological saline for 3 min. After the perfusion of
physiological saline, the brain was quickly and carefully
removed, and the forebrain was sliced in eight 1-mm-thick
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Fig. 4. Vaporized TEMPO inhibits glutamate-induced oxytosis in
HT22 cells. (A) HT22 cells in a 35 mm dish were treated with 5 mM
glutamate for 8 h. 10 μl of TEMPO solution (1, 10 and 100 mM, in
DMSO) were added to 1 ml of water in a different 35 mm dish at the
same time as glutamate, as shown in Fig. 1A. The cell death rate was
determined by the trypan blue dye-exclusion assay. Results are the
mean ± SE of three independent experiments. (B) Air containing
warmed TEMPO (100 mM solution in H2O or DMSO) or DMSO was
injected into a 100 mm dish in which cells in a 35 mm dish were treated
with 5 mM glutamate, as shown in Fig. 2B. The cell death rate was
determined as in (A). Results are the mean ± SE of three independent
experiments.

coronal sections. Sections were treated with 2% 2,3,5,-
triphenyltetrazolium chloride (TTC) solution for 15 min
to detect ischemic damage. Areas of brain damage were
then assessed with ImageJ and integrated using the known
distance between each coronal level to determine the total
volume of ischemic damage in each specimen.

Statistical analysis Parametric data were compared
between multiple groups by a one-way analysis of variance
followed by the Tukey–Kramer test. Data are shown as the
mean ± SE. Non-parametric data were compared between
the Kruskal–Wallis test followed by the Steel–Dwass test.

Results

In the process of screening for inhibitors of RSL3-induced
ferroptosis using with human fibrosarcoma HT1080 cells,
we noted the remote effect of TEMPO. When this com-
pound was present in one of the 6-well plates, ferroptotic
cell death was not observed in cells in the other wells,
including those with the RSL3 alone, the positive control.
To confirm this effect, RSL3 was added to HT1080 cells
in a 35 mm dish, and TEMPO was dissolved in water in
another 35 mm dish, and both were incubated together in

a 100 mm culture plate at 37◦C (Fig. 1A left). TEMPO at
a distance protected cells from ferroptotic death, and this
protective activity was dose-dependent (Fig. 1A). Since
the induction of cell death by RSL3 is rapid, the remote
function may only have functioned transiently to retard
ferroptotic signaling. However, we found that TEMPO
(>0.1 mM) completely prevented cell death induced by
RSL3 or another type inducer erastin even when incubated
with cells for longer time periods (Fig. 1B).

TEMPO is multi-functional paramagnetic compound
that functions as a radical or electron scavenger and its
potency against ferroptosis was previously characterized
by Griesser et al. (16). Consistent with previous findings,
ferrostatin-1 and Trolox, inhibitors of lipid radical prop-
agation and three TEMPO-related chemicals (hydroxy-,
amino- and oxo-) all blocked drug-induced ferroptosis in
HT1080 cells when simultaneously added to the medium
(Supplementary Fig. S1) (3). However, none of these
compounds were effective in separate dishes, and TEMPO
was the only inhibitor that exerted its effects on cells in a
remote manner (Fig. 1C and Supplementary Fig. S1). We
then investigated the mechanisms by which TEMPO acts
on cells from the remote locations. The same inhibitory
effect was observed in 6-well plates using a small
volume (1–2 μl) of 0.1 M TEMPO (Fig. 2A). During
this experiment, we detected a slightly pungent smell
emanating from the plate. Furthermore, ferroptotic cell
death was inhibited by an injection of the collected air after
the solution was maintained at 37◦C for 3 h, suggesting that
TEMPO acts on cells by vaporization (Fig. 2B). Heated
TEMPO was then analyzed by gas chromatography-
mass spectrometry (GC/MS), and the results obtained
confirmed that the major gas component was TEMPO
itself (Supplementary Fig. S2). When pure water and the
TEMPO solution in separate dishes were heated side
by side, water after 3 h completely inhibited cell death
(Fig. 2C). These results suggest that TEMPO vaporized
into air, and some of the gas dissolved in the culture
medium and acted as a radical scavenger. To estimate
the amount of the transferred TEMPO, we measured the
concentration of TEMPO in reservoir and receiver by
liquid chromatography-mass spectrometry (LC/MS) and
the absorption spectroscopy. The results indicated that 23%
of TEMPO dissolved in water (50 mM) vaporized, while
approximately 14% moved into a nearby water after a 1-h
incubation at 37◦C (Table 1).

We investigated whether TEMPO inhibits different
types of cell death under the same conditions. TEMPO
(1 mM) did not inhibit cell death induced by TNF-
α, UV radiation or hydrogen peroxide (Fig. 3). These
results suggest that TEMPO vapor gas did not affect
apoptosis or necrosis. Since oxidative cell death in neurons,
called oxytosis, is related to ferroptosis (22, 23), we
examined the effects of TEMPO gas on glutamate-
induced oxidative toxicity in the hippocampal cell line
HT22. As shown in Fig. 4A, TEMPO remotely pre-
vented cells death in HT22 cells at similar concen-
trations to those that inhibited ferroptosis in cancer
cells. Similarly, the injection of air containing vaporized
TEMPO was sufficient to block glutamate-induced toxicity
(Fig. 4B).

The effects of TEMPO were evaluated in vivo using a
mouse ischemia model. We generated permanent MCAO
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Fig. 5. Volatile TEMPO protects neuronal cells from ischemia. (A) 3, 5 and 7 h after MCAO, T2-weighted images (T2WI) were obtained using MRI.
Signal intensity ratios (mean value of the infarcted area/mean value of the non-infarcted area) were represented (n = 3). (B) 8 h after MCAO, ischemic
damage was detected using TTC staining. In TTC-stained slices, infracted tissue appeared white, while intact tissue stained in color. (C) The infract
volume was measured and represented by the mean ± SE of three independent experiments. ∗P < 0.05; one-way analysis of variance followed by the
Tukey–Kramer test.

for focal cerebral ischemia in mice and examined whether
the inhalation of TEMPO gas attenuated neural damage.
Similar to the results obtained in the experiments with
cells, various concentrations of TEMPO solution in 35 mm
dishes were placed in the center of the mouse cage, and

the inhalation effects of its spontaneous evaporation were
assessed. T2-weighted images of MRI were acquired 3, 5
and 7 h after MCAO, and the intensity of the infarct area
was significantly lower with the TEMPO treatment than
with the water control (Fig. 5A). Furthermore, the volume
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of infarction in gray and white matter shown by TTC
staining was reduced in mice treated by TEMPO, which
was markedly smaller than that in MCI-186-injected mice
(Fig. 5B). The infarct volume was 77% less with TEMPO at
concentrations higher than 0.125 mmol than with the water
control, and the suppression of neural damage was depen-
dent on the concentration of TEMPO solution (Fig. 5C).
These results suggest that following its inhalation, TEMPO
gas quickly moved into the cerebrum and specifically pro-
tected neural cells in mice.

Discussion

Oxidative toxicity in neural cells has been implicated in
degenerative neuronal diseases, intracerebral hemorrhage
and cerebral ischemia (22). In the pathogenesis of cerebral
infarction, a model system using the mouse hippocampal
HT22 cell line is useful for elucidating the mechanisms
underlying oxidative stress-induced neuronal cell death.
In oxytosis, a treatment with glutamate depletes GSH,
resulting in increases in ROS, which also occurs in one
form of ferroptosis. The signaling pathway involved in the
two types of cell death are similar, featuring the lysosome-
mediated provision of iron, 15-lipoxygenase activity,
and the generation of lipid hydroperoxide; however,
some differences were recently reported (24, 25). The
present results indicated that the nitroxide radical TEMPO
prevented oxytosis and ferroptosis in a remote manner.
Furthermore, neural damage in MCAO mice was markedly
reduced in an environment in which TEMPO naturally
vaporized.

We demonstrated that ferroptosis and oxytosis were
completely prevented by a treatment with some of the vapor
gas collected from warmed TEMPO (Figs 2B and 4B).
Moreover, when water in a separate dish from the TEMPO
solution was heated in a sealed container, it exhibited
inhibitory activity against cell death (Fig. 2C). Analysis
of a gas and solution by GC/MS and LC/MS, respectively,
revealed that TEMPO was volatilized intact without being
decomposed and redissolved in a nearby water (Table I and
Supplementary Fig. S2).

Nitroxyl radicals including TEMPO are well-known
ROS scavengers and have been shown to protect neurons
from traumatic brain injury and cerebral ischemia in rodent
models (17–19). In contrast to TEMPO, its analogs, such as
TEMPOL, and several other lipophilic ferroptosis/oxytosis
inhibitors did not affect RSL3-induced ferroptosis from
a remote location (Fig. 1C). These results suggest that
TEMPO possesses unique physical properties for volatility.
The initial study of ferroptosis mentioned the blocking
effect of TEMPO (3), and the mechanism underlying its
inhibitory effects on lipid peroxidation was recently elu-
cidated (16). The main result of the present study is the
potent volatility-mediated effects of TEMPO on remote
samples; however, it currently remains unclear whether the
inhibitory mechanism is the same.

Our experiments using the permanent MCAO mouse
model suggested that TEMPO vapor gas is protective in
vivo against cerebral ischemia, in which lipid peroxidation
has been implicated. The infarct volume was significantly
reduced by inhalation treatments of vaporized TEMPO in a
dose-dependent manner (Fig. 5C). Furthermore, immunos-

taining for a major aldehyde product of lipid peroxidation,
4-hydroxy-2-nonenal, revealed its low accumulation
in the infarcted area in TEMPO-treated MCAO mice
(Supplementary Fig. S3). Brain damage associated with
cerebral ischemia and reperfusion involves oxidative stress
caused by ROS (22), and MCI-186 (also known as edar-
avone), a free radical scavenger, is the only approved drug
that exerts brain protective effects. Other compounds that
reduce oxidative stress have also been examined. There-
fore, the present results are important, and cerebral protec-
tion by TEMPO inhalation may be an effective treatment
for ischemic insults at the post-infarct emergency phase.

Supplementary Data

Supplementary Data are available at JB Online.
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