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Abstract 

Ferroptosis, a form of regulated cell death associated with glutathione depletion and excess lipid peroxidation, can 
be induced in cultured cells by chemicals (e.g., erastin and RSL3). It has been shown that protein disulfide isomerase 
(PDI) is a mediator of chemically-induced ferroptosis and also a crucial target for ferroptosis protection. The pre-
sent study reports that bazedoxifene (BAZ), a selective estrogen receptor modulator, is an inhibitor of PDI and can 
strongly rescue neuronal cells from chemically-induced oxidative ferroptosis. We find that BAZ can directly bind to PDI 
and inhibit its catalytic activity. Computational modeling analysis reveals that BAZ forms a hydrogen bond with PDI’s 
His256 residue. Inhibition of PDI by BAZ markedly reduces iNOS and nNOS dimerization (i.e., catalytic activation) 
and NO accumulation, and these effects of BAZ are associated with reductions in cellular ROS and lipid-ROS and pro-
tection against chemically-induced ferroptosis. In addition, the direct antioxidant activity of BAZ may also partially 
contribute to its protection against chemically-induced ferroptosis. In vivo animal experiments show that mice treated 
with BAZ are strongly protected against kainic acid-induced oxidative hippocampal neuronal injury and memory 
deficits. Together, these results reveal that BAZ is a potent inhibitor of PDI and can strongly protect against chemically-
induced ferroptosis in hippocampal neurons both in vitro and in vivo. This work provides evidence for an estrogen 
receptor-independent, PDI-mediated novel mechanism of neuroprotection by BAZ.
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Significance statement
Ferroptosis is an iron- and lipid peroxidation-dependent 
form of regulated cell death. Recent evidence has shown 
that protein disulfide isomerase (PDI) is an important 

mediator of chemically-induced ferroptosis and also a 
new target for ferroptosis protection. We find that baze-
doxifene is an inhibitor of PDI, which can strongly pro-
tect against chemically-induced ferroptotic neuronal 
death in vitro and in vivo. Additionally, the molecular 
mechanism of PDI–bazedoxifene binding interaction 
is defined. This work provides evidence for an estrogen 
receptor-independent, PDI-mediated novel mechanism 
of neuroprotection by bazedoxifene.
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Introduction
Ferroptosis is a form of regulated cell death closely asso-
ciated with glutathione (GSH) depletion and/or glu-
tathione peroxidase 4 (GPX4) inhibition, both of which 
can lead to accumulation of lipid reactive oxygen species 
(ROS), and ultimately oxidative cell death [1–7]. There is 
increasing evidence showing that ferroptosis is an impor-
tant contributor in many forms of ischemic organ inju-
ries (e.g., ischemic heart disease and ischemic kidney and 
brain injuries) [8–10] and in chemically-induced organ 
damage (e.g., acetaminophen-induced liver and kidney 
damage) [11, 12]. Studies have shown that pharmaco-
logical inhibition of ferroptosis can significantly reduce 
ischemia/reperfusion-associated organ injury [13, 14] 
and chemically-induced liver damage [11, 15, 16]. In 
addition, mounting evidence also links ferroptosis to var-
ious neurodegenerative conditions, such as hemorrhagic 
stroke, Alzheimer’s disease, Parkinson’s disease and Hun-
tington’s disease [17–21]. These neurodegenerative con-
ditions often exhibit ferroptosis-related characteristics, 
such as elevated lipid peroxidation, mitochondrial dys-
function, and reduced level of GPX4 [22–25]. A number 
of ferroptosis inhibitors have been shown to exhibit a 
protective effect in animal models of neurodegeneration 
and injury [22, 24, 26].

Protein disulfide isomerase (PDI or PDIA1) is an ubiq-
uitous dithiol/disulfide oxidoreductase of the thioredoxin 
superfamily [27–29]. PDI is mostly found in the endo-
plasmic reticulum of mammalian cells, although it is also 
present in the nucleus, cytosol, mitochondria, plasma 
membrane and extracellular space [29]. PDI is involved 
in protein processing by catalyzing the interconversion 
(isomerization) between free thiols and disulfide bounds 
in proteins [30]. In recent years, we have shown that PDI 
plays an important role in mediating the oxidative cyto-
toxicity in HT22 mouse hippocampal neuronal cells chal-
lenged with inducers of oxytosis/ferroptosis, including 
glutamate [31], erastin [32], RSL3 [33] and sulfasalazine 
[34] Mechanistically, we have shown that glutamate- or 
erastin-induced GSH depletion can lead to oxidation of 

PDI’s thiol groups, which results in PDI catalytic acti-
vation for NOS dimerization, accumulation of cellular 
NO, ROS and lipid-ROS, and ultimately, oxidative cell 
death (oxytosis/ferroptosis) [31, 32]. In comparison, 
RSL3 induces ferroptosis by jointly inhibiting GPX4 and 
thioredoxin reductase 1 (TrxR1) [33, 35]. TrXR1 inhibi-
tion by RSL3 facilitates PDI activation (i.e., oxidation of 
the free thiol groups in PDI’s catalytic sites), which is fol-
lowed by NOS dimerization and accumulation of cellu-
lar NO and ROS/lipid-ROS and induction of ferroptosis 
[33]. We have shown that pharmacological inhibition of 
PDI’s catalytic function or genetic manipulation of PDI 
expression each can effectively abrogate the induction 
of oxytosis/ferroptosis in HT22 cells following exposure 
to glutamate [31], erastin [32], RSL3 [33] and sulfasala-
zine [34]. Together, these studies reveal that PDI is a key 
mediator of chemically-induced oxytosis/ferroptosis, and 
also highlight PDI as a target for protection against oxi-
dative neuronal death.

Bazedoxifene (BAZ), a synthetic selective ER modula-
tor (SERM, structure shown in Fig. 1A), is approved for 
use in the U.S. for treatment of osteoporosis in post-
menopausal women [36, 37]. In addition, BAZ is also 
being tested for its direct anticancer activity in humans 
(e.g., breast cancer) [38], or as an anticancer adjuvant to 
enhance the chemotherapeutic efficacy of other anti-
cancer drugs [39–42]. Interestingly, there have been 
reports in recent years on the protective effects of certain 
SERMs, including raloxifene and BAZ, in neurons and 
glial cells [43–45]. An earlier study has been suggested 
that the protective actions of SERMs may involve activa-
tion of the estrogen receptors and/or the G protein-cou-
pled receptor for estrogens (GRP30), through increased 
expression of antioxidants and activation of kinase-
mediated survival signaling pathways [46]. Recently, we 
have showed that raloxifene indeed has a strong neu-
roprotective effect against chemically-induced ferrop-
tosis, and this effect is attributed to its ability to inhibit 
PDI-mediated NOS dimerization [47]. However, it is not 
known whether BAZ shares this neuroprotective action. 

(See figure on next page.)
Fig. 1  Protective effect of BAZ against erastin-induced ferroptosis in HT22 cells. A. Chemical structure of bazedoxifene (BAZ). B, C. Cytotoxicity 
of erastin alone (B) and its protection by BAZ (C) after 24-h treatment with erastin ± BAZ at indicated concentrations (MTT assay, n = 5). D. 
Calcein-AM/PI double staining of live and dead cells following 8-h treatment with 0.8 μM erastin ± 1 μM BAZ (fluorescence microscopy images, 
scale bar = 60 μm). E‒G. mRNA levels of GPX4 (E), PTGS2 (F) and ACSL4 (G). Cells were treated with 0.8 μM erastin ± 1 μM BAZ for 2 h (for detection 
of PTGS2) or 8 h (for detection of GPX4 and ACSL4), and then their mRNA levels were determined by RT-qPCR (n = 3). H. Cellular levels of GPX4, 
COX2 and FACL4 proteins after 8-h treatment with 0.8 μM erastin ± 1 μM BAZ (Western blotting). I‒K. Cellular levels of NO (I), ROS (J) and lipid-ROS 
(K) after 8-h treatment with 0.8 μM erastin ± 1 μM BAZ (analytical flow cytometry). The left panels of I, J, K are the histograms, and the right 
panels are respective quantitative intensity values (n = 3). L. Cellular levels of lipid-ROS after 8-h treatment with 0.8 μM erastin ± 1 μM BAZ. The 
cells were stained with BODIPY and Hoechst, and then subjected to confocal microscopy (scale bar = 10 μm). M. Levels of mitochondrial ROS 
after 8-h treatment with 0.8 μM erastin ± 1 μM BAZ. The cells were stained with MitoSOX, MitoTracker and Hoechst, and then subjected to confocal 
microscopy (scale bar = 10 μm). Quantitative data are presented as mean ± S.D. (* or # P < 0.05; ** or ## P < 0.01)
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Fig. 1  (See legend on previous page.)
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The present study seeks to determine the neuroprotec-
tive effect of BAZ against chemically-induced ferroptotic 
neuronal death using both in vitro and in vivo models, 
with a focus on determining whether BAZ exerts its 
neuroprotection through altering PDI function and its 
downstream pathways. For in-vitro study, erastin and 
RSL3 were selected as inducers of oxidative ferroptosis 
in HT22 mouse hippocampal neurons. For the in-vivo 
study, kainic acid was used as an inducer of oxidative 
injury in mouse hippocampal neurons. Recently, it was 
reported that the brains of kainic acid-treated mice have 
reduced levels of GSH, which is coupled with increased 
levels of MDA, intracellular superoxide and lipid per-
oxides, increased PTGS2 and ACSL4 expression, and 
decreased GPX expression [48–53]. These changes indi-
cate the induction of ferroptosis-related oxidative neu-
ronal injury in kainic acid-injected brains. We find that 
BAZ can strongly rescue hippocampal neuronal cells 
from erastin/RSL3-induced ferroptosis in vitro and kainic 
acid-induced injury in vivo. Mechanistically, BAZ binds 
tightly to PDI and inhibits its catalytic activity, resulting 
in reduced NOS dimerization and NO accumulation, 
ultimately reduced ROS/lipid-ROS accumulation and fer-
roptotic neuronal death.

Experimental procedures
Chemicals
BAZ (#HY-A0031) and kainic acid (#HY-N2309) were 
obtained from MedChemExpress (Monmouth Junc-
tion, NJ, USA), and dissolved in pure dimethyl sul-
foxide (DMSO) and saline, respectively, to prepare 
their stock solutions (at 10 mM). Erastin (#S7242) 
and methyl-(1S,3R)− 2-(2-chloroacetyl)− 1-(4-meth-
oxycarbonylphenyl)− 1,3,4,9-tetrahydropyrido[3,4-b]
indole- 3-carboxylate (RSL3, #S8155) were purchased 
from Selleck Chemicals (Houston, TX, USA), and their 
stock solutions (at 1 mM) were prepared in DMSO. 
2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA, 
#S0033S) and 3-amino,4-aminomethyl- 2’,7’-difluores-
cein diacetate (DAF-FM-DA, #S0019S) were purchased 
from Beyotime Biotechnology (Shanghai, China). Mito-
SOX (#M36008), MitoTracker green (#M7514), BODIPY- 
581/591-C11 (#D3861)  and Hoechst (#H21486) were 
obtained from ThermoFisher (Waltham, MA, USA). O58 
(#BB- 460652) was obtained from BestBio (Shanghai, 
China). Insulin (#I8830) was obtained from Solarbio (Bei-
jing, China). Urea (#U5378), Ribonuclease A (RNase A, 
#R6513) and Cytidine 2′:3′-cyclic monophosphate mon-
osodium salt (ccmp, #C9630) was obtained from Sigma-
Aldrich (Waltham, MA, USA).

Cell culture and cell viability assay
The HT22 mouse hippocampal neuronal cells, MDA-
MB- 231 human breast cancer cells, H9 C2 rat myocar-
dium cells and BRL- 3 A rat liver cells were obtained from 
the Cell Bank of Chinese Academy of Sciences (Shanghai, 
China), and were maintained in DMEM supplemented 
with 10% (v/v) fetal bovine serum (FBS, ThermoFisher, 
Waltham, MA, USA) and antibiotics (containing 100 
U/mL penicillin and 100 μg/mL streptomycin; Sigma-
Aldrich). Cells were cultured at 37℃ under 5% CO2. Cell 
viability was determined by the MTT assay as described 
earlier [54]. Cells were authenticated by STR profiling 
and routinely tested for mycoplasma contamination.

Staining of live and dead cells
Live and dead cells in culture were distinguished using 
the Calcein-AM and propidium iodide (PI) double stain-
ing method, according to the instructions of the manu-
facturer (Solarbio, Beijing, China). Briefly, after treatment 
of HT22 cells with selected chemicals, 1 µM Calcein-AM 
and 2.5 μM PI were added to the culture medium and 
the cells were cultured for an additional 30 min at 37 °C 
in the dark. Images of the cultured cells were then taken 
using a Nikon Eclipse Ti-U inverted microscope (Nikon, 
Tokyo, Japan).

Quantitative real‑time polymerase chain reaction 
(RT‑qPCR)
Total RNAs in cells were sequentially extracted with the 
TRIzol reagent (#15596018; Invitrogen, Waltham, Mas-
sachusetts, USA) and chloroform, precipitated with 
isopropyl alcohol, and then washed with 75% ethanol 
to dissolve RNAs in the RNase-free sterile water. The 
cDNAs were synthesized with the Hifair III 1st Strand 
cDNA Synthesis Kit (#R312, Vazyme Biotech, Nanjing, 
China). Subsequently, RT-qPCR was performed using 
PerfectStart Green qPCR SuperMix (#AQ602, TransGen 
Biotech, Beijing, China) on an Applied Biosystems Quant 
Studio 3 (ThermoFisher, Waltham, MA, USA). Rela-
tive gene expression was calculated using the 2−ΔΔCt 
method, with GAPDH serving as an internal control. All 
primers (sequences are shown in Table  1) were synthe-
sized by Sangon Biotech (Shanghai, China).

Measurement of cellular NO and ROS by fluorescence 
microscopy
Cells were plated in 24-well places at a density of 5 ⨯ 104 
per well and treated with drugs or chemicals for selected 
durations. For fluorescence staining, cells were first 
washed twice with HBSS and then incubated with DAF-
FM-DA (5 μM, for cellular NO) and  DCFH-DA (5 μM, 
for cellular ROS) in 200 μL DMEM (free of phenol red 
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and serum) for 20 min at 37 °C. Following three washes 
with HBSS, fluorescence images were captured using an 
AXIO fluorescence microscope (Carl Zeiss Corporation, 
Germany).

Measurement of cellular NO, ROS, lipid‑ROS 
and peroxynitrite by flow cytometry
Cells were seeded in 6-well plates at a density of 15 × 104 
cells/well 24 h before treatment with different drugs. Fol-
lowing drug treatment, cells were trypsinized, collected 
and suspended in phosphate-buffered saline (PBS). Cells 
were then centrifuged, and the resulting cell pellets were 
resuspended in DMEM (free of phenol red and serum) 
containing DAF-FM-DA (5 μM), DCFH-DA (5 μM), 
BODIPY- 581/591-C11 (5 μM) or O58 (1:2000 dilution of 
the original solution; for detection of peroxynitrite). After 
a 20-min incubation at 37 °C, the cells were washed three 
times with HBSS to remove any remaining fluorescent 
dyes. Levels of cellular NO, ROS, lipid-ROS and perox-
ynitrite were measured using flow cytometry (Beckman 
Coulter, Brea, CA, USA) and analyzed using the FlowJo 
software (FlowJo, LLC, Ashland, USA).

Measurement of lipid‑ROS and mitochondrial ROS 
by confocal microscopy
Cells were seeded at a density of 10 ⨯ 104 per well on cov-
erslips placed inside the 12-well plates. Twenty-four h 
later, cells were treated with selected chemicals as indi-
cated. Coverslips were then washed in HBSS and incu-
bated in HBSS containing BODIPY- 581/591-C11 (5 μM, 
for lipid-ROS), MitoSOX (5 μM, for mitochondrial ROS), 
MitoTracker green (5 μM) or Hoechst (5 μM) for 20 min 
at 37 °C. Coverslips were then mounted on microscope 
slides for visualization. Cells on the slides were visual-
ized using a LSM- 900 confocal laser scanning micro-
scope (LSM 900; Carl Zeiss, Oberkochen, Germany), and 
images were analyzed with the Zen software (Carl Zeiss).

Immunoblotting assay
Following drug treatment of HT22 cells as indicated, the 
cells were lysed on ice for 15 min with the RIPA buffer 
(#P0013B, Beyotime Biotechnology, Shanghai China) 
containing 1% protease inhibitor cocktail (100⨯; Selleck 
Chemicals, Houston, TX, USA). After centrifugation 

for 15 min at 4 °C at 13,000 rpm, the supernatants were 
mixed with 5⨯ SDS sample buffer (Beyotime Biotech-
nology, Shanghai, China) and the proteins of interest 
were separated by electrophoresis with SDS-PAGE. For 
immunoblot analysis of the dimeric and monomeric 
forms of iNOS and nNOS, protein samples were pre-
pared with a non-reducing sample buffer without heat-
ing [55]. The anti-PDI antibodies (#3501S) were from 
Cell Signaling Technology (Beverly, MA, USA); the anti-
iNOS (#ab178945), anti-nNOS (#ab76067), anti-GPX4 
(#ab125066), anti-COX2 (#ab179800) and anti-FACL4 
(#ab155282) antibodies from Abcam (Cambridge, MA, 
USA); the anti-β-actin antibodies (#GB12001 - 100) from 
ServiceBio (Wuhan, China). The anti-rabbit (#7074S) and 
the anti-mouse HRP-conjugated secondary antibodies 
(#7076S) from Cell Signaling Technology (Beverly, MA, 
USA).

Cellular thermal shift assay (CETSA)
CETSA was conducted according to the protocols 
described earlier [56, 57]. Briefly, after the cells were 
treated with the vehicle or indicated chemicals for 3 h, 
they were washed with ice-cold PBS, harvested by trypsi-
nization, centrifuged and re-suspended in PBS sup-
plemented with a protease inhibitor cocktail (Selleck 
Chemicals, Houston, TX, USA). Equal amounts of cell 
suspensions were aliquoted into 0.2 mL PCR micro-
tubes. Subsequently, aliquots of the cell suspension were 
heated in a Ristretto Thermal Cycler (VWR, Darmstadt, 
Germany) at the indicated temperatures for 3 min, fol-
lowed by cooling for 3 min at room temperature. Finally, 
the cells were lysed using three cycles of freeze–thawing, 
and the soluble fractions were isolated by centrifugation 
and analyzed by SDS-PAGE followed by Western blot-
ting as described above. For isothermal dose-response 
CETSA (ITDRCETSA), the fold of change in PDI (which 
is normalized to the β-actin control) is plotted as a func-
tion of temperature to generate the PDI melting curve for 
selected treatments.

siRNA transfection assay
For siRNA transfection, the siRNAs (60 nM) for the tar-
get gene PDI were transfected into HT22 cells with Lipo-
fectamine RNA iMAX (Invitrogen) at 24 h after seeding. 

Table 1  Primer sequences used in the RT-qPCR analysis

Target gene Forward primer (5’→ 3’) Reverse primer (5’→ 3’)

GPX4 (mouse) GCC​TGG​ATA​AGT​ACA​GGG​GTT​ CAT​GCA​GAT​CGA​CTA​GCT​GAG​

PTSG2 (mouse) TTC​AAC​ACA​CTC​TAT​CAC​TGGC​ AGA​AGC​GTT​TGC​GGT​ACT​CAT​

ACSL4 (mouse) CTC​ACC​ATT​ATA​TTG​CTG​CCTGT​ TCT​CTT​TGC​CAT​AGC​GTT​TTTCT​

GAPDH (mouse) AGG​TCG​GTG​TGA​ACG​GAT​TTG​ TGT​AGA​CCA​TGT​AGT​TGA​GGTCA​
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Twenty-four h following siRNA transfection, cells were 
treated with respective drugs, and subsequently pro-
cessed for cell viability measurement and immunoblot 
analysis. The siRNA sequences targeting the mouse PDI 
(siPDIs) are CCA​AGT​ACC​AGC​TGG​ACA​A (#1), GAA​
CGG​TCA​TTG​ATT​ACA​A (#2), and TGC​TAA​GAT​GGA​
CTC​AAC​A (#3), and these three siRNA sequences were 
evenly mixed to maximize transfection efficiency.

Protein expression and purification
The mutant PDI-Ala256 protein was prepared from the 
full-length wild-type human PDI-His256 cDNA using 
the QuikChange II XL Site-Directed Mutagenesis Kit 
(Agilent Technologies). For protein purification, PCR 
products of the wild-type PDI-His256 and the mutant 
PDI-Ala256 were subcloned into pET28a, and the pro-
teins were expressed in the E. coli strain JM109 (DE3) 
cultured in Luria-Bertani (LB) medium. After the bac-
teria were cultured at 37 °C to reach an OD value of 
approximately 0.8, then 1 mM isopropyl-β-D− 1-thi-
ogalactopyranoside (IPTG) was added into LB medium, 
and the bacteria were further cultured at 22 °C for 8 h. 
The bacteria were harvested by centrifugation at 5000 × 
g for 30 min at 4 °C, and lysed in the presence of a pro-
tease inhibitor cocktail. The supernatant was isolated by 
centrifugation at 20,000 × g for 30 min and then incu-
bated with Ni-NTA agarose (QIAGEN) at 4 °C for 1 h. 
The columns were washed and eluted with 20 mM imi-
dazole. The proteins were concentrated and analyzed by 
SDS-PAGE.

Assay of PDI catalytic activities and the inhibition by BAZ
PDI has both reductase activity (i.e., the reduction of a 
disulfide bond in protein substrates to two free thiol 
groups) and oxidase activity (i.e., the conversion of two 
free thiol groups in protein substrates to form a disulfide 
bond). The reductase activity of PDI was determined 
by analyzing PDI-mediated aggregation of the insulin B 
chain as described earlier with some modifications [58, 
59]. Briefly, insulin (125 μM) was incubated in a 96-well 
plate in 10 mM sodium phosphate buffer (pH 7.4) and 
5 mM DTT with or without the recombinant PDI pro-
tein (at approximately 0.2 μg/μL). The aggregation was 
monitored at 37 °C using a Synergy Plate Reader (Biotek, 
Winooski, VT, USA) with wavelength set at 650 nm. The 
oxidase activity of PDI was assessed using the RNase A 
refolding assay [58, 60]. Briefly, 5-mg RNase A was dis-
solved in a buffer containing 6 M urea and 140 mM DTT 
and incubated overnight at 4 °C to induce denaturation. 
Urea and DTT were then removed by dialysis, yielding 
partially folded RNase A. The refolding reaction mixture 
contained 1.2 mM GSH, 0.2 mM GSSG, 8 μM denatured 

RNase A, and 4.5 mM cyclic CMP, with or without the 
addition of the recombinant PDI protein (at approxi-
mately 0.1 μg/μL). Absorbance changes were monitored 
at 296 nm using a Synergy Plate Reader (Biotek) at 37 °C.

Molecular docking analysis
The PDI‒ligand interaction was analyzed using the 
molecular docking method. The experimental structures 
of reduced human PDI (PDB code 6I7S, chain A) [61], 
oxidized human PDI (PDB code 4EL1, chain A) [62] and 
BAZ (extracted from the ER‒BAZ complex; PDB code 
6PSJ, ligand ID 29S) [63] were downloaded from the Pro-
tein Data Bank (https://​www.​rcsb.​org/) [64] and adopted 
as the receptor and ligand, respectively. The missing 
residues in the experimental structures (PDB code 4EL1, 
chain A, residues 250–254, 320–323) were added using 
SWISS-MODEL (https://​swiss​model.​expasy.​org/), a web 
server for structure prediction using homology modeling 
[65]. The 3 possible ligand binding sites on the structures 
of human PDI predicted in our recent study [66] were 
used for BAZ docking to predict the structures of PDI‒
BAZ complexes.

The structures were processed using the Protein Prepa-
ration Wizard in Schrodinger Suite (Maestro 12.8, 2021; 
Schrodinger LLC, New York, NY, USA). The hydrogen 
atoms were added, and the protein structures were opti-
mized using OPLS4 force field [67]. The protein‒ligand 
docking decoys were generated using Glide-XP (extra 
precision) in Schrodinger Glide software [68]. The nearby 
torsional minima of the lowest energy binding poses 
were sampled using Monte Carlo (MC) procedure. Each 
geometric center of the predicted ligand binding site of 
PDI was used as the center of the docking grid box with 
dimensions set at 36 × 36 × 36 Å3.

Lastly, three representative scoring functions, X-Score 
[69], PRODIGY-LIG [70] and ΔvinaRF20 [71] were 
employed for further filtering of the docking results. The 
two linear empirical scoring functions, i.e., X-Score [69] 
and PRODIGY-LIG [70], were developed for calculat-
ing protein‒ligand binding affinity. The former employs 
energy and geometric terms such as van der Waals 
energy, hydrogen bonding energy, deformation pen-
alty and hydrophobic effect [69], and the latter uses the 
number of atomic contacts and electrostatic energy [70]. 
ΔvinaRF20 is a random forest-based method for binding 
affinity prediction based on 20 descriptors [71].

To investigate the importance of His256 in the inter-
actions between PDI and BAZ, His256 was mutated to 
alanine (Ala) in the representative predicted structures 
of the PDI‒BAZ complex. The binding energies were 
predicted using X-Score [69], PRODIGY-LIG [70] and 
ΔvinaRF20 [71].

https://www.rcsb.org/
https://swissmodel.expasy.org/
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Molecular dynamics simulations
The stability of the binding poses of BAZ in the pre-
dicted structures of PDI‒BAZ complex was investigated 
using molecular dynamics (MD) simulations. The com-
plexes were processed using CHARMM-GUI (https://​
charmm-​gui.​org/) to generate the topology files [72]. The 
force field parameters of BAZ were generated based on 
CHARMM general force field [73], those of protein were 
generated based on CHARMM36 m force field [74]. The 
systems were embedded into a rectangular water box 
extending the solvent 10 Å in x, y, z directions, and the 
TIP3P water model [75] was used. K+ and Cl– ions with 
parameters approximated by Roux et al. [76] were added 
to neutralize the charges of the systems. The energy mini-
mization (10000 steps), equilibrium simulation (0.25 ns) 
in NVT ensemble and production simulation (100 ns) in 
NPT ensemble were carried out using NAMD [77]. The 
time step and temperature were set to 2 fs and main-
tained at 300 K using Langevin dynamics [78], respec-
tively. The periodic boundary conditions were employed, 
the short-range electrostatic and van der Waals interac-
tions were truncated smoothly with a cutoff (12 Å) and 
a switching function was employed at 10 Å. Long-range 
electrostatic interaction was estimated by the particle 
mesh Ewald algorithm [79, 80]. The pressure in NPT 
ensemble was maintained at 1 atm by the Langevin pis-
ton method [81]. The number of hydrogen bonds formed 
between BAZ and PDI and the contact number and bind-
ing energies between BAZ and PDI in the representative 
conformations along the MD trajectories were calculated 
to confirm the importance of His256 and the stability of 
the predicted binding poses.

In vivo animal experiments and drug treatments
The procedures involving the use of live animals 
described in this study were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of The 
Chinese University of Hong Kong (Shenzhen), and the 
guidelines for humane care of animals set forth by the 
U.S. National Institutes of Health were followed. Male 
mice (6‒8 weeks of age), weighing 20‒30 g, were pur-
chased from Guangdong Charles River Laboratories (Bei-
jing, China). After arrival, the animals were allowed to 
acclimatize to the new environment for one week before 
they were used in experimentation. Mice were randomly 
divided into different experimental groups (n = 6–8) with 
comparable average body weights. Male mice were used 
in this study because female mice normally produce and 
secrete large amounts of endogenous estrogens in a cyclic 
fashion (depending on their estrous cycle), and our ear-
lier study has shown that the endogenous estrogens and 
some of their derivatives have a protective effect against 
neuronal cell death [82]. Therefore, the use of male mice 

would help minimize this endogenous confounding 
factor.

Kainic acid (3 µL of 0.2 mM solution in saline) was 
injected into the left and right lateral ventricles using a 
microliter syringe under anesthesia with Zoletil50 and 
xylazine (50 and 5 mg/kg, i.p.), and the control mice 
were injected with 3 µL of vehicle (saline) without kainic 
acid. The bilateral intracerebroventricular (i.c.v.) injec-
tion parameters were: anterior/posterior, ‒0.5; rostral, 
± 1.1; and dorsal/ventral, 2.7. The animals were also given 
i.p. injection of a solution (100 μL) containing 0.375, 
0.75 or 1.25 mg/mL of BAZ (the solvent is 10% DMSO 
+ 90% corn oil) once every 2 days. The three BAZ doses 
approximately equal to 1.5, 3 or 5 mg/kg of body weight. 
The first dose of BAZ was given 24 h before i.c.v. injec-
tion of kainic acid, and the treatment lasted for 11 days. 
Note that in this study, the control animals were sham-
operated (receiving i.c.v. injection of 3 μL saline solution) 
and also received i.p. injections of 100 μL vehicle (con-
taining 10% DMSO and corn oil). For kainic acid alone 
group, the animals received i.p. injections of 100 μL vehi-
cle (10% DMSO and corn oil); for the BAZ alone group, 
the animals were sham-operated (receiving i.c.v. injection 
of 3 μL saline solution).

Memory and learning ability tests
The first test used in this study was the classical Y-maze-
based method which was intended to determine the 
degree of memory impairments in mice following differ-
ent treatments [83, 84]. The test started 6 days after i.c.v. 
injection of kainic acid. The Y-maze (made of polyvinyl 
plastic) was a three-arm maze with equal angles between 
the three arms (30 cm in length, 5 cm in width, and 15 
cm in wall height). As depicted in Fig.  9B, the test ani-
mals were initially placed at the end of one arm, and 
the sequence and number of arm entries were recorded 
manually. Based on earlier studies [83, 84], the percent-
age of trials with all three arms represented, i.e., ABC, 
CAB or BCA (but not ABA, BAB or CBC), was recorded 
as an alternation for estimation of the short-term mem-
ory. Arms were cleaned between tests with 70% ethanol-
containing paper towels to remove odors and residues. 
The alternation score (%) for each mouse is defined as 
the ratio of the actual number of alternations to the pos-
sible number (defined as the total number of arm entries 
minus two) multiplied by 100 as in the following equa-
tion [85]:

In this study, a new Y-maze-based test was also devel-
oped in our laboratory to further evaluate the learning 
ability and the degree of memory impairments of the 
same animals. In this method,

% alternation = [(number of alternations)/(total arm entries− 2)] x 100

https://charmm-gui.org/
https://charmm-gui.org/
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all tests started from day 10 post i.c.v. injection of kainic 
acid (see Fig.  9A), and all mice, including the control 
mice, were food restricted starting 24 h before the test, 
receiving on average 2‒3 g pellet food only. As depicted 
in Fig. 9B, in one of the arms the animal food was placed 
as a bait. The animal was placed in the starting arm, and 
then it was allowed to freely explore the Y-maze to find 
the food (which was placed at the end of another arm) 
and ate it. Then, the animal was placed back at the same 
starting place and the observation was repeated again. If 
the animal went straight to where the food was originally 
placed and ate the food, it was considered that the ani-
mal remembered correctly where the food was. In order 
to evaluate how well the learning ability and memory of 
each animal, the number of wrong entries the animal 
made during the initial 20 trials (10 trials per day, in two 
consecutive days) and the amount of time the animal 
took to find and start to eat the food in every trial were 
recorded. To minimize the random variations in each 
individual trial, the first three consecutive trials (i.e., tri-
als 1‒3) were combined to calculate the average value 
as the first recording, the next three consecutive trials 
(i.e., trails 4‒6) were combined to calculate the average 
value for the second recoding, and the same method was 
applied to calculate other recording values. The last two 
trials (i.e., trials 19 and 20) were combined to calculate 
the average value for the last recording.

Histochemical and fluorescence staining of the brain 
sections
To perform histochemical and fluorescence staining of 
the brain sections to determine the degree of brain dam-
age in different treatment groups, separate groups of ani-
mals were sacrificed on day 6 post i.c.v. injection of kainic 
acid. Prior to collecting the brain tissues from the animals 
for analysis, the animals received ketamine and xyla-
zine (50 and 5 mg/kg, i.p.) for anesthesia, and then they 
were perfused with physiological saline (0.9% NaCl) and 
4% paraformaldehyde via the abdominal aorta. The col-
lected brain tissues were fixed overnight in 4% paraform-
aldehyde. After cryoprotection in 30% sucrose/phosphate 
buffer, the whole brain tissues were frozen in liquid nitro-
gen and sectioned serially (in 30-µm thickness). Brain 
sections were collected in 0.1 M neutral phosphate buffer, 
mounted on slides, then air-dried on a slide warmer at 50 
°C for at least 0.5 h, and stained with hematoxylin and 
eosin (H/E) for histological analysis. Three brain hip-
pocampal regions (CA1, CA3 and the dentate gyrus DG) 
were examined bilaterally as described earlier [82].

The apoptotic DNA degradation in brain tissue 
slides was determined using the terminal deoxynucle-
otidyl transferase (TdT)-mediated dUDP-biotin nick 
end labeling (TUNEL) method according to supplier’s 

instructions (Biosharp, China). The Fluoro-Jade B stain-
ing was performed according to supplier’s instructions 
(Biosensis, Australia). Briefly, the slides were transferred 
to a solution of 0.06% potassium permanganate for 10 
min on a shaker. The Fluoro-Jade B staining solution was 
prepared from the 0.1-mg/mL stock solution (in distilled 
water). After 10 min in the staining solution, the slides 
were rinsed and placed on a slide warmer until they were 
dry. Images were captured with a light microscope (Carl 
Zeiss Corporation, Germany) and cell counting was per-
formed using the ImageJ software.

Statistical analysis
Most of the quantitative measurements were repeated 
multiple times to confirm the experimental observa-
tions reported in this study. The quantitative data were 
usually presented as mean ± S.D. based on multiple rep-
licate measurements from a selected experiment. Statisti-
cal analyses were carried out using one-way or two-way 
ANOVA as needed, followed by Dunnett’s post-hoc tests 
for multiple comparisons (GraphPad Prism 10.0 software; 
GraphPad Software, La Jolla, CA). Statistical significance 
was denoted by P < 0.05 (* or #) and P < 0.01 (** or ##) for 
significant and very significant differences, respectively. 
In most cases, * and ** denote the comparison for statisti-
cal significance between the control group (cells treated 
with the vehicle only) and the cells treated with a cell 
death inducer (such as erastin or RSL3), whereas # and ## 
denote the comparison between the cells treated with the 
cell death inducer alone and the cells jointly treated with 
the cell death inducer plus a modulating compound (such 
as BAZ).

Results
BAZ prevents erastin‑induced ferroptosis and NO/ROS 
accumulation
Ferrotosis protection
Based on changes in gross morphology and cell viability 
(MTT assay), treatment of HT22 mouse hippocampal 
neuronal cells with erastin readily induced cell death in 
a dose-dependent manner (Fig.  1B). Joint treatment of 
these cells with BAZ (from 125 to 2000 nM) abrogated 
erastin-induced cell death in a concentration-dependent 
manner (Fig.  1C). The protective efficacy of BAZ was 
very high as 100% protection was readily observed when 
500 nM BAZ was present (Fig. 1C). Further analysis con-
firmed that BAZ effectively attenuated cell death when 
the live and dead cells were analyzed using Calcein AM/
PI double staining (Fig. 1D).

We have also determined, for comparison, the pro-
tective effects of BAZ against erastin-induced cell 
death in three additional cell lines, i.e., the ER-negative 
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MDA-MB- 231 human breast cancer cells, the BRL- 3 A 
rat hepatocytes, and the H9 C2 rat cardiomyocytes. We 
found that BAZ exerted a complete protection against 
erastin-induced cell death in these cells (Supplementary 
Fig. S1 A‒S1 C).

In this study, we performed RT-qPCR analysis to assess 
the mRNA levels of key representative ferroptosis mark-
ers and Western blot analysis to evaluate their protein 
levels in HT22 cells treated with erastin ± BAZ. It was 
observed that while erastin exposure reduced the lev-
els of GPX4 mRNA (Fig.  1E) and its protein (Fig.  1H), 
it increased the levels of PTGS2 and ACSL4 mRNAs 
(Fig.  1F, G) and their protein levels (COX2 and FACL4, 
respectively; Fig.  1H). These changes are characteristic 
for erastin-induced ferroptotic cell death. Joint treatment 
of cells with BAZ abrogated erastin-induced changes in 
three of the ferroptosis markers (Fig. 1E‒H).

NO and ROS accumulation
Our recent studies have shown that erastin-induced 
ferroptosis in HT22 cells is associated with sequential 
accumulation of cellular NO, ROS and lipid-ROS [32]. 
By using fluorescence microscopy and flow cytometry 
analyses, we confirmed that erastin caused accumula-
tion of cellular NO (DAF-FM-DA as a probe) in a time-
dependent manner in HT22 cells (Supplementary Fig. S2 
A‒S2 C), and NO accumulation in erastin-treated cells 
was abrogated by joint treatment of these cells with 1 µM 
BAZ (Fig. 1I, Supplementary Fig. S3).

ONOO− is a reactive toxic metabolite of NO which can 
be formed in the cells [86]. In this study, we also deter-
mined the change in cellular ONOO− levels (using O58 
as a probe) in erastin-treated cells. We found that erastin 
caused a time-dependent increase in cellular ONOO− 
levels (Supplementary Fig. S4 A), and its buildup was 
effectively abrogated by joint treatment with BAZ (Sup-
plementary Fig. S4B). Similarly, urea, a weak scavenger 
of ONOO−, partially abrogated erastin-induced ONOO− 
buildup (Supplementary Fig. S4 C), however, urea did not 
exhibit any cytoprotective effect against erastin-induced 
cytotoxicity (Supplementary Fig. S4D).

Erastin also caused the accumulation of cellular ROS 
(DCFH-DA as a probe, Supplementary Fig. S5) and lipid-
ROS (C11-BODIPY as a probe, Supplementary Fig. S6) 
in a time-dependent manner, and their accumulation 
was effectively abrogated by BAZ (Fig.  1J, Supplemen-
tary Fig. S7 for ROS; Fig.  1K, L, Supplementary Fig. S8 
for lipid-ROS). In addition, erastin-induced accumula-
tion of mitochondrial ROS (MitoSOX as a probe) was 
also similarly reduced by treatment with BAZ (Fig.  1M, 
Supplementary Fig. S9). Interestingly, substantial aggre-
gation of mitochondrial ROS was observed in the nucleus 
of erastin-treated cells. Notably, nuclear aggregation of 
mitochondrial ROS typically occurs during late stages 
of ferroptosis, and this phenomenon was also observed 
in other cell lines [87]. BAZ completely abrogated mito-
chondrial ROS accumulation inside the nucleus (Fig. 1M, 
Supplementary Fig. S9).

In summary, these results indicate that BAZ has a 
strong protective effect against erastin-induced ferrop-
tosis in HT22 neuronal cells. In addition, BAZ has the 
unique ability to broadly attenuate cellular NO, ROS, 
lipid-ROS and mitochondrial ROS levels in erastin-
treated HT22 cells.

BAZ protects against RSL3‑induced ferroptosis and NO/
ROS accumulation
Ferroptosis protection
We have also determined in this study the protective 
effect of BAZ against RSL3-induced ferroptotic cell 
death. While treatment of cells with RSL3 alone elicited 
a concentration-dependent loss of cell viability (Fig. 2A), 
a strong protection against RSL3-induced cell death was 
observed when the cells were jointly treated with BAZ 
(Fig.  2B), and 100% protection was seen when 250 nM 
BAZ was present. It is evident that the protective effect 
of BAZ against RSL3-induced cell death has a higher 
potency than its protection against erastin-induced fer-
roptosis. Additional experiments using Calcein AM/PI 
double staining confirmed that BAZ effectively rescue 
cells from RSL3-induced cytotoxicity (Fig. 2C). Similar to 
the observations made with erastin, a strong protection 

Fig. 2  BAZ protects against RSL3-induced ferroptosis. A, B. Cytotoxicity of RSL3 alone (A) and its protection by BAZ (B) after 24-h treatment 
with RSL3 ± BAZ at indicated concentrations (MTT assay, n = 5). C. Calcein-AM/PI double staining of live and dead cells following 8-h treatment 
with 0.08 μM RSL3 ± 1 μM BAZ (fluorescence microscopy images, scale bar = 60 μm). D‒F. mRNA levels of GPX4 (E), PTGS2 (F) and ACSL4 (G). 
Cells were treated with 0.08 μM RSL3 ± 1 μM BAZ for 2 h (for detection of PTGS2) or 8 h (for detection of GPX4 and ACSL4), and then their mRNA 
levels were determined by RT-qPCR (n = 3). G. Cellular levels of GPX4, COX2 and FACL4 proteins after 8-h treatment with 0.08 μM erastin ± 1 μM 
BAZ (Western blotting). H‒J. Cellular levels of NO (H), ROS (I) and lipid-ROS (J) after 8-h treatment with 0.08 μM RSL3 ± 1 μM BAZ (analytical flow 
cytometry). The left panels of H, I, J are the histograms, and the right panels are respective quantitative intensity values (n = 3). K. Cellular levels 
of lipid-ROS after 8-h treatment with 0.08 μM RSL3 ± 1 μM BAZ. The cells were stained with BODIPY and Hoechst, and then subjected to confocal 
microscopy ( scale bar = 10 μm). L. Levels of mitochondrial ROS after 8-h treatment with 0.08 μM RSL3 ± 1 μM BAZ. The cells were stained 
with MitoSOX, MitoTracker and Hoechst, and then subjected to confocal microscopy (scale bar = 10 μm). Quantitative data are presented as mean ± 
S.D. (* or # P < 0.05; ** or ## P < 0.01)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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by BAZ against RSL3-induced cell death was also 
observed in MDA-MB- 231, BRL- 3 A and H9 C2 cells 
(Supplementary Fig. S10 A‒S10 C).

It was observed that while RSL3 decreased the levels 
of GPX4 mRNA and its protein in HT22 cells (Fig.  2D, 
G), it increased the levels of PTGS2 and ACSL4 mRNAs 
(Fig.  2E, F) and their protein levels (COX2 and FACL4, 
respectively; Fig. 2G). Joint treatment of cells with BAZ 
abrogated RSL3-induced changes in these mRNAs and 
proteins (Fig. 2D‒G).

Effect on NO and ROS accumulation
We also determined the effect of BAZ on RSL3-induced 
accumulation of cellular NO, ROS/lipid-ROS and mito-
chondrial ROS. We found that RSL3 increased the 
cellular levels of NO in a time-dependent manner (Sup-
plementary Fig. S11 A‒S11 C), and the presence of 1 
µM BAZ effectively abrogated RSL3-induced NO accu-
mulation (Fig.  2H, Supplementary Fig. S12). Treatment 
of HT22 cells with RSL3 also caused time-dependent 
accumulation of cellular ROS (Supplementary Fig. S13) 
and lipid-ROS (Supplementary Fig. S14). RSL3-induced 
accumulation of cellular ROS (Fig.  2I, Supplementary 
Fig. S15) and lipid-ROS (Fig.  2J, K, Supplementary Fig. 
S16) was similarly abrogated by BAZ. Additionally, RSL3-
induced accumulation of mitochondrial ROS and its 
aggregation in the nucleus was also abrogated by BAZ 
(Fig. 2L, Supplementary Fig. S17).

Here, it is of note that the cellular levels of ONOO- 
(detected using O58 as a probe) were found to be 
increased in a time-dependent manner in RSL3-treated 
cells (Supplementary Fig. S18 A), and its buildup was 
effectively abrogated by joint treatment with BAZ (Sup-
plementary Fig. S18B). While urea modestly reduced 
RSL3-induced ONOO− accumulation (Supplementary 
Fig. S18 C), it did not display any protective effect against 
RSL3-induced cell death (Supplementary Fig. S18D).

In summary, these results indicate that BAZ has an 
exceptionally strong protective effect against RSL3-
induced ferroptosis in HT22 cells through attenuation 
of the accumulation of cellular NO, ROS/lipid-ROS, and 
mitochondrial ROS.

Biochemical analysis of BAZ binding with PDI
The above observations prompted us to identify the cellu-
lar target that mediates the cytoprotective effect of BAZ. 
Our recent studies have shown that PDI is a cellular pro-
tein that can mediate chemically-induced oxidative cell 
death [31]. Next, we sought to determine whether PDI is 
a cellular protein that also mediates the protective effect 
of BAZ against chemically-induced ferroptosis in HT22 
cells. As summarized below, a series of experiments were 
performed.

We first determined the binding affinity of BAZ with 
PDI using the surface plasmon resonance assay, and 
found that BAZ can bind to PDI with a very high binding 
affinity (apparent Kd = 3.3 nM based on curve fitting and 
3.6 nM based on Scatchard plot) (Fig. 3A, B).

Next, we performed the cellular thermal shift assay 
(CETSA) to evaluate whether BAZ can bind to PDI pro-
teins in live HT22 cells. Based on Western blot analysis of 
PDI protein stability, a thermal shift associated with PDI 
protein was observed in BAZ-treated HT22 cells com-
pared to the control cells (Fig. 3C). A change in the Tm50 
values (the temperature at which 50% of the proteins are 
precipitated by thermal denaturation) was determined to 
reflect the direct binding interaction of PDI protein with 
BAZ in live HT22 cells in culture. PDI had a Tm50 value 
of 56.5 °C in control cells (in the absence of BAZ), but the 
presence of BAZ increased its Tm50 to ~ 60 °C, resulting 
in an increase in the Tm50 value (i.e., ΔTm50) by 3.5 °C 
(Fig. 3E).

To provide further support for the above experimen-
tal observations, the isothermal dose-response CETSA 
(ITDRCETSA) was also performed. The isothermal stabil-
ity of PDI treated with different doses of BAZ at 59 °C 
showed that PDI protein in HT22 cells was stabilized by 
the presence of BAZ in a concentration-dependent man-
ner (Fig. 3D). The CETSA curve nearly reached the pla-
teau when 32 μM of BAZ was present (Fig. 3F). Together, 
these results show that BAZ can bind to PDI proteins in 
live HT22 cells.

BAZ inhibits PDI’s catalytic activities
PDI has both reductase and oxidase activities, which 
catalyze the isomerization between free thiol groups 

(See figure on next page.)
Fig. 3  Binding of BAZ to PDI protein in live HT22 cells in culture. A, B. Surface plasmon resonance analysis of the binding affinity of BAZ 
for the purified wild-type PDI-His256 protein (A for the concentration-dependent binding curve; B for Scatchard plot analysis based on the data 
in A). C. CETSA analysis of the change in PDI thermostability in 10 μM BAZ-treated intact cells in response to increasing temperatures (n = 3). 
D. ITDRCETSA analysis of the change in PDI thermostability in intact cells at 59 °C in the presence of increasing concentrations of BAZ. E. Relative 
intensities of the protein bands in panel C after quantified using the Image J software. For CETSA curves, the relative band intensities are calculated 
according to the intensities at the lowest temperature for the BAZ-exposed samples and control samples, respectively (n = 3). F. Relative intensities 
of the protein bands in panel D after normalized to the β-actin samples (n = 3). Quantitative data are presented as mean ± S.D. (** P < 0.01)
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Fig. 3  (See legend on previous page.)
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and disulfide bonds in cellular target proteins. Results 
from our recent studies have shown that PDI-mediated 
NOS dimerization (i.e., formation of a disulfide bond 
between two NOS monomers) plays a crucial role in 
mediating chemically-induced oxidative ferroptosis 
[32, 33, 54]. Therefore, we determined in this study the 
modulating effect of BAZ on the reductase and oxidase 
activities of PDI using in vitro enzymatic assays.

First, we determined whether BAZ can directly inhibit 
PDI’s reductase activity by using the in-vitro insu-
lin aggregation assay [58]. We found that the reductase 
activity of the wild-type PDI-His256 protein was effec-
tively inhibited by the presence of BAZ in a concentra-
tion-dependent manner (Fig. 4A); in contrast, BAZ failed 
to similarly inhibit the reductase activity of the mutant 
PDI-Ala256 (Fig. 4B). While the mutant PDI-Ala256 pro-
tein appeared to have a slightly-reduced catalytic velocity 
(i.e., it took slightly longer to produce the same levels of 
insulin aggregation), its ability to complete the same lev-
els of maximal reaction was not altered (compare Fig. 4A 
and B).

We also determined whether BAZ directly inhibits 
PDI’s oxidase activity using the in-vitro RNase A refold-
ing assay. We found that BAZ effectively inhibited the 
oxidase activity of the wild-type PDI-His256 protein in a 
concentration-dependent manner (Fig. 4C). Interestingly, 
BAZ also exhibited similar levels of inhibition of the oxi-
dase activity of the mutant PDI-Ala256 protein (Fig. 4D), 
which is different from its inability to inhibit the reduc-
tase activity of the mutant PDI-Ala256 protein.

Computational modeling of PDI–BAZ binding interactions
Computational analyses were employed to help bet-
ter understand the experimental results on PDI‒BAZ 
interactions and BAZ’s inhibition of PDI enzyme activi-
ties. According to our selection criteria that the docking 
structures need to be ranked at least by two of the three 
scoring functions in the top 20, there are 15 representa-
tive structures selected from 202 docking decoys for the 
oxidized PDI–BAZ complexes. Among these 15 struc-
tures for the oxidized PDI–BAZ complex, they include 
three binding sites (Fig. 5A, Table 2). The binding site 1 
is located between the a’ and b’ domains and has 5 struc-
tures; a representative structure (#1) is shown in Fig. 5B, 
C. The binding of BAZ to binding site 1 of the oxidized 
PDI would interfere with the relative movements between 
the a’ and b’ domains of the oxidized PDI as compared 
to its structure in the absence of BAZ. It is believed that 
the relative movements between different domains are 
important for PDI to perform its normal catalytic func-
tions. The binding site 2 is located in the a domain (near 
the active site) and has 4 structures; a representative 
structure (#6) is shown in Fig. 5D, E. The binding site 3 is 

located in the a’ domain (also near the active site) and has 
6 structures; a representative structure (#10) is shown in 
Fig. 5F, G. The binding of BAZ to binding sites 2 and 3 
of the oxidized PDI will directly affect the binding of the 
substrate proteins to the active sites of the oxidized PDI, 
which are expected to inhibit its catalytic activity. Since 
BAZ does not make direct interactions with His256 in 
the b’ domain of the oxidized PDI, the His256 Ala muta-
tion is not expected to affect the interactions of BAZ with 
the oxidized PDI. This prediction is in agreement with 
our experimental results, as His256 mutation does not 
affect PDI’s oxidase activity.

Next, we also investigated the binding interactions 
of BAZ with the reduced PDI. Seven predicted struc-
tures for the reduced PDI‒BAZ complexes are selected 
(Fig. 6A, Supplementary Fig. S19 A−S24 A). BAZ inter-
acts closely with the b’ domain of the reduced PDI and 
forms a hydrogen bond with His256 (Fig. 6B, Supplemen-
tary Fig. S19B−S24B). When PDI’s His256 is mutated to 
Ala256, the hydrogen bond between BAZ and His256 dis-
appears (Fig.  6D, Supplementary Fig. S19D−S24D). The 
surfaces of the binding pockets are shown in Fig. 6C and 
E (Supplementary Fig. S19 C−S24 C, S19E−S24E). The 
differences in the binding pockets of the wild-type and 
mutant PDI proteins are mostly in the regions surround-
ing His256 which is a basic amino acid and mutated to 
a nonpolar amino acid (Ala256). The predicted binding 
affinities based on the 7 representative structures are 
summarized in Table  3. The binding energy values are 
increased after the His→Ala mutation, indicating that 
the stability of the binding interactions between PDI and 
BAZ are decreased by the mutation.

Next, MD simulations were performed to probe how 
well BAZ binds to the reduced PDI-His256 and PDI-
Ala256. In the case of the wild-type PDI-His256, it is 
observed that BAZ still remains bound to PDI’s His256 
in two of the three MD simulations (Fig. 7A, B), but BAZ 
dissociates from His256 in one of the MD simulations 
(Fig.  7C). In comparison, for the mutant PDI-Ala256, 
BAZ dissociates from Ala256 in all three MD simulation 
trajectories (Fig. 7G, H, I).

It is of interest to see that after MD simulation, the con-
formation of the wild-type PDI-His256 is changed from 
its initial open state (as shown in Fig.  6A) to the closed 
state (Fig.  7A) or partially-closed state (Fig.  7B). Similar 
observations are also made with the mutant PDI-Ala256, 
which is changed from its initial open state to closed-state 
(Fig. 7H) and then to partially-closed state (Fig. 7G, I).

After MD simulation, the aromatic ring of BAZ 
remains buried inside the binding pocket of the wild-type 
PDI-His256, whereas the other part of the BAZ molecule 
is rotated (Figs.  6B, C, and 7D, E). The contact number 
between BAZ and PDI-His256 (atom pairs within a given 
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cutoff of 5 Å) is shown in Supplementary Fig. S25 A. The 
atomic contact number in the wild-type PDI-His256‒
BAZ complex (Supplementary Fig. S25 A) along two of 
the three MD trajectories fluctuates around 800 during 
the simulation process, and the contact number in the 

mutant PDI-Ala256‒BAZ complex along two of the three 
MD trajectories nearly goes down to zero after 40-ns 
MD simulation. While the minimum distance between 
BAZ and PDI-Ala256 becomes very long in the mutant 

Fig. 4  Effect of BAZ on the reductase and oxidase activity of PDI in the in-vitro enzymatic assays. A, B. Inhibition by BAZ of the reductase activity 
of the wild-type PDI-His256 (A) and mutant PDI-Ala256 (B). The reductase activity of PDI was assayed by measuring PDI-mediated insulin 
aggregation. The assay was repeated three times and similar results were obtained. The data from a representative assay is shown here. C, D. 
Inhibition by BAZ of the oxidase activity of the wild-type PDI-His256 (C) and mutant PDI-Ala256 (D). The oxidase activity of PDI was assayed 
by measuring PDI-mediated RNase A refolding. The assay was repeated three times and similar results were obtained. The data from a representative 
assay is shown here
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Fig. 5  Predicted global structures of the oxidized PDI‒BAZ complexes and the enlarged local structures of the binding pockets. A. Predicted 
global structures of the oxidized PDI‒BAZ complexes. Three binding sites are identified for the binding interactions of BAZ with the oxidized PDI, 
which includes the binding site 1 between the a’ and b’ domains, the binding site 2 in the a domain (near the active site), and the binding site 3 
in the a’ domain (near the active site). B‒G. Local enlarged structures of the binding pockets of the representative oxidized PDI‒BAZ complexes. 
Three hydrogen bonds are found between BAZ and oxidized PDI at the binding site 1 in the representative docking pose #1 (B); two hydrogen 
bonds are formed at the binding site 2 in the representative docking pose #6 (D); and only one hydrogen bond is formed in the binding site 
3 in the representative docking pose #10 (F). In these structures, PDI and BAZ are colored in green and cyan, respectively. Panels C, E and G 
are the surface features of PDI’s binding pockets. The green regions are for carbon atoms, the blue regions for nitrogen atoms, the red regions 
for oxygen atoms, the white regions for hydrogen atoms, and the yellow regions for sulfur atoms, respectively
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Fig. 6  Predicted global structures of the wild-type and mutant PDI‒BAZ complexes and the enlarged local structures of the binding pockets. 
A. Predicted global structure of the wild-type PDI-His256‒BAZ complex (representative docking pose #1). Three hydrogen bonds are formed 
between the wild-type PDI-His256 and BAZ, and the involved residues (H256, F249 and R300) and BAZ are shown as sticks. PDI-His256 and BAZ are 
colored in green and cyan, respectively. B‒E. Local structures of the binding pockets in the docking poses of the wild-type and the mutant PDI‒BAZ 
complexes after MD simulation (B, D). Three hydrogen bonds are formed between BAZ and the wild-type PDI-His256 (B), but only two hydrogen 
bonds are formed between BAZ and the mutant PDI-Ala256 (D). In the local structure, the PDI and BAZ are colored in green and cyan, respectively. 
Panels C and E are the surface of the binding pockets of the wild-type and mutant PDI. The green regions are for carbon atoms, the blue regions 
for nitrogen atoms, the red regions for oxygen atoms, the white regions for hydrogen atoms, and the yellow regions for sulfur atoms, respectively
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PDI‒BAZ complex in all three MD simulation trajecto-
ries, the distance between BAZ and PDI-His256 remains 
very close in two of the MD simulation trajectories (Sup-
plementary Fig. S26 A).

At the end of the 100-ns MD simulation (three trajec-
tories), the hydrogen bond between BAZ and the wild-
type PDI-His256 still exists in one complex (trajectory- 2; 
Fig. 7E), and this hydrogen bond exists for a cumulative 
duration of 43.1 ns (Supplementary Fig. S26B). In another 
PDI-His256‒BAZ complex (Fig. 7D), BAZ moves slightly 
away from His256 at the end of MD simulation (trajec-
tory- 1), and the hydrogen bond exists for a cumulative 
duration of 18.5 ns (Supplementary Fig. S26B). In the 
third complex shown in Fig.  7F, BAZ moves away from 
the wild-type PDI-His256 from the start, and no hydro-
gen bond is formed (trajectory- 3; Supplementary Fig. 
S26B). In contrast, for the three mutant PDI-Ala256‒
BAZ complexes, no hydrogen bond is found during the 
100-ns MD simulation.

Lastly, it is of note that during MD simulations, the 
binding energies of the representative conformations of 
the wild-type PDI-His256‒BAZ complexes are gener-
ally lower than those of the mutant PDI-Ala256‒BAZ 

complexes, especially after 30-ns MD simulation (Sup-
plementary Fig. S25B‒S25D). These results are in line 
with the binding energy values for the seven representa-
tive PDI‒BAZ complexes (docking structures) for both 
wild-type and mutant PDI proteins (Table  3). Together, 
these results illustrate the relative importance of His256 
of the reduced PDI in its binding interaction with BAZ 
from both geometric and energy point of views.

PDI mediates the protective effect of BAZ 
against chemically‑induced ferroptosis
PDI knockdown. To provide experimental support for the 
hypothesis that BAZ rescues HT22 cells from chemically-
induced ferroptosis through inhibition of PDI’s catalytic 
activity, we selectively knocked down PDI expression in 
HT22 cells using PDI-specific siRNAs. The knockdown 
efficiency was confirmed by analyzing PDI protein levels 
(Fig.  8A). PDI knockdown significantly reduced erastin-
induced ferroptosis in HT22 cells (Fig.  8B, C), and the 
protective effect of BAZ was partially diminished in PDI-
knockdown cells (Fig. 8B, C). Similarly, PDI knockdown 
also decreased RSL3-induced ferroptosis (Fig.  8D, E), 
and the protective effect of BAZ against RSL3-induced 

Table 2  Basic information of the representative structures of the oxidized PDI–BAZ complexes

Note: Structure #1 is shown in Fig. 5B, C; structure #6 in Fig. 5D, E; and structure #10 in Fig. 5F, G

No. PDBcode_ChainID X-Score 
(Kcal/
mol)

PRODIGY-
LIG (Kcal/
mol)

ΔvinaRF20 Number of hydrogen 
bonds between PDI and 
BAZ

Number of hydrogen 
bonds between PDI’s 
H256 and BAZ

Binding site location

1 4EL1_A –8.79 –9.21 5.43 3 0 between a’ and b’ domains

2 4EL1_A –8.59 –9.34 4.79 1 0 between a’ and b’ domains

3 4EL1_A –8.4 –9.11 3.3 1 0 between a’ and b’ domains

4 4EL1_A –8.36 –9.21 5.03 1 0 between a’ and b’ domains

5 4EL1_A –8.4 –9.14 5.21 1 0 between a’ and b’ domains

6 4EL1_A –8.62 –8.70 5.05 2 0 in the a domain (near 
the active site)

7 4EL1_A –8.54 –9.04 4.97 2 0 in the a domain (near 
the active site)

8 4EL1_A –8.4 –9.17 4.2 2 0 in the a domain (near 
the active site)

9 4EL1_A –8.56 –9.28 4.25 2 0 in the a domain (near 
the active site)

10 4EL1_A –8.39 –9.09 4.35 1 0 in the a’ domain (near 
the active site)

11 4EL1_A –8.39 –9.09 4.32 1 0 in the a’ domain (near 
the active site)

12 4EL1_A –8.38 –9.09 4.33 1 0 in the a’ domain (near 
the active site)

13 4EL1_A –8.37 –9.1 4.14 1 0 in the a’ domain (near 
the active site)

14 4EL1_A –8.38 –9.09 4.34 1 0 in the a’ domain (near 
the active site)

15 4EL1_A –8.38 –9.09 4.35 1 0 in the a’ domain (near 
the active site)
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ferroptosis was also diminished by PDI knockdown 
(Fig. 8D, E). Here, it is worth noting that PDI knockdown 
exhibited a relatively modest protection against erastin/
RSL3-induced ferroptosis, along with a partial attenua-
tion of BAZ’s cytoprotective effect. The modest efficacy 
of PDI knockdown may be due to the significant cytotox-
icity associated with PDI knockdown per se, which masks 
its cytoprotective effect.

NOS dimerization and upregulation
Next, we sought to determine whether BAZ can effec-
tively inhibit erastin/RSL3-induced NOS dimerization 
and NO accumulation in HT22 cells through inhibition of 
PDI. Treatment of HT22 cells with BAZ abrogated eras-
tin-induced increase in iNOS and nNOS dimerization as 

well as their total protein levels (Fig. 8F). In comparison, 
the PDI protein levels were not significantly altered by 
joint treatment with BAZ (Fig. 8H).

Similarly, joint treatment of HT22 cells with BAZ also 
abrogated RSL3-induced increase in iNOS and nNOS 
dimerization and total protein levels (Fig. 8G). PDI pro-
tein levels were not significantly affected by the joint 
treatment (Fig. 8I).

BAZ protects against kainic acid‑induced memory deficit 
and hippocampal neuronal injury in mice
To determine whether BAZ has neuroprotective 
effects in vivo, we used the kainic acid-induced neu-
ronal damage in the hippocampal regions of mice as 
an in vivo model. The classical Y-maze test was used 

Fig. 7  Conformations of the wild-type and mutant PDI‒BAZ complexes after MD simulation. A‒C. The last conformations the wild-type 
PDI-His256‒BAZ complexes selected along the first (A), second (B) and third (C) MD trajectories. The BAZ is still bound to PDI-His256 in the first 
(A) and second (B) cases, but it is dissociated from PDI-His256 in the third case (C). D‒F. The local structures of the binding pockets in the last 
conformations of the wild-type PDI-His256‒BAZ complexes selected along the first (D), second (E) and third (F) MD trajectories. No hydrogen bond 
exists between BAZ and His256 in the first (D) and third (F) cases, and one hydrogen bond still exists between BAZ and His256 in the second case 
(E). G‒I. The last conformation of the mutant PDI-Ala256‒BAZ complex along the first (G), second (H) and third (I) MD trajectories. Note that BAZ 
is dissociated from the mutant PDI-Ala256 in all three cases
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Fig. 8  BAZ protects against ferroptotic cell death in HT22 cells by inhibiting PDI function. A‒E. Effect of PDI knockdown on erastin/RSL3-induced 
ferroptosis and on cytoprotection by BAZ. Cells were transfected with control siRNAs (siCon) or PDI-specific siRNAs (siPDI) for 24 h, and then 
they were treated with 0.8 μM erastin ± BAZ (B, C) or 0.08 μM RSL3 ± BAZ (D, E) for 24 h. Cell viability was determined by MTT assay (n = 5). The 
efficiency of PDI knockdown was confirmed by Western blot analysis of cellular PDI protein levels (A). Quantitative data in A–D are presented 
as mean ± S.D. (** or ## P < 0.01). F. Abrogation by BAZ of erastin-induced increase in iNOS and nNOS dimerization and upregulation. Cells were 
treated with 0.8 μM erastin ± 1 μM BAZ for 8 h, and then levels of total cellular iNOS and nNOS proteins and their dimers and monomers were 
determined by Western blotting (left penals for iNOS; right penals for nNOS). G. Abrogation by BAZ of RSL3-induced increase in iNOS and nNOS 
dimerization and upregulation. Cells were treated with 0.08 μM RSL3 ± 1 μM BAZ for 8 h, and then levels of total cellular iNOS and nNOS proteins 
and their dimers and monomers were determined by Western blotting (left penals for iNOS; right penals for nNOS). H, I. Levels of cellular PDI 
protein (Western blotting) following 8-h treatment with 0.8 μM erastin ± 1 μM BAZ (H) or 0.08 μM RSL3 ± 1 μM BAZ (I). For Western blotting, 
the experiments were repeated three times to confirm the observations; the data from a representative assay is shown here
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to evaluate the working memory in these animals. The 
basic assumption of the classical Y-maze test is that 
when an animal reaches the center of the maze and is 
faced with the choice of two new arms, it would tend 
to explore the arm which has not been explored right 
before (Fig.  9B). Based on this assumption, the theo-
retical alternation rate is thought to be 100% for a nor-
mal healthy mouse. However, we found that under real 
experimental conditions, the real alternation rate of the 
control mice (receiving saline vehicle injections only) 
was only 71.0 ± 2.6% (Fig. 9C), and this value is largely 
in agreement with some of the reported values (about 
70%) in earlier studies [83, 85, 88]. The alternation rate 
in kainic acid-injected mice was found to be around 
50%. This value is as expected since the kainic acid-
injected mice would have damaged the hippocampus 
and impaired the working memory of these animals. 
As such, the kainic acid-treated animals could not 
remember as well which arm it had already explored 
right before, and consequently, it would be more likely 
to make a random choice when faced with two options. 
The alternation rates of kainic acid-injected mice jointly 
treated with 3 and 5 mg/kg BAZ were 65.5 ± 1.8% (P 
< 0.01) and 64.1 ± 1.7% (P < 0.01), respectively, which 
were significantly higher than the corresponding rates 
in animals injected with kainic acid alone. However, 
animals jointly receiving 1.5 mg/kg BAZ (the lowest 
dose tested) only had a very small improvement com-
pared with kainic acid-injected animals (51.0 ± 3.2% vs 
55.5 ± 2.4%; P = 0.026%) (Fig. 9C).

In the present study, a new Y-maze-based behavioral 
test was designed which enabled us to conduct addi-
tional assessment of the protective effect of BAZ on the 
learning and memory functions using the same kainic 
acid-injected mice. The procedures of this new behav-
ioral test is described in detail in the methods section, 
and the data are summarized in Fig. 9D, E. As shown in 
Fig.  9B, the food was placed in one arm of the Y-maze 
and the mouse was placed at the end of another arm (i.e., 
the starting arm). Then the animal was allowed to freely 
explore the maze and would find the food and eat it. It 
was observed that nearly all the mice in the control group 
could correctly remember which arm contained food 
starting from the 7th to 9th trials and onward; in compari-
son, the kainic acid-injected animals took significantly 

more trials to correctly remember which arm contained 
food. Compared to the animals injected with kainic acid 
alone, those animals jointly treated with 3 mg/kg BAZ 
and kainic acid had a markedly improved memory, with 
close to 80% correctness between 7th‒9th trials and > 80% 
correctness thereafter (Fig. 9D).

For comparison, the overall time required for each ani-
mal to find the food and start eating it was also recorded 
in this behavioral test (Fig. 9E). It was observed that with 
increased number of trials, all mice in different experi-
mental groups progressively improved their time, and 
eventually reached a similar plateau. This observation 
indicates that the animals in all treatment groups can 
gradually learn to perform this relatively simple task (i.e., 
remembering the correct arm where the food is). How-
ever, in the first five trials, the differences among the four 
groups of animals were quite obvious, and there was a 
clear difference between the control group and kainic 
acid-injected group. The animals jointly treated with 
kainic acid + 1.5 or 3 mg/kg BAZ took significantly less 
time than the animals injected with kainic acid alone, 
indicating that BAZ effectively improves the memory 
function of kainic acid-treated mice (Fig. 9E).

In this study, histological analysis of the representative 
hippocampal CA3 region of mice at 6 d post kainic acid 
injection was analyzed to evaluate the neuroprotective 
effects of 3 mg/kg BAZ in vivo. Kainic acid-injected ani-
mals showed a drastic neuronal loss in the hippocampus, 
but joint treatment with 3 mg/kg BAZ for 7 d afforded 
almost complete neuroprotection in this brain region. 
The extent of neurodegeneration in the CA3 region was 
assessed using different methods (H/E, Fluoro-Jade B 
staining, and TUNEL assay) (Fig. 10A–C). In H/E stain-
ing, kainic acid injection caused a strong loss of neuronal 
nuclei in the CA3 region, while this region in animals 
jointly treated with 3 mg/kg BAZ was strongly protected 
against kainic acid-induced neuronal death, almost 
making it not too different morphologically from the 
vehicle-treated control animals (Fig.  10A). This obser-
vation indicates that BAZ has a strong protective effect 
against kainic acid-induced oxidative neuronal loss in 
vivo. The observation made with the H/E-stained brain 
histology slides was also consistent with the slides ana-
lyzed with the Fluoro-Jade B staining. Fluoro-Jade B is 
an anionic fluorochrome capable of selectively staining 

(See figure on next page.)
Fig. 9  BAZ attenuates kainic acid (KA)-induced learning and memory impairment in a mouse model in vivo. A, B. The time scheme of the animal 
experiments (A) and the illustration of the Y-maze tests used in this study (B). C. Working memory of the animals in different treatment groups 
based on the alternation rates in the classical Y-maze test, conducted at 6 days after kainic acid (KA) treatment. D. Learning ability of the animals 
in different treatment groups assessed according to the correct rates (% of maximum) in finding the food in different trial cycles. Note that the data 
from every three consecutive trials (except the last two trials) were used to calculate the mean value for one cycle. E. Learning ability of the animals 
in different treatment groups assessed according to the time (in seconds) taken to find the food in the first ten trials. All quantitative data are 
presented as mean ± S.D. (n = 6‒7; * or # P < 0.05; ** or ## P < 0.01)



Page 21 of 30Hao et al. Cell Communication and Signaling          (2025) 23:218 	

Fig. 9  (See legend on previous page.)
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degenerating neurons in brain slices [89]. In the CA3 
region in kainic acid-injected animals, a majority of neu-
rons were strongly stained with Fluoro-Jade B (124.3 ± 
17.5), whereas animals jointly treated with 3 mg/kg BAZ 
and kainic acid had a markedly reduced number of neu-
rons in this region stained with Fluoro-Jade B (32.3 ± 8.7, 
P < 0.01) (Fig. 10B).

TUNEL assay selectively detects damaged cells that 
undergo oxidative DNA degradation, and is considered 
as a marker of apoptosis. Interestingly, recent studies 
reported that TUNEL activity is markedly increased dur-
ing the induction of ferroptosis both in animal models 
[90–93] and also in cell culture after challenged with pro-
totypical ferroptosis inducers [94, 95]. In this study, we 
also found that BAZ elicits a strong reduction in TUNEL 
staining of CA3 hippocampal neurons (Fig. 10C), which 
is in line with its strong neuroprotective actions in vitro 
and in vivo. Similarly, in our earlier studies, 4-OH-E1 
(another PDI inhibitor) also strongly reduced TUNEL 
staining in hippocampal neurons of kainic acid-treated 
animals [82].

These results reveal that kainic acid-induced memory 
impairments in an animal model can be partially rescued 
by BAZ administration. Histochemical analyses confirm 
that BAZ can protect mouse hippocampal neurons from 
kainic acid-induced neuronal injury.

Discussion
BAZ has a strong neuroprotective action in vitro and in vivo
In this study, we demonstrate that BAZ has a strong pro-
tective action against chemically-induced oxidative cell 
death in hippocampal neurons both in vitro and in vivo. 
Using the HT22 mouse hippocampal neurons as an in 
vitro model, we show that treatment of these cells with 
erastin or RSL3 can readily induce oxidative cell death, 
and joint treatment of these cells with very low concen-
trations of BAZ (at 62.5‒1000 nM) can strongly rescue 
them from erastin/RSL3-induced cytotoxicity in a con-
centration-dependent manner. The protective efficacy of 
BAZ is very high, and 100% protection against erastin- 
and RSL3-induced ferroptosis is observed when BAZ is 
present at 500 nM and 250 nM, respectively. It appears 

that BAZ has a higher potency in rescuing the cytotoxic-
ity of RSL3 than that of erastin.

We also show that BAZ can effectively protect against 
kainic acid-induced memory deficit and hippocampal 
neuronal injury in an in vivo model. Administration of 
1.5, 3 and 5 mg/kg BAZ improves the memory and learn-
ing performance of kainic acid-injected mice in a dose-
dependent manner. The effect of BAZ on improving 
mouse learning and memory functions observed in this 
study is in agreement with an earlier report on its neuro-
protective activity in another animal model [45]. Histo-
chemical analysis of the representative hippocampal CA3 
brain region of mice 6 d post kainic acid injection shows 
a drastic neuronal loss, but joint treatment with BAZ (at 
3 mg/kg) for 7 d affords almost complete protection in 
this brain region.

This study reveals that BAZ has a super-high efficacy in 
reducing the levels of all cellular ROS, including cytosolic 
ROS, lipid-ROS and mitochondrial ROS. Since BAZ at 
concentrations well below 1 μM already exhibits a com-
pletion protection against chemically-induced cytotox-
icity along with a near-complete abrogation of cellular 
ROS, lipid-ROS and mitochondrial ROS accumulation, it 
is almost certain that BAZ does not exert this function 
solely by serving as a chemical scavenger for all forms of 
cellular ROS. The reason is rather simple as the total lev-
els of all cellular ROS, lipid-ROS and mitochondrial ROS 
would be much higher than the effective concentrations 
of BAZ. Therefore, it is speculated that there must be a 
highly specific mechanism which mediates the strong 
antioxidant and neuroprotective actions of BAZ.

It has been previously suggested that BAZ’s neuropro-
tective actions may involve the activation of estrogen 
receptors and/or GRP30 [46]. However, the results of this 
study clearly show that the ER binding affinity of BAZ 
does not contribute meaningfully to its neuroprotective 
actions. This suggestion is supported by our observations 
that the same protective effect of BAZ was also observed 
in the estrogen receptor-negative MDA-MB- 231 human 
breast cancer cells [53] after they were challenged with 
erastin or RSL3 (Supplementary Fig. S1 A, S10 A). In 
addition, BAZ exhibits a similar protective effect against 

Fig. 10  BAZ attenuates kainic acid (KA)-induced neurodegeneration in selected mouse hippocampal regions in vivo. A. Representative data 
for the histopathological analysis of the damaged hippocampal region. The upper two panels are the H/E staining of the hippocampal region 
(scale bar = 2 mm) and the enlarged CA3 region (scale bar = 200 μm), respectively. The middle two panels are the Fluoro-Jade B staining 
of the hippocampal region (scale bar = 2 mm) and the enlarged CA3 region (scale bar = 200 μm), respectively. The bottom panel is the TUNEL 
staining of cells in the CA3 region (scale bar = 60 μm). B. Quantitative data for the number of degenerating neurons in control and kainic acid 
(KA)-treated mice (n = 3). C. Relative intensity of TUNEL staining in CA3 neuronal cells in control and kainic acid (KA)-treated mice (n = 3). All 
quantitative data are presented as mean ± S.D. (* or # P < 0.05; ** or ## P < 0.01)

(See figure on next page.)



Page 23 of 30Hao et al. Cell Communication and Signaling          (2025) 23:218 	

Fig. 10  (See legend on previous page.)
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chemically-induced cell death in a few other cell lines 
tested in this study.

Role of PDI in mediating BAZ’s neuroprotection
Recently, we have gathered considerable evidence to 
show that PDI is a mediator of chemically-induced fer-
roptosis. First, we found that PDI inhibitors can effec-
tively rescue cells from chemically-induced ferroptosis. 
For instance, cystamine, a known PDI inhibitor [96], can 
strongly rescue cells from against erastin/RSL3-induced 
ferroptosis [15, 32, 33, 97], and the cytoprotection is 
associated with reduced NOS dimerization and reduced 
NO and ROS/lipid-ROS accumulation. Additionally, 
we have recently shown that cystamine can prevent 
acetaminophen-induced hepatocyte injury in vivo [15]. 
Mechanistically, the cytoprotective action of cystamine is 
purely due to its ability to covalently modify the free –SH 
group(s) in PDI’s catalytic sites, resulting in PDI inactiva-
tion and reduced NOS dimerization. Similarly, 4-hydrox-
yestrone, another inhibitor of PDI, also strongly rescues 
from erastin/RSL3-induced ferroptosis in culture [98, 
99]. Second, like PDI inhibitors, we have recently shown 
that genetic manipulations of PDI expression can reduce 
the cytotoxicity of erastin and RSL3 in vitro [32, 33, 98] 
and acetaminophen-induced liver injury in vivo [15]. 
The effect of PDI knockdown on erastin/RSL3-induced 
cell death is also confirmed in this study. Additionally, 
PDI knockdown partially alleviates the protective effect 
of BAZ against erastin/RSL3-induced neurotoxicity in 
HT22 cells.

The recent advances in our understanding of PDI’s role 
in oxidative ferroptosis have prompted the speculation 
that BAZ may exert its neuroprotective action through 
inhibiting PDI’s catalytic activity, which then reduces 
NOS dimerization, and ultimately, prevents neuronal fer-
roptosis (as depicted in Fig.  11). As summarized below, 
several lines of evidence are obtained in this study which 
jointly offers support for this hypothesis:

First, surface plasmon resonance assay shows that BAZ 
can bind to purified PDI protein with a high binding 
affinity (apparent Kd of 3.3‒3.6 nM). In addition, BAZ can 
bind to PDI in live HT22 cells and increases PDI protein 
thermos-stability in a concentration-dependent manner.

Second, PDI has both oxidase (i.e., the linkage of two 
free thiol groups in protein substrates to form a disulfide 
bond) and reductase activities (i.e., the reduction of a 
disulfide bond in protein substrates to two free thiol 
groups). Our enzyme assays reveal that BAZ can inhibit 
both oxidase and reductase activities of the wild-type 
PDI. Since PDI’s oxidase activity mediates the dimeriza-
tion of iNOS and nNOS, an inhibition of this activity by 

BAZ will result in reduced NOS dimerization in neuronal 
cells challenged with erastin/RSL3, which then reduces 
the accumulation of cellular NO and ROS (including 
lipid-ROS and mitochondrial ROS) and prevents oxida-
tive cell death.

Moreover, an inhibition of PDI’s reductase activity by 
BAZ may also contribute to the observed cytoprotec-
tive actions of BAZ via two potential mechanisms. First, 
the binding of BAZ to the reduced PDI protein may 
decrease its chances for oxidation (i.e., catalytic activa-
tion of PDI) by other cellular components. Second, if we 
assume that the reduced PDI can catalyze the conversion 
of NOS dimers back to their monomers (this is presently 
unclear), then BAZ’s binding to the reduced PDI would 
reduce its ability to bind the dimeric NOS substrates for 
reduction.

Third, computational modeling reveals that BAZ can 
bind tightly inside a rather deep pocket between b’ and 
b domains of the reduced PDI, forming a hydrogen bond 
with its His256. The important role of BAZ’s interaction 
with His256 is also confirmed by MD simulation analy-
sis. Additionally, it should be noted that there are multi-
ple Phe residues in the binding pocket which may form 
hydrophobic interactions with the highly-lipophilic BAZ 
molecule, partly contributing to its binding interactions 
with PDI.

The importance of PDI’s His256 in the formation of 
PDI–BAZ complex is in agreement with the enzyme 
activity results showing that BAZ cannot inhibit the 
reductase activity of the mutant PDI-Ala256. It is known 
that when the reduced PDI catalyzes disulfide bond 
reduction, the substrate is one protein molecule (such as 
the dimeric NOS protein). Earlier studies have revealed 
that PDI’s His256 is involved in the binding of certain 
protein substrates [61, 100]. As such, when BAZ is tightly 
bound to PDI through His256, it may competitively 
inhibit the further entry of the protein substrate due to 
steric interference. However, for the mutant PDI-Ala256, 
BAZ does not bind to its Ala256 and it does not inhibit 
PDI’s reductase activity. Since we find that the mutant 
PDI-Ala256 still retains its maximal reductase activity 
with a reduced catalytic velocity, this clearly indicates 
that the protein substrate can still bind, with a reduced 
affinity, to PDI in the absence of His256.

For the oxidized PDI, computational modeling sug-
gests that BAZ may have three binding sites (Fig.  5A, 
Table  2): one located between the a’ and b’ domains, 
one in the a domain near an active site, and another 
one in the a’ domain also near an active site. Modeling 
results from this study as well as from our recent study 
[66] both reveal that PDI can undergo spontaneous 
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interconversions between its closed states and open 
states, regardless of PDI’s oxidation/reduction states. For 
the oxidized PDI to catalyze disulfide bond formation, it 
needs to simultaneously bind two protein substrates (one 
binds to the catalytic site in a’ domain, and the other one 
binds to the catalytic site in the a domain; depicted in 

Supplementary Fig. S27 A, S27B). As such, PDI needs to 
be in its open states for this function. Once the substrate 
binding finishes, then PDI needs to adopt the closed 
states so that it can catalyze the formation of the disulfide 
bond (depicted in Supplementary Fig. S27 C). Because of 
these required conformational changes, the binding of 

Fig. 11  Schematic depiction explaining the mechanism by which PDI mediates the neuroprotective action of BAZ against chemically-induced 
ferroptosis. For detailed explanation, please refer to the Discussion section

Table 3  Predicted binding affinities based on the seven representative predicted structures of wild-type reduced PDI‒BAZ complexes 
or the Ala256 mutant reduced PDI‒BAZ complexes

PDI‒BAZ 
complex 
#

Number of hydrogen 
bonds between BAZ 
and PDI proteins

Number of hydrogen 
bond between BAZ and 
His256

X-Score (Kcal/mol) PRODIDY-LIG (Kcal/mol) ΔvinaRF20

PDI-His256 PDI-Ala256 PDI-His256 PDI-Ala256 PDI-His256 PDI-Ala256 PDI-His256 PDI-Ala256 PDI-His256 PDI-Ala256

1 3 2 1 0 − 9.44 − 9.22 − 8.93 − 8.69 6.51 6.28

2 2 1 1 0 − 9.57 − 9.41 − 9.11 − 8.84 5.74 5.52

3 2 1 1 0 − 9.34 − 9.15 − 9.24 − 9.04 5.54 5.35

4 2 1 1 0 − 9.63 − 9.38 − 8.91 − 8.66 6.12 5.85

5 3 2 1 0 − 9.49 − 9.28 − 8.96 − 8.72 5.85 5.63

6 1 0 1 0 − 9.42 − 9.25 − 9.01 − 8.75 5.82 5.6

7 1 0 1 0 − 9.26 − 9.14 − 8.96 − 8.75 6.04 5.84
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BAZ at the hinge regions between PDI’s a’ and b’ domains 
is expected to affect the agile transition between PDI’s 
different conformations, thereby inhibiting its oxidase 
activity (Supplementary Fig. S27D).

As for the binding of BAZ to the two other binding sites 
of an oxidized PDI near the catalytic sites in the a’ and 
a domains, each scenario will directly affect the further 
binding of substrate proteins to these active sites, and 
thus will directly inhibit the catalytic activity for disulfide 
bound formation. Lastly, computational modeling analy-
sis also predicts that BAZ does not interact with His256 
of an oxidized PDI, and this prediction fully agrees with 
the enzyme activity results.

Fourth, the finding that BAZ can bind tightly to PDI 
and effectively inhibit its catalytic activity in vitro is also 
corroborated by the biochemical changes observed in 
erastin-treated cells. Specifically, it is observed that treat-
ment of HT22 cells with erastin alone results in PDI-
mediated iNOS and nNOS activation (i.e., formation 
of NOS dimers) along with cellular NO accumulation, 
and joint treatment of cells with BAZ abrogates erastin-
induced iNOS and nNOS dimerization and NO accu-
mulation. In addition, BAZ suppresses erastin-induced 
upregulation of NOS proteins, which also contributes to 
erastin-induced cytotoxicity.

Here it should be noted that in HT22 cells, we find that 
erastin-induced ONOO− accumulation is abrogated by 
joint treatment with either BAZ or urea. However, while 
BAZ strongly protects against erastin-induced cell death, 
urea does not exhibit a meaningful protection. Urea 
reduces ONOO− levels in erastin-treated cells through 
its direct ONOO−-scavenging activity, but BAZ reduces 
ONOO− level through its inhibition of PDI, which then 
reduces the formation of the catalytically-active NOS 
dimers and NO, and ultimately, reduces the conversion 
of NO to ONOO− as well as its accumulation. Since 
BAZ elicits a strong cytoprotection but urea does not 
have this protective effect, it is apparent that ONOO− is 
not the main culprit that mediates chemically-induced 
ferroptosis. This observation offers additional support 
for the notion that NO (but not ONOO−) is an impor-
tant upstream element that drives chemically-induced 
ferroptosis.

Fifth, based on the observations made in this study, it 
is evident that PDI is also similarly involved in mediat-
ing RSL3-induced ferroptosis in HT22 neuronal cells, 
and inhibition of PDI’s function by BAZ contributes to 
its protection against RSL3-induced cell death. RSL3 is 
a prototypical ferroptosis inducer, and it has long been 
thought that its ferroptosis-inducing activity is primar-
ily due to its inhibition of GPX4 [101]. However, recent 
studies have shown that RSL3 can also strongly inhibit 
the enzymatic activity of TrxR1 [33, 35]. Theoretically, 

inhibition of TrxR1 by RSL3 would shift the pool of cel-
lular PDI proteins (a member of the thioredoxin super-
family) toward the catalytically-active oxidized state, thus 
favoring NOS dimerization. Recently, we have shown 
that in addition to inhibition of GPX4, RSL3, through 
its ability to inhibit TrxR1 enzymatic activity [33, 35], 
can facilitate PDI oxidation and promote RSL3-induced 
ferroptosis by facilitating NOS dimerization, followed 
by cellular NO, ROS and lipid-ROS accumulation, and 
ultimately ferroptotic cell death [33]. This novel mecha-
nism of RSL3-induced ferroptosis also provides a good 
explanation for the strong neuroprotective effect of BAZ 
against RSL3-induced ferroptosis, which is supported 
by experimental observations made in this study. For 
instance, we find that there is a time-dependent increase 
in total NOS protein levels in HT22 cells treated with 
0.08 μM RSL3, and joint treatment of HT22 cells with 
BAZ abrogates RSL3-induced increase in total NOS pro-
tein and its dimer levels.

It is observed in this study that BAZ exhibits a markedly 
stronger protection against RSL3-induced ferroptotic cell 
death compared to erastin-induced cell death. It is pos-
sible that the direct antioxidant activity of BAZ against 
lipid-ROS may partially contribute to its cytoprotective 
effect, in addition to PDI inhibition. This possibility is in 
line with the fact that BAZ is a highly hydrophobic com-
pound, and its antioxidant activity would be more readily 
manifested in protection against cellular lipid peroxides 
which are induced by treatment with RSL3. This sugges-
tion is also consistent with an earlier report that BAZ 
is an inhibitor of ferroptosis with free radical-trapping 
activity [102].

Conclusions, limitations and future directions
As summarized in Fig. 11, the results of our study dem-
onstrates that BAZ, a third generation SERM, exerts its 
strong protective effect against chemically-induced fer-
roptosis in hippocampal neurons both in vitro and in 
vivo through inhibition of PDI-mediated activation of 
NOS/NO in cells challenged with erastin or RSL3, which 
subsequently results in reductions in cellular ROS and 
lipid-ROS levels, and ultimately ferroptotic cell death. In 
addition, the direct antioxidant activity of BAZ may also 
partially contribute to its protective effect against chem-
ically-induced ferroptosis. These findings reveal a novel 
mechanism of estrogen receptor-independent neuropro-
tection by BAZ.

The present study, however, also presents limitations. 
While the immortalized HT22 hippocampal neurons are 
tested as an in-vitro model in this study, it is not known 
whether a similar ferroptosis-rescuing effect of BAZ can 
also be manifested in other neuronal models. Another 
limitation is related to the animal model and functional 
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tests used in this study. Although BAZ is effective in two 
Y-maze-based memory tests, it is not known how well 
these simple learning/memory tests correlate with the 
cognitive impairments in human neurodegenerative con-
ditions (e.g., Alzheimer’s disease).

Lastly, while BAZ is presently approved for use as 
a preventive agent for postmenopausal osteoporosis, 
clearly there are also other clinical benefits, such as neu-
roprotection and lipid/cholesterol reduction [103, 104]. 
The results of this study reveal that strong PDI inhibition 
by BAZ can elicit strong neuroprotection both in vitro 
and in vivo. Additionally, since PDI is a key component of 
a protein machinery for lipid packaging and release [105, 
106], its inhibition may help explain the lipid/cholesterol-
lowering functions of BAZ. Therefore, the present work 
provides the basis for future explorations of the broader 
clinical applications of BAZ as an effective PDI inhibitor 
for different therapeutic benefits.
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