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Abstract

Ferroptosis is a new form of nonapoptotic cell death closely associated with glutathione (GSH) peroxidase 4 inhibition and/
or GSH depletion, resulting in the accumulation of cellular iron and lipid peroxides. The exact mechanism by which GSH
depletion causes the accumulation of reactive oxygen species (ROS) and lipid-ROS and subsequent ferroptotic cell death in
neuronal cells remains unclear. In the present study, using immortalized HT22 mouse hippocampal neuronal cells as a
model, we show that nitric oxide (NO) accumulation via protein disulfide isomerase (PDI)-mediated neuronal nitric oxide
synthase (nNNOS) activation plays a critical role in chemically-induced ferroptosis. Mechanistically, we find that erastin-
induced GSH depletion leads to activation of PDI, which then mediates ferroptosis by catalyzing nNOS dimerization,
followed by accumulation of cellular NO, ROS and lipid ROS and ultimately ferroptotic cell death. Pharmacological inhibition
of PDI enzymatic activity or selective PDI knockdown can effectively abrogate erastin-induced ferroptosis in HT22 cells. The
results of this study reveal an important role of PDI in mediating chemically induced ferroptosis in a neuronal cell model, and
PDI may serve as a potential drug target for protection against GSH depletion-associated ferroptotic neuronal cell death.
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Introduction

Ferroptosis is a form of oxidative cell death [1,2] and is morpholo-
gically distinct from apoptosis-associated characteristics such as
cellular shrinkage and plasma membrane blistering [3-5]. Mechan-
istically, ferroptosis is closely associated with inhibition of glutathione
(GSH) peroxidase 4 (GPX4, an enzyme involved in the reduction of
lipid peroxides) and/or GSH depletion [1,4,6,7]. While RSL-3 is a
prototypical inhibitor of GPX4 that induces ferroptosis, erastin is a
widely used inducer of cellular GSH depletion through inhibition of
the amino acid antiporter system Xc~ and thus blocking the influx of
extracellular cystine [3,6]. Depletion of intracellular cysteine leads to
reduced GSH biosynthesis and ultimately GSH depletion [3,6]. GSH
serves as a reducing cosubstrate for many cellular proteins, including
GPX4, which plays an important role in detoxification of intracellular
lipid reactive oxygen species (ROS) [6,8,9]. Inhibition of GPX4 leads
to accumulation of lipid ROS and ultimately ferroptotic cell death
[6,7]. Although a growing body of literature suggests that cellular ROS
and lipid-ROS are key factors in ferroptotic cell death, the exact
mechanism by which GSH depletion causes ROS/lipid-ROS accumu-
lation and subsequent ferroptotic cell death in neuronal cells remains

unclear, which is the focus of our present study [10-12].

Protein disulfide isomerase (PDI or PDIA1) is the prototype of the
PDI family proteins, which are ubiquitous dithiol/disulfide oxidor-
eductases of the thioredoxin superfamily [13-15]. PDI is primarily
localized in the endoplasmic reticulum of mammalian cells,
although a small fraction of this protein is also found in the nucleus,
cytosol, plasma membrane and extracellular space [16-18]. PDI is
involved in protein processing by catalyzing the formation of intra-
and intermolecular disulfide bridges in proteins [16]. PDI in its
reductive state can be oxidized to its oxidative state (i.e., with a
disulfide bond formed in its catalytic site) by ER oxidoreductin 1
(ERO1) [19-21]. Our earlier study found that PDI plays an important
role in mediating glutamate-induced oxidative cytotoxicity in HT22
cells, an immortalized mouse hippocampal neuronal cell line [22].

In the present study, we sought to evaluate the role of PDI in
mediating erastin-induced ferroptosis in HT22 neuronal cells.
Experimental evidence is provided to show that PDI plays a critical
role in mediating erastin-induced ferroptotic cell death in these cells
through its ability to catalyze nNOS dimerization, which is followed
by cellular accumulation of NO, ROS and lipid-ROS and ultimately
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ferroptotic cell death. Pharmacological inhibition of PDI enzymatic
activity or selective PDI knockdown can effectively abrogate
erastin-induced ferroptosis.

Materials and Methods

Reagents

DAF-FM-DA and DCF-DA probes were purchased from Beyotime
Biotechnology (Shanghai, China). Anti-nNOS antibody (#610308)
was obtained from BD Biosciences (San Jose, USA). Anti-PDI
(#P7372) and anti-B-actin antibodies were purchased from Sigma-
Aldrich (St. Louis, USA). Mouse anti-nNOS and rabbit anti-PDI
antibodies were obtained from Solarbio (Beijing, China). The
siRNAs targeting mouse PDI, mouse nNOS and negative control
siRNA (#siN0000001-1-5) were purchased from RiboBio (Guangz-
hou, China). Most of the other chemicals, unless specified, were
also obtained from Sigma-Aldrich.

Cell culture and siRNA tranfection

The HT22 murine hippocampal neuronal cells were obtained from the
Cell Bank of Chinese Academy of Sciences (Shanghai, China), and
cultured in DMEM supplemented with 10% (v/v) fetal bovine serum
and 1% penicillin and streptomycin and incubated at 37°C under 5%
CO;. Cells were subcultured when they reached ~80% confluence. For
siRNA transfection, the siRNAs (at a final concentration of 60 nM) for
targeted genes (PDI and nNOS) were transfected into HT22 cells at 24 h
after seeding with Lipofectamine RNA iMAX (Invitrogen).
Twenty-four h following siRNA transfection, cells were treated with
respective drugs, and subsequently processed for cell viability
measurement, fluorescence imaging and immunoblot analysis. The
siRNA sequences targeting the mouse PDI (siPDI) are CCAAGTACCAG
CTGGACAA (#1), GAACGGTCATTGATTACAA (#2), and TGCTAA-
GATGGACTCAACA (#3). The siRNA sequences targeting the mouse
nNOS (sinNOS) are GCTGCCATCCCATCACATA (#1), CCTCGTGAA
TGCACTCATT (#2), and GCGACAATTTGACATCCAA (#3).

Cell viability

The MTT reduction assay was used to determine cell viability. HT22
cells were seeded in 96-well plates at a density of 2000 cells/well
24 h prior to receiving various experimental treatments. To test the
effect of an inhibitor, cells were jointly treated with erastin and the
inhibitor for 24 h. Afterwards, MTT (Macklin, Shanghai, China) at a
final concentration of 0.5 mg/mL was added to each well and
incubated for 2.5h at 37°C under 5% CO,. After incubation, the
MTT-containing medium was removed, and 100 uL. of DMSO was
added to each well to dissolve the MTT formazan. The absorbance
of the MTT formazan was measured with a UVmax microplate
reader (Molecular Device, Palo Alto, USA) at 560 nm.

Measurement of ROS and NO

HT22 cells were seeded in 24-well plates at a density of 5 x 10* cells/
well 24 h before treatment. Afterwards, cells were treated with erastin
and various inhibitors for 8 h. Prior to fluorescent probe staining, cells
were washed with HBSS twice. Afterwards, intracellular accumulation
of ROS and NO was detected by adding the cell-permeant fluorescent
probes DCF-DA (10 uM) and DAF-FM-DA (10 uM) in 200 pL phenol
red- and serum-free DMEM to each well. The cells were incubated at
37°C for an additional 20 and 30 min and washed twice with HBSS.
Fluorescence images were captured using an AXIO fluorescence
microscope (Carl Zeiss Corporation, Oberkochen, Germany).
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Intracellular ROS and lipid-ROS detection by flow
cytometry

HT22 cells were seeded in 6-well plates at a density of 10 x 10* cells/well
24 h prior to erastin treatment. After erastin treatment for 8 h, cells were
collected and resuspended in 10 uM DCF-DA and 10 uM C11-BODIPY
(581/591) in 200 pL phenol red- and serum-free DMEM and incubated
for 20 or 30 min at 37°C, respectively. Afterward, the cells were washed
three times with HBSS to remove the probes. The fluorescence intensity
reflecting the intracellular accumulation of ROS and lipid-ROS was
detected with a flow cytometer (Beckman Coulter, Brea, USA). Three or
more experiments were conducted, and the average fluorescence
intensity (mean + SE) was calculated for each experimental group using
FlowJo software (FlowJo LLC, Ashland, USA).

Purification of PDI

The cDNA for human PDI protein was cloned into the pET-28a
vector. The expressed PDI protein was purified using Ni-NTA
agarose (QIAGEN, Dusseldorf, Germany) and separated using the
AKTA FPLC system (GE Healthcare, Waukesha, USA) as described
previously [23]. The purified PDI protein was analysed by western
blot analysis, and its protein concentration was determined by Bio-
Rad Protein Assay using BSA as a standard.

Western blot analysis

After treatment with erastin for the indicated lengths of time, HT22 cells
were collected by trypsinization and centrifugation and then lysed in
RIPA buffer containing 1% protease inhibitor cocktail on ice for 30 min.
Protein concentrations were determined using a BCA assay kit (Thermo
Fisher Scientific, Waltham, USA). For total nNOS analysis (including
both monomeric and dimeric forms of nNOS), samples were heated at
95°C for 5 min with a reducing buffer before loading onto the gel. To
analyse the monomeric and dimeric forms of nNOS, samples were
prepared with a nonreducing buffer and were not heated, and the
temperature of the gel was maintained below 15°C during electrophor-
esis. Proteins were then separated using 10% agarose gel (for total nNOS
analysis) or 6% agarose gel (for monomeric and dimeric nNOS analysis)
and transferred to PVDF membranes. The membranes were then
incubated for 1 h in 5% skim milk at room temperature and incubated
with the primary antibody overnight. Afterwards, the membranes were
washed three times with TBST at room temperature (10 min each time).
The membranes were then incubated with the secondary antibody for
1h at room temperature and washed with TBST three times before
visualization. Desired protein bands were visualized using the Tanon
5200 chemiluminescence imaging system (Tanon, Shanghai, China).

Statistical analysis

All quantitative experiments were repeated at least three times.
Data are presented as the mean + SE of multiple measurements.
Statistical analysis and comparisons were performed with one-way
ANOVA using GraphPad Prism 7 (GraphPad, La Jolla, USA).
P<0.05 is used to denote as statistically significant or statistically
very significant, respectively. For western blot quantification, one
representative data point is shown.

Results

Erastin induces ferroptotic cell death by increasing
cellular NO and ROS levels

Treatment of HT22 cells with erastin induced cell death in a dose-
and time-dependent manner (Figure 1A,B). To probe whether
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Figure 1. Time- and dose-dependent induction of ferroptotic cell death in erastin-treated HT22 cells (A,B) Time- and dose-dependent effect of
erastin treatment on cell viability. (C-F) Time- and dose-dependent induction of NO accumulation following erastin treatment: fluorescence
microscopy images (C,E) and respective quantitative intensity values (D,F). Note that the y-axis is the mean fluorescence intensity. Scale bar:
60 um. (G-J) Time- and dose-dependent induction of ROS accumulation following erastin treatment: fluorescence microscopy images (G,l) and
quantitative intensity values (H,J). Scale bar: 60 um. (K-N) Time- and dose-dependent induction of ROS accumulation following erastin treatment:
flow cytometry data (K,M) and quantitative intensity values (L,N). (O-S) Time- and dose-dependent induction of lipid ROS accumulation following
erastin treatment: confocal microscopy images (O), flow cytometry data (P,R) and quantitative intensity values (Q,S). Scale bar: 50 um. The selected
time points for the time-dependent erastin treatment in A-S are 2, 4, 6 and 8 h, and the concentrations for the dose-dependent erastin treatment in
A-S are 0.2, 0.4, 0.8 and 1 uM. Data are presented as the mean+SE. n=3. *P<0.05, **P<0.01 vs the control group.
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erastin-induced ferroptosis in HT22 cells is related to NO and ROS
accumulation, we determined the time- and dose-dependent
changes in the cellular levels of NO, ROS and lipid-ROS following
erastin treatment (Figure 1C-S). Based on fluorescence microscopic
and flow cytometric analyses, we found that treatment of HT22 cells
with erastin elicited a time- and dose-dependent increase in cellular
NO levels (Figure 1C-F). Similarly, the cellular levels of ROS and
lipid ROS were also increased in a time- and dose-dependent
manner by erastin treatment (Figure 1G-N for ROS and Figure 10-S
for lipid ROS). Notably, NO accumulation occurred approximately
2 h before the onset of ROS accumulation, whereas accumulation of
ROS and lipid-ROS occurred at approximately the same time.

To determine whether NO accumulation causes ROS accumula-
tion and ferroptotic cell death, we determined the effect of 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO), an NO scavenger, on erastin-induced ferroptosis [24].
cPTIO effectively suppressed erastin-induced accumulation of NO

(Figure 2A,B), ROS (Figure 2C-F), and lipid ROS in HT22 cells
(Figure 2G-I). In addition, cPTIO attenuated erastin-induced cell
death (Figure 2J). Notably, sodium nitroprusside (SNP), which can
directly release NO, sensitized HT22 cells to erastin-induced
ferroptotic cell death and ROS accumulation (Figure 3A-C). These
results indicate that erastin-induced NO accumulation leads to
cellular ROS accumulation and subsequent ferroptotic cell death.
6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox), which has both NO and ROS scavenging activity [25], had a
protective effect against erastin-induced accumulation of NO
(Figure 3D,E), ROS (Figure 3F-I) and lipid-ROS (Figure 3J,K), and
it also abrogated erastin-induced ferroptotic cell death (Figure 3L).
Similarly, NAC (N-acetyl-L-cysteine), another commonly used
antioxidant, also showed strong protection against erastin-induced
ROS accumulation (Figure 3M,N) and cell death (Figure 30).
Together, these results indicate that erastin-induced ferroptosis is
jointly mediated by the accumulation of NO, ROS and lipid ROS in
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Figure 2. NO and ROS accumulation in erastin-treated HT22 cells

(A-D) Levels of NO (A,B) and ROS (C,D) after treatment with 1 uM erastin +

200 uM cPTIO for 8 h: fluorescence microscopy images (A,C) and fluorescence intensity values (B,D). Scale bar: 60 um. (E-I) Levels of ROS (E,F) and
lipid ROS (G,H) after treatment with 1 uM erastin +200 uM cPTIO for 8 h: flow cytometry data (E,G), fluorescence intensity values (F,H), and
confocal microscopy data (I). Scale bar: 50 um. (J) Cell viability change following treatment with 1 uM erastin 200 uM cPTIO for 24 h. Data are
presented as the mean+SE. n=3. ¥*P<0.05, **P<0.01 vs the control group.
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group.
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HT22 cells.

Formation of cellular NO is catalyzed by NOS using L-arginine as
a substrate [26-28]. Three NOS isoforms have been reported in the
brain, namely, neuronal NOS (nNOS), endothelial NOS (eNOS), and
inducible NOS (iNOS) [27]. Our earlier study showed that only
nNOS (but not eNOS or iNOS) is expressed in HT22 cells [22].
Treatment of HT22 cells with erastin for 8 h significantly increased
the levels of total nNOS proteins (which includes both monomer
and dimer forms of nNOS) in a dose- and time-dependent manner,
whereas the cellular levels of total PDI were not significantly
different (Figure 4A,B). We found that chloropromazine (CPZ), an
nNOS inhibitor [29], decreased erastin-induced accumulation of
cellular NO (Figure 4C,D), ROS (Figure 4E,F) and lipid-ROS (Figure
4G,H), along with strong protection against erastin-induced
ferroptotic cell death (Figure 4I). Similarly, selective nNOS knock-
down also showed a partial protective effect against erastin-induced

cytotoxicity (Figure 4J). The efficiency of nNOS knockdown was
confirmed by changes in cellular nNOS protein levels (Figure 4K).
Together, these results indicate that NO accumulation via nNOS
activation is involved in mediating erastin-induced ferroptosis in
HT22 cells.

PDI mediates nNOS dimerization in erastin-treated cells
It is known that the catalytic activity of nNOS can be activated
through the formation of nNOS dimers [26-28], which are stabilized
by an intermolecular disulfide bond and facilitate NO production
[30]. We found that nNOS in untreated HT22 cells existed mostly as
monomers, and treatment of these cells with erastin increased the
formation of nNOS dimers in both time- and dose-dependent
manners, whereas the monomer nNOS levels appeared to be not
markedly different (Figure 5A,B).

Next, we determined whether PDI can catalyze nNOS dimeriza-
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Figure 4. Erastin induces nNOS activation in HT22 cells

(A,B) Total nNOS levels after treatment with increasing concentrations of erastin for

8 h (A) or after treatment with 1 uM erastin for different time intervals (B). (C-F) Levels of NO (C,D) and ROS (E,F) after treatment with 1 uM erastin +
20 uM CPZ for 8 h: fluorescence microscopy images (C,E) and fluorescence intensity values (D,F). Scale bar: 50 um. (G,H) Levels of lipid ROS after
treatment with 1 uM erastin + 20 uM CPZ for 8 h: flow cytometry data (G) and fluorescence intensity values (H). (I) Cell viability change following
treatment with 1 uM erastin + 20 uM CPZ for 24 h. (J) Effect of nNOS knockdown on erastin-induced cell viability change. Cells were transfected
with nNOS-siRNA for 24 h prior to treatment with 1 uM erastin for an additional 24 h. (K) Effectiveness of nNOS-siRNAs in reducing cellular nANOS
protein levels. Cells were transfected with nNOS-siRNAs for 48 h, and cellular nNOS protein levels were determined by western blot analysis. Data
are presented as the mean+SE. n=3. *P<0.05, **P<0.01 vs the control group.
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induced nNOS dimerization. Cells were transfected with PDI-siRNA for 24 h prior to treatment with 1 uM erastin for an additional 24 h. nNOS dimer
formation was detected by western blot analysis. (F-J) Effect of PDI knockdown on erastin-induced NO and ROS accumulation. Cells were
transfected with PDI-siRNA for 24 h prior to erastin (1 uM) treatment. The levels of NO and ROS after 8 h of erastin treatment were assessed by
fluorescence microscopy (F,H), and their quantitative intensity values are shown in G and |. Cell viability changes were analysed after 24 h of
erastin treatment (J). Scale bar: 45 um. Data are presented as the mean +SE. n=3. *P<0.05, **P<0.01 vs the control group.

tion in erastin-treated HT22 cells. We first incubated HT22 cell
lysates with purified PDI protein and observed a significant increase
in nNOS dimerization (Figure 5C). We then used selective PDI-
siRNAs to knock down PDI in HT22 cells and examined whether
PDI is involved in erastin-induced nNOS dimerization. The
effectiveness of PDI knockdown by PDI-siRNAs was confirmed by
assessing changes in cellular protein levels (Figure 5D). We found
that erastin-induced dimerization of nNOS was abrogated by PDI
knockdown (Figure 5E). Additionally, erastin-induced accumula-
tion of NO (Figure 5F,G) and ROS (Figure 5H,I) and ferroptotic cell
death (Figure 5J) were all strongly attenuated by PDI knockdown.
Together, these results show that PDI is directly involved in
catalyzing nNOS dimerization during erastin-induced ferroptotic
cell death.

To provide further experimental evidence for the suggestion that
PDI enzymatic activity is responsible for nNOS dimerization, we

sought to determine the effect of cystamine on erastin-induced
ferroptosis. Cystamine is an organic disulfide molecule known to
selectively inhibit PDI’s enzymatic activity through covalent
modification of the cysteine residue(s) in its catalytic site [31,32].
We found that cystamine could inhibit erastin-induced nNOS
dimerization (Figure 6A,B) in erastin-treated HT22 cells. In
addition, treatment of cells with cystamine attenuated erastin-
induced accumulation of NO (Figure 6C,D), ROS (Figure 6E-H) and
lipid ROS (Figure 61-K). Additionally, cystamine strongly inhibited
erastin-induced ferroptotic cell death (Figure 6L).

LOC14, another known inhibitor of PDI [33,34], also showed a
strong inhibitory effect against erastin-induced nNOS dimerization
(Figure 7A,B). Similarly, LOC14 abrogated erastin-induced accu-
mulation of NO (Figure 7C,D), ROS (Figure 7E-H) and lipid ROS
(Figure 7I-K), and it also prevented erastin-induced ferroptotic cell
death (Figure 7L). Together, these results indicate that PDI
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Figure 6. Cystamine (a PDI inhibitor) protects HT22 cells against erastin-induced ferroptosis (A,B) Levels of dimer and monomer nNOS (A) and
total nNOS level (B) after treatment with 1 uM erastin + 100 pM cystamine for 8 h. (C-F) Levels of NO (C,D) and ROS (E,F) after treatment with 1 uM
erastin = 100 uM cystamine for 8 h: fluorescence microscopy images (C,E) and quantitative intensity values (D,F). Scale bar: 45 um. (G-K) Levels of
ROS (G,H) and lipid ROS (l,J) after treatment with 1 uM erastin + 100 uM cystamine for 8 h: flow cytometry data (G,l), quantitative intensity values
(H,J), and confocal microscopy data (K). Scale bar: 50 um. (L) Cell viability change after treatment with 1 uM erastin + 100 uM cystamine for 24 h.
Data are presented as the mean+SE. n=3. ¥*P<0.05, **P<0.01 vs the control group.

activation plays an important role in erastin-induced accumulation PDI is activated in erastin-treated cells through

of NO, ROS/lipid-ROS and ferroptosis. Notably, unlike cystamine, denitrosylation and ERO1

which decreased total nNOS expression in erastin-treated cells, Our earlier study showed that PDI in untreated HT22 cells is mostly
LOC14 did not have a similar effect on total cellular nNOS levels. present in the S-nitrosylated form, and it becomes denitrosylated

Hou et al. Acta Biochim Biophys Sin 2023



Role of PDI in ferroptosis

c

Lipid ROS

Figure 7. LOC14 (a PDI inhibitor) protects cells against erastin-induced ferroptosis

Control

ROS level

Erastin

NO level (DAF-FM-DA)

Control

Erastin

Erastin +
LOC14

LOC14

Control

861
> >
. oo'\ B . o’\
&O ’bé)(‘ ®x\¢ ,\bl (&O o&(‘ Q"\' (:\b‘
& & &0 & & L0
| Dimer total
3 . - nNOS e e
-— e ame wss» PD!
Monomer . M -
-actin
B 9 nNos 8
D il aok E Control Erastin F — i i
80 - ) ; -
3 - 60 4
S 60+ £ 3 To
< Q . S
< o > 40
2 40 - s o S
2 g
2 i £ .
£ 20 - : =2
g =
Q s 0 [+ ﬁ [+
04 - > > > D
= ® & O
o o ¥ RS
Q}’b
H ROS level | Lipid ROS level J Lipid ROS level
sk ok
Control Kk *%
1500000 - *k 200000 =
1250000 - SJo 160000
3 =
= 1000000 - :
< < 120000 4
> g 2
&' 750000 Erastin ®
2 £ 80000 -
£ 500000 1 £
- i 40000
250000 - Erastin +
- LOC14
o] Bl ﬁ Jveve b e o & T
> S & N N
& & e Loc14 & @
00 x\, Vv ) ) [¢) ‘bx\/ vV
<« &
Erastin Erastin + LOC14 LoC14 L =
120 -
_— 100
8 ‘;’ 80 -
@ =
k-] -—
§ 8 eoq
5 8
3 ; 40
z &
X 20
3
3 0
£
5
4

LOC14 (uM)

(A,B) Levels of dimer and monomer nNOS (A) and total nNOS

(B) after treatment with 1 uM erastin +0.5 uM LOC14 for 8 h. (C-F) Levels of NO (C,D) and ROS (E,F) after treatment with 1 uM erastin + 0.5 uM
LOC14 for 8 h: fluorescence microscopy images (C,E) and quantitative intensity values (D,F). Scale bar: 45 um. (G-K) Levels of ROS (G,H) and lipid
ROS (I,J) after treatment with 1 uM erastin+0.5 uM LOC14 for 8 h: flow cytometry data (G,l), quantitative intensity values (H,J), and confocal
microscopy data (K). Scale bar: 50 um. (L) Cell viability change after treatment with 1 uM erastin £ 0.5 uM LOC14 for 24 h. Data are presented as the
mean+ SE. n=3. ¥*P<0.05, **P<0.01 vs the control group.

following GSH depletion [22]. To probe the involvement of PDI S-
nitrosylation in mediating erastin-induced cytotoxicity in HT22
cells, we studied the effect of S-nitroso-N-acetylpenicillamine
(SNAP), an S-nitrosylating agent [35]. We found that joint treatment
of HT22 cells with SNAP abrogated erastin-induced nNOS dimer-
ization (Figure 8A,B), accumulation of NO (Figure 8C,D), ROS

(Figures 3H,I and 8E,F) and lipid-ROS (Figure 3J,K), and ultimately,
ferroptotic cell death (Figure 8G). This result indicates that S-
nitrosylation of PDI is associated with inhibition of PDI activity and
reduction in nNOS dimer formation, which then results in decreased
levels of NO, ROS and lipid-ROS as well as protection from
ferroptosis.
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ERO1 is an important cellular enzyme that catalyzes the oxidation
of PDI's disulfide bonds in its catalytic site [19,21]. When the
intracellular GSH/GSSG ratio is markedly reduced by erastin
treatment, PDI is easily oxidized by EROI1, and the oxidative form
of PDI then catalyzes nNOS dimerization. In this study, we tested

the effect of EN460, a known ERO1 inhibitor [36], on erastin-
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Figure 8. SNAP (an S-nitrosylating agent) protects cells from erastin-induced ferroptosis
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induced ferroptotic cell death. In line with our prediction, EN460
showed a protective effect against erastin-induced accumulation of
NO (Figure 9A,B), ROS (Figure 9C,D), lipid ROS (Figure 9E,F) and
subsequent cytotoxicity (Figure 9G). These results indicate that
ERO1-mediated PDI oxidation is an important step that contributes
to PDI-mediated nNOS dimerization, which subsequently leads to
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NO accumulation and ferroptotic cell death.

Discussion

GSH depletion is closely associated with ROS accumulation and
oxidative cytotoxicity (ferroptosis) [3,4,6], but the precise mechan-
ism underlying this association remains unclear. Erastin is a
prototypical inducer of GSH depletion-associated ferroptosis [3].
We found that during the development of erastin-induced ferrop-
tosis in HT22 neuronal cells, NO accumulation is an early event that
subsequently leads to the formation and accumulation of ROS and
lipid-ROS and ultimately the development of ferroptotic cell death.
The experimental evidence in support of this suggestion includes
the following: First, NO formation was increased in a time- and
dose-dependent manner in HT22 cells following erastin treatment
(Figure 1). NO accumulation occurred approximately 2 h before
ROS and lipid ROS accumulation (Figure 1). Second, SNP, which
directly releases NO, sensitized HT22 cells to erastin-induced cell
death (Figure 3). Third, cPTIO, an NO scavenger, effectively
abrogated erastin-induced accumulation of ROS and lipid ROS as
well as cell death in HT22 cells (Figure 2). Similarly, joint treatment
of cells with erastin plus Trolox, which has both NO and ROS-
scavenging activity, also effectively abrogated erastin-induced
accumulation of NO, ROS and lipid-ROS, and these effects were
accompanied by strong protection against erastin-induced cytotoxi-
city (Figure 3). Fourth, NOS is the major enzyme that catalyzes NO
formation [26-28]. CPZ, which is an nNOS inhibitor, showed a
protective effect against erastin-induced NO and ROS accumulation
as well as cytotoxicity (Figure 4). Similarly, nNOS knockdown with
siRNAs also showed a protective effect against erastin-induced
cytotoxicity (Figure 4). Together, these experimental observations
demonstrated that following erastin-induced GSH depletion, NO
production is an important early event that subsequently leads to
the accumulation of ROS and lipid ROS and ultimately the induction
of ferroptotic cell death.

In cells, NO synthase (NOS) is a major enzyme that catalyzes NO
formation [26-28]. While nNOS in its monomer form is catalytically
inactive, its dimer form is active for catalyzing NO formation
[27,28]. In this study, we found that erastin treatment induced the
formation of nNOS dimers in a time- and dose-dependent manner in
HT22 cells. In addition, we demonstrated that PDI is involved in
catalyzing nNOS dimer formation in erastin-treated HT22 cells on
the basis of the following lines of evidence. First, transient PDI
knockdown by siRNAs efficiently abrogated erastin-induced nNOS
dimerization, and this effect was associated with reduced accumu-
lation of NO and ROS as well as strong protection against erastin-
induced oxidative cell death (Figure 5). Second, joint treatment of
HT22 cells with erastin plus cystamine or LOC14 (two known PDI
inhibitors) strongly reduced erastin-induced formation of nNOS
dimers, accumulation of NO, ROS and lipid-ROS, and oxidative
cytotoxicity (Figures 6 and 7). Third, in vitro biochemical analysis
showed that incubation of purified PDI protein with HT22 whole
cell lysates increased the formation of nNOS dimers (Figure 6).
Together, these experimental observations supported the notion
that PDI is directly involved in catalyzing nNOS dimerization in
erastin-treated HT22 cells, which subsequently results in NO
accumulation, followed by ROS and lipid-ROS accumulation, and
ultimately ferroptotic cell death.

S-Nitrosylation of the cysteine residues in PDI is an important
posttranslational regulatory mechanism of its function, which

inactivates its enzymatic activity [33,37]. Our earlier study showed
that PDI in untreated HT22 cells is mostly present in the S-
nitrosylated form, but following glutamate treatment (which
induces cellular GSH depletion), PDI becomes denitrosylated [22].
Notably, only the oxidized form of PDI (i.e., with a disulfide bond
formed in its catalytic site) is capable of catalyzing nNOS dimer
formation, and during the catalytic process, the disulfide bond in
PDI’s active site is being reduced [17,22] (depicted in Figure 10).
ERO1 is an enzyme that oxidizes PDI and thus keeps it in the
catalytically active state [19-21]. The EROI1-mediated reaction is
favored under oxidative conditions when the cellular GSH/GSSG
ratio is decreased [38,39]. In the present study, we found that
EN460, which is an ERO1 inhibitor, exerted approximately 80%
protection against erastin-induced cytotoxicity. This observation
suggests that ERO1 helps to keep PDI in a catalytically active state (i.
e., the oxidative state) for the formation of nNOS dimers. In
comparison, EN460 at the same concentration showed a very weak
protective effect against RSL3-induced ferroptotic cell death (data
not shown). RSL3 induces ferroptotic cytotoxicity through direct
inhibition of GPX4 [40] and subsequently causes lipid ROS
accumulation and cytotoxicity [7,40,41]. Based on previous reports,
although the cellular GSH levels were reduced in RSL3-treated cells,
the reduction was mild compared to GSH reduction in erastin-
treated cells [7,42]. Therefore, it is possible that in RSL3-induced
ferroptosis in which GSH depletion is not strongly depleted, ERO1-
mediated PDI oxidation would be less favored, thus reducing the
fraction of oxidized PDI. This may explain why the ERO1 inhibitor
showed significantly weaker protection in RSL3-treated cells than in
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Figure 10. A schematic depiction of the proposed role of PDI in
mediating chemically induced ferroptosis Our earlier study showed
that PDI in untreated HT22 cells is mostly present in its S-nitrosylated
form, and GSH depletion is associated with S-denitrosylation of PDI
[22]. Under conditions of cellular GSH depletion (i.e., with an
increased GSSG/GSH ratio), the reduced form of PDI is facilely
converted to its oxidized form by ERO1. Oxidized PDI is the active
form for catalyzing the conversion of the nNOS monomer to its dimer
form, which then leads to increased formation of NO, followed by
accumulation of cellular ROS and lipid ROS and ultimately ferroptotic
cell death.
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erastin-treated cells.

Here, it is also worth noting that there are seven known PDI
proteins in the PDI gene family, which include PDIA1 (commonly
referred to as PDI) [13,14], PDIA2 (also called PDIp, a pancreas-
specific PDI) [43], PDIA3 [44], PDIA4 [45], PDIAS [46], PDIAG [46]
and PDILT [47]. Earlier studies have reported that PDI, PDIA3,
PDIA4 and PDIAG are expressed in neuronal cells [48-54], and the
expressions of PDI and PDIA3 are often dysregulated in disease
states of the nervous system [48-50,55]. While we have demon-
strated in the present study that PDI plays an important role in
mediating erastin-induced ferroptotic cell death in a neuronal cell
line, it is not known whether other PDI family proteins share a
similar role in mediating chemically induced ferroptotic cytotoxi-
city. Since our results showed that selective knockdown of PDI only
grants partial (~75%) protection against erastin-induced cytotoxi-
city, this possibility cannot be completely ruled out, and therefore, it
will be of interest to explore this possibility in the future.

Last, it is of note that while we demonstrated in this study an
important role of PDI in ferroptosis induction using an immorta-
lized neuronal cell line, further establishment of the impact of PDI
in ferroptosis animal models would be challenging, as PDI
knockout in mice would cause embryonic lethality [42,56].
Additionally, conditional knockout of PDI may also affect other
physiological processes beyond ferroptosis due to the involvement
of PDI in a variety of biological functions with different interacting
partners. Consequently, it may be necessary to collect strong
correlations for multiple ferroptosis-associated biochemical
changes in the future to draw inferences from in vivo experiments
on PDI or its inhibitors.

As summarized in Figure 10, the results of our present study
demonstrated that PDI plays a critical role in mediating erastin-
induced ferroptotic cell death in HT22 cells by catalyzing nNOS
dimer formation, followed by cellular accumulation of NO, ROS and
lipid-ROS, and ultimately ferroptotic cell death. PDI is activated in
erastin-treated cells by S-denitrosylation followed by ERO1-
mediated oxidation. The discovery of the role of PDI in ferroptosis
offers the possibility that PDI might serve as a potential drug target
for protection against ferroptosis-related neuronal cell death.
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