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Ferroptosis and inflammation induced by cerebral hemorrhage result in an excessive inflammatory response and irreversible
neuronal injury. Alleviating ferroptosis might be an effective way to prevent neuroinflammatory injury and promote neural
functional recovery. Pyridoxal isonicotinoyl hydrazine (PIH), a lipophilic iron-chelating agent, has been reported to reduce
excess iron-induced cytotoxicity. However, whether PIH could ameliorate the effects of hemorrhagic stroke is not
completely understood. In the present study, the preventive effects of PIH in an intracerebral hemorrhage (ICH) mouse
model were investigated. Neurological score, rotarod test, and immunofluorescence around the hematoma were assessed to
evaluate the effects of PIH on hemorrhagic injury. The involvement of ferroptosis and inflammation was also examined
in vitro to explore the underlying mechanism. Results showed that administration of PIH prevented neuronal cell death
and reduced lipid peroxidation in Erastin-treated PC-12 cells. In vivo, mice treated with PIH after ICH attenuated
neurological deficit scores. Additionally, we found PIH reduced ROS production, iron accumulation, and lipid peroxidation
around the hematoma peripheral tissue. Meanwhile, ICH mice treated with PIH showed an upregulation of the key
ferroptosis enzyme, glutathione peroxidase 4, and downregulation of cyclooxygenase-2. Moreover, PIH administration
inhibited proinflammatory polarization and reduced interleukin-1 beta and tumor necrosis factor alpha in ICH mice.
Collectively, these results demonstrated that PIH protects mice against hemorrhage stroke, which was associated with
mitigation of inflammation and ferroptosis.

1. Introduction

Intracerebral hemorrhage (ICH) is a destructive subtype of
stroke that results in high mortality and morbidity, which
has few viable therapeutic options to intervene against pri-
mary and subsequent secondary brain injury (SBI). To date,
the main clinical treatment is to remove the hematoma
through neurosurgery to reduce mechanical compression
[1, 2], with no effective treatment for subsequent SBI [3].
ICH involves complex pathophysiological mechanisms, with
emerging evidence indicating the involvement of ferroptosis

in the pathological mechanism of SBI [4–6]; therefore, novel
therapies against ICH-induced ferroptosis may have tremen-
dous therapeutic benefits.

Previous studies have indicated that neuroinflammation
and ferroptosis have significant roles in SBI [7]. Ferroptosis
is a recently discovered form of nonapoptotic cell death
identified by Stockwell et al. in 2012. It is characterized by
excessive iron-dependent accumulation of lipid peroxide,
accompanied by the production of a large number of reac-
tive oxygen species (ROS) [8]. ROS, in turn, is regulated by
glutathione peroxidase 4 (GPX4), which can scavenge lipid
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peroxides at the expense of glutathione (GSH) [9]. Recent
studies have confirmed that hemorrhage-induced red blood
cell infiltration and its subsequent hemoglobin degradation
initiate neural cell ferroptosis and causes irreversible damage
to neurons [7, 10]. Importantly, ferroptosis is coupled with
neuroinflammation by triggering the release of damage-
associated molecular patterns, immunogenic lipid [11], and
proinflammatory cytokines from activated immune cells
[12, 13], while activated immune cells, like microglia and
peripheral macrophage, release inflammatory cytokines,
which simultaneously promote ROS production for ulterior
stimulation. Therefore, targeting redox imbalance and
inflammation may be a promising therapeutic strategy in
neurological diseases involving severe neuronal death and
neuroinflammation.

An iron chelator agent is a promising ferroptosis ther-
apy. Desferrioxamine (DFO), a common iron-complexing
agent used in the clinic, has been proven to inhibit ferropto-
sis; however, its low permeability and short plasma half-life
limit its clinical application [14, 15]. Thus, the necessity to
find alternative iron-complexing agents is evident. Pyridoxal
isonicotinoyl hydrazine (PIH) is a promising lipophilic iron-
complexing agent with the advantages of high iron chelation
efficiency, high permeability, and low cytotoxicity [16–19].
In animal models, after PIH treatment, the complex formed
by PIH and iron gradually accumulates in rat bile and is
mainly excreted through the digestive system [20]. Previous
studies showed that PIH and its analogues exhibited proper-
ties such as antitumor proliferation, cell oxidative damage
prevention, excessive iron overload reduction, and myocar-
dial injury amelioration [21–23]. However, little is known
about the PIH-related protective mechanism associated with
ferroptosis and anti-inflammation inhibition in ICH. In this
study, we investigated the neuroprotective effect of PIH in
ICH and explored the involvement of the PIH-mediated
effect on ferroptosis and inflammation to explore the under-
lying inhibition-associated mechanisms.

2. Materials and Methods

2.1. Animals and Groups. Adult male C57BL/6 mice (20–
25 g) were purchased from the Shanghai Slaccas Experimen-
tal Animal Limited Liability Company (Shanghai, China).
All mice are raised in a standardized animal care center,
under a 12 h light-dark cycle with free access to food and
water. All procedures were approved by the Ethics Commit-
tee of Wenzhou Medical University (Wenzhou, China) and
carried out under its supervision. Mice were randomly
divided into four groups: the sham group, ICH group, ICH
treated with DMSO group (ICH+DMSO), and ICH treated
with PIH (MCE, USA) group (ICH+PIH). PIH was dis-
solved in DMSO and injected intraperitoneally (25mg/kg)
at 2, 12, 24, and 48 h after ICH, as previously described [24].

2.2. ICH Model. Collagenase was used to construct the ICH
mouse model [25]. Briefly, mice were anesthetized by inha-
lation with 8% isoflurane and maintained using a face mask
with 4% isoflurane in a 5 l/min oxygen flow. The mice were
then fixed on a stereotactic head frame (Kopf Instruments,

Tujunga, CA, USA), and a 1 cm incision was made in the
center of the scalp, after which the skin was removed and
the skull exposed for suitable bone window drilling. To
induce ICH, 1μl collagenase VII-S (Sigma, 0.3U) was
injected, 0.2mm anterior to and 2.0mm right to the bregma,
at a depth of 3.7mm and rate of 2μl/min (right striatum).
The microsyringe was not moved for 10min after injection,
after which it was taken out at a rate of 1mm/min. The sham
operation group received the operation, but with normal
saline injection instead.

2.3. Cell Culture. The PC12 cell line was purchased from the
American Type Culture Collection (ATCC, USA). All cells
were cultured in Dulbecco’s minimal essential medium
(GE Healthcare Life Science, Pittsburgh, PA, USA) with
10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), 100U/ml penicillin, and 100μg/ml
streptomycin (Gibco Life Technologies, Darmstadt, Germany)
under standard conditions. Erastin and PIH were obtained
from MedChemExpress (MCE). For drug administration,
PIH (10μM) and Erastin (5μM) were added concurrently
for 24h prior to cell lysis or imaging.

2.4. MTT Assay. Cell viability was measured with MTT
(Beyotime, Shanghai, China) assays. In brief, cells were cul-
tured in a 96-well plate containing 0.5% MTT medium for
4 h. After removing the supernatant, the insoluble formazan
was dissolved in 150μl DMSO. The absorbance at a wave-
length of 540 nm was used to calculate cell viability.

2.5. Propidium Iodide (PI) Staining. Briefly, after drug treat-
ment, PC12 cells were stained with 1μg/ml PI staining
reagent (Beyotime, Shanghai, China) for 5min, then fixed
with 4% paraformaldehyde (Solarbio, Beijing, China) for
20min. A fluorescence microscope (DMi8, Leica, Germany)
was used to calculate fluorescence intensity.

2.6. Iron Content Determination. Iron content was deter-
mined using the iron colorimetric assay kit (Prlygen, Beijing,
China) and tissue iron assay kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). To detect cell samples,
1ml cell lysate was added to six-well plates, which were then
placed on a shaker for approximately 2 h. The cell suspen-
sion was then mixed with the detection reagent for 1 h. After
that, 30μl iron ion detection solution was added, and the
absorbance at 550nm was detected to calculate the iron con-
centration. To detect the iron content in tissue, samples were
homogenized and supernatant was taken after centrifugation
at 2000 g for 10min, and the absorbance was determined of
each group at 520nm according to the manufacturer’s
instructions.

2.7. ROS Production Assay. Cellular ROS levels were deter-
mined using 2′,7′-dichlorofluorescin diacetate (DCFH;
Beyotime, Shanghai, China). Briefly, cells were incubated
with DCFH (10μm) for 30min at 37°C. The fluorescence
intensity of the cells was then measured by flow cytometry
(CytoFLEX, Beckman, USA). To determine ROS levels in
tissue samples, the BB cell Probe™O12 reactive oxygen
probe (BestBio, Shanghai, China) was used to detect the
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ROS content according to the manufacturer’s instructions.
Briefly, tissue samples were homogenized and centrifuged
(4°C, 12000 g, 25min). After that, the supernatant was
mixed with 10μl O12 probe for 30min at 37°C in the dark.
Subsequently, the fluorescence value was detected at an exci-
tation wavelength of 488nm and an emission wavelength of
540nm in the enzyme labeling instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The mean immunofluores-
cence intensity of each group was calculated for comparison.

2.8. Quantitative Determination of Malondialdehyde (MDA).
MDA content was determined using a lipid peroxidation
MDA assay kit (Solarbio, Beijing, China) according to the
manufacturer’s instructions, while protein concentration
was detected by using a BCA protein assay kit (Thermo
Fisher Scientific, USA) according to the manufacturer’s
instructions. Briefly, cells or tissues were homogenized and
centrifuged. The supernatant was then mixed with 200μl
MDA working reagent and boiled for 30min. The absor-

bance at 450nm, 532 nm, and 600nm was detected. Results
are expressed as nanomolar concentration per microgram
of total protein.

2.9. Western Blot Analysis. Brain tissue was removed from
euthanizedmice and immediately homogenized in RIPA buffer
plus with protease inhibitor mixture (PMSF : RIPA = 1 : 100).
After homogenization, the protein concentration was deter-
mined using a BCA protein assay kit (Thermo Fisher Scien-
tific, USA). Protein was then loaded onto a 12% SDS
resolving gel and subject to SDS-PAGE. Proteins were then
transferred onto a polyvinylidene fluoride membrane, and
the membrane was blocked with 5%milk at room temperature
for 2h and then incubated with primary antibodies, including
COX-2 (1 : 1000, 12282S, CST), GPX-4 (1 : 1000, ab125066,
Abcam), and β-actin (1 : 1000, ab8227, Abcam) overnight at
4°C. The membrane was then incubated with the secondary
antibody (1 : 5000, ab205718, Abcam) at room temperature
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Figure 1: PIH inhibited Erastin-induced iron accumulation, MDA level, and ROS production in PC12. (a) Total iron concentration was
detected by iron colorimetric assay kit (F = 30:98). (b, c) Cellular ROS levels were evaluated by flow cytometry using DCFH-DA probe
(F = 555:6). (d) MDA activity was measured with lipid peroxidation MDA assay kit (F = 59:61, n=3). The data are presented as means
± SD. ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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for 1 h, and the bands were visualized using ECL Reagent
(Advansta, California, USA) and analyzed with ImageJ.

2.10. Immunofluorescence. Brain sections were fixed with 4%
paraformaldehyde and then incubated in PBST (0.4% triton
in PBS) containing 5% bovine serum albumin solution
(Sigma-Aldrich, USA) for 30min at 37°C to rupture the cell
membrane and block nonspecific staining. After that, sec-
tions were incubated with primary antibodies against NeuN
(1 : 1000, ab177487, Abcam), IBA1 (1 : 500, ab5076, Abcam),
iNOS (1 : 300, ab15323, Abcam), and CD206 (1 : 300,
ab8918, Abcam) for 24 h at 4°C followed by incubation with
the corresponding secondary antibody at room temperature
for 1 h [26]. After washing off unbound antibodies, the
nuclei were then stained with DAPI (Biosharp, BL105A)
and imaged under a fluorescence microscope (DMi8, Leica,
Germany). Three brain tissue sections were randomly
selected from each mouse for staining, and six microscopic
fields were randomly taken around the hematoma in each

section. The number of positive cells was calculated and sta-
tistically analyzed.

2.11. Neurobehavioral Assessment. The modified neurological
severity scores (mNSS) test was used to assess neurological
deficits. mNSS includes multiple tasks to assess sensation,
motor ability, balance, and reflex; a higher score indicates a
more severe neurological dysfunction (0–18). The rotarod test
was used to evaluate the coordination of the mice [27]. All
mice were pretrained for 14 days prior to ICH.

2.12. Enzyme-Linked Immunosorbent Assay (ELISA). ELISA
kits (Thermo Fisher Scientific, USA) were used to measure
the levels of interleukin-1β (IL-1β), tumor necrosis factor
(TNF-α), interleukin-10 (IL-10), and transforming growth
factor (TGF-β) at 72 h after ICH, following the manufac-
turer’s instructions. Briefly, samples were homogenized in
ice-cold PBS and centrifugated at 12,000 g for 10min at
4°C. The supernatant was then measured to determine the
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Figure 2: The antiferroptosis activity of PIH in Erastin treated PC12 cells. (a–c) The ferroptosis markers GPX4 and COX-2 were determined
through western blotting assay (Fb = 77:83, Fc = 92:69). (d, e) PI staining was applied to evaluate neural cell death after Erastin treatment
(F = 343:3, n = 3). The data are presented as means ± SD. ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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Figure 3: PIH reduced neuronal death and improved neurological function recovery in ICH mice. (a) Experimental design time axis. (b)
Modified neurological severity scores (mNSS) and (c) rotarod test were performed to evaluate from day 1 to day 14 post-ICH to evaluate
neural function recovery. n = 12. (d, e) Immunofluorescence staining was used to detect the survival neurons around the hematoma.
NeuN represents neuronal cells (green), DAPI is nucleus (blue) (F = 213:3, n = 5). The data are expressed as average ± SD, scale = 100 μm.
∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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levels of IL-1β, TNF-α, IL-10, and TGF-β in accordance
with the manufacturer’s instructions. Finally, the OD at
450nm was measured on a microplate reader (Spectra
MAX 190; Molecular Devices).

2.13. Statistical Analysis. The GraphPad Prism software was
used for graphing and statistical analysis. All data are
expressed as the mean ± standard deviation. Student’s t-tests
were used for comparisons between two groups, and one-
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Figure 4: Intraperitoneal injection of PIH significantly inhibited ferroptosis in brain tissue around hematoma. (a) Total iron concentration
was detected by tissue iron assay kit (F = 106:1). (b) Tissue ROS levels were evaluated by tissue ROS detecting kit using the BB cell
Probe™O12 reactive oxygen probe (F = 597:4). (c) MDA activity was measured with lipid peroxidation MDA assay kit (F = 75:73). (d–f)
Western blotting analysis of GPX4 and COX2 expression in ICH mice (Fe = 257:7, Ff = 30:06, n = 5).. The data are presented as
means ± SD. ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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way ANOVA was used for comparison of three or more
groups. P < 0:05 represents statistical significance.

3. Results

3.1. PIH Prevents Excess Iron Accumulation and Lipid
Peroxidation Induced by Erastin Treatment in PC12. Intra-
cellular iron is an essential factor in the mechanism of fer-
roptosis, and the initiation of lipid peroxidation is
triggered by a series of oxidizing reactions, which require
transition metals such as iron. Here, we used Erastin to
induce ferroptosis in vitro [8]. After confirming the toxicity

of Erastin and PIH on cell viability (Figure S1), we found
that the Erastin group gained massive iron accumulation
(11:77 ± 1:37 nmol/mg protein), which was more obvious
than that in the sham group (4:53 ± 0:75 nmol/mg protein),
whereas the iron concentration in the PIH group was
markedly decreased (6:87 ± 1:01 nmol/mg protein, P < 0:01,
Figure 1(a)). We also explored ROS production and the lipid
peroxide accumulation upon Erastin treatment. Flow
cytometry data showed that Erastin significantly stimulated
the production of ROS, while PIH treatment significantly
reduced the level of ROS (Figures 1(b) and 1(c)). As the
most important end product of lipid peroxidation, MDA
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Figure 5: PIH inhibited proinflammatory polarization of microglia in ICH mice. (a, b) Microglia M1 polarization (Iba-1+/iNOS+) and (c, d)
M2 polarization (Iba-1+/CD206+) were determined by double-immunofluorescence assay (Fb = 106:3, Fd = 63:65). Scale = 100μm. n = 5.
The data are expressed as average ± SD. ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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accumulation induced by Erastin was also decreased after PIH
administration, from approximately 5:15 ± 0:33 to 3:64 ±
0:30 nmol/mg protein (Figure 1(d)).

3.2. PIH Prevents Ferroptosis through Induction of GPX4 and
COX-2 Expression. Gpx4 is a vital antioxidant enzyme, and
COX-2 is the gene product of PTGS2, which can be used as
a biomarker of ferroptosis. Western blotting analysis showed
decrease expression of GPX4 and increased expression and
COX-2 after Erastin treatment, indicating induction of ferrop-
tosis after Erastin administration (Figures 2(a)–2(c)). Admin-
istration of PIH significantly promoted GPX4 expression and
inhibited COX-2 induction, suggesting the antiferroptosis
function of PIH in Erastin model.

PI staining was used to label dead cells. The fluorescence
results showed that Erastin caused large amounts of cell
death (Figures 2(d) and 2(e)), which was consistent with
the results of MTT assays, while the PIH group
(85:33 ± 6:51) exhibited decreased neural death compared
to the Erastin group (164:70 ± 10:07). These results demon-

strated that PIH could inhibit Erastin-induced ferroptosis
and prevent neural cell death.

3.3. PIH Improves Neurological Recovery after ICH. To deter-
mine whether PIH induced neurological function recovery
after hemorrhagic injury, mNSS was applied to evaluate the
degree of neuronal damage in ICH mice. As shown in
Figures 3(b) and 3(c), the ICH group displayed increased neu-
rological deficit scores compared with the sham group, whereas
the PIH group exhibited a significant improvement in neuro-
logical scores after day 3, thus suggesting that PIH improved
neurological performance in ICH mice. To further investigate
the endogenic neurological recovery mechanism, we detected
neuronal survival around the hematoma region. The results
showed that the number of viable neurons decreased after
hemorrhagic injury, while PIH treatment improved neuronal
survival (Figures 3(d) and 3(e)), indicating a neuronal protec-
tive effect of PIH against hemorrhagic stroke.

3.4. Administration of PIH Inhibits Lipid Peroxidation and
Ferroptosis in ICH Mice. To investigate the antiferroptosis
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Figure 6: PIH administration affected inflammatory response in brain tissue around hematoma. (a–d) The cytokine expressions of IL-1β,
TNF-α, IL-10, and TGF-β were determined by ELISA (Fa = 320, Fb = 250:4, Fc = 106:4, and Fd = 176, n = 5). The data are expressed as
average ± SD. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; ns: not significant.
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activity of PIH after ICH, we examined the intracellular iron
levels, MDA levels, ROS production, and GPX4 and
cyclooxygenase-2 (COX-2) expression in ferroptotic neu-
rons within hematoma-adjacent brain tissue. The result
showed that the total iron concentration was significantly
elevated at 3 days after ICH (Figure 4(a)). Similarly, ROS
production and MDA levels were also increased at 3 days
after ICH (Figures 4(b) and 4(c)). Western blotting analysis
showed decreased GPX4 expression and increased COX-2
expression after ICH. These results indicated the existence
of ferroptosis in ICH model mice.

After confirmation of ferroptosis induction after ICH,
the antiferroptotic activity of PIH was investigated. The
results showed PIH administration remarkably reduced iron
accumulation, inhibited ROS production, and reduced MDA
levels. Western blotting results showed that GPX4 was
significantly increased in the cortex of mice treated with
PIH, while COX-2 was restored to physiological levels
(Figures 4(d)–4(f)). These data indicated the antiferroptosis
efficacy of PIH in the ICH model mice.

3.5. PIH Regulated Microglial Polarization in ICH Mice. To
explore the regulatory effect of PIH on microglial polariza-
tion, we performed double-immunofluorescence staining to
detect M1 polarization (iNOS) and M2 polarization
(CD206), microglia cells were labeled with IBA1. Brain sec-

tions showed that the number of iNOS+/IBA1+ cells around
the hematoma was significantly increased at 3 days after
ICH to approximately 44:87 ± 3:21, while administration of
PIH effectively decreased the number to 25:09 ± 3:05
(Figures 5(a) and 5(b)), thus indicating that PIH inhibited
microglial M1 polarization. Meanwhile, administration of
PIH also increased CD206+/IBA1+ cells, from approximately
16:66 ± 1:261 to 23:31 ± 2:15 (Figures 5(c) and 5(d)), thus
suggesting that PIH promoted microglial M2 polarization
after ICH.

3.6. PIH Decreased the Expression of Proinflammatory
Cytokines after ICH. Considering the correlation between fer-
roptosis and inflammation in hemorrhagic stroke, and the fact
that PIH reduced M1 polarization, we investigated the possible
anti-inflammatory functions of PIH. ELISA results showed the
ICH group displayed higher expression levels of IL-1β, TNF-α,
IL-10, and TGF-β (Figures 6(a)–6(d)). Notably, following
the administration of PIH, a marked decrease in IL-1β
and TNF-α was observed, while the anti-inflammatory cyto-
kines, IL-10 and TGF-β, exhibited an increase in the PIH
group. The results demonstrated that PIH inhibited the
inflammatory response in the hematoma peripheral tissue of
ICH mice. Thus, collectively, these data implied PIH might
downregulate inflammatory reaction via inhibiting ferroptosis
in hemorrhagic stroke mice (Figure 7).

ICH

Hb

Erythrocyte
fracture

Fe

Fe
Fe PIH

Microglia
activate

Cytokine

COX-2
ImflamationFerroptosis

Second
brain injury

Lipid
peroxidation
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GSH

Cysteine

Cystine

GPX4

Figure 7: Schematic illustration of the proposed mechanism underlying PIH-mediated protection against ICH. ICH causes ruptured red
cells and release of heme, which results in excess iron accumulation. Then excess iron produces ROS through Fenton reaction, which
subsequently leads to lipid peroxidation and eventually induces ferroptosis. Iron accumulation and ROS also activate polarization of
microglia, leading to the aggravation of inflammatory response. PIH prevents Fenton response through binding iron ions, thereby
reduces ROS production, and ultimately inhibits ferroptosis and reduces inflammation. ICH: intracerebral hemorrhage; Hb: hemoglobin;
PIH: pyridoxal isonicotinoyl hydrazone; GSH: glutathione; ROS: reactive oxygen species.
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4. Discussion

ICH accounts for about 10%–15% of all strokes and has
become the leading cause of death in China [28]. Inflamma-
tion, oxidative stress, neurotoxicity, and other factors
accelerate secondary brain injury and eventually induce irre-
versible neuronal injury, which seriously affects the prognosis
of ICH [29, 30]. Excessive iron and ROS accumulation are con-
sidered major contributors to ICH-induced secondary brain
injury. After ICH, a large number of red blood cells escape from
the blood, rupture, and release hemoglobin, which degrades
and produces excess iron ions, initiates lipid peroxidation,
and eventually leads to ferroptosis in neurons [4].

As an iron-dependent programmed cell death, ferropto-
sis exists in the acute stage of ICH and participates in the
progression of ICH [31–33]. However, the pathological pro-
cess of ferroptosis remains elusive. It is reported that large
amounts of ferrous ions are transported to neurons by trans-
ferrin, which triggers a Fenton reaction and produces a large
number of ROS, resulting in neuronal cell death. Currently,
methods to monitor ferroptosis rely mainly on measuring
ROS production, lipid peroxidation, iron accumulation,
and abilities of ferroptosis inhibitors to block cell death
[34–36]. According to the previous research results, the fer-
roptosis inhibitors, ferrostatin-1 and liproxstatin-1, have
shown their therapeutic value in animal models of ICH;
however, their “ROS inhibitor” roles hinted that they may
inhibit other pathways of cell death at the same time
[37–39]. It is particularly important to find more selective
and safe drugs to promote ICH recovery, and iron-
chelating agents may be a potential treatment for ICH-
induced ferroptosis.

At present, it has been reported that iron-chelating
agents (2,2′-dipyridyl, VK-28) exhibited their neuroprotec-
tive effects in reducing brain tissue injury after ICH,
suggesting a protective effect of iron-chelating agents against
ICH-induced ferroptosis around the hematoma [40, 41].
The most widely used ferroptosis inhibitor (DFO) limits its
clinical use due to its high hydrophilicity and strict adminis-
tration conditions. In this study, we found that PIH, a
lipophilic tridentate Fe-chelating agent, inhibited hemor-
rhagic injury induced by ferroptosis and improved neural
functional recovery in an ICH model. Erastin is a classic fer-
roptosis inducer, which suppresses the glutamate/cystine
antiporter and subsequently inhibits cellular cysteine uptake
and depletes GSH. GSH functions in maintaining redox
balance and defending against oxidative stress. Our results
showed that PIH inhibited the accumulation of iron ions,
reduced the levels of ROS and lipid peroxidation, decreased
GPX4, and increased COX-2 expression, suggesting the anti-
ferroptotic ability of PIH. To investigate its antiferroptotic
effect in an ICH model, a collagenase ICH model was estab-
lished. In agreement with previous results, we found that
PIH could effectively reduce the total iron content in the
perihematoma tissues and decrease ROS and lipid peroxides
content, indicating its antioxidative ability. The increased
GPX4 expression and concurrent decreased COX2 expres-
sion proved the antiferroptosis capacity of PIH in ICH
model mice.

Hemorrhagic injury induces excessive ROS production
and lipid oxidation, resulting in neuronal cell death and seri-
ous clinical symptoms; and the concomitant inflammation
further aggravates these symptoms. Therefore, preventing
ferroptosis-induced neuronal cell death would help to ame-
liorate many of the clinical symptoms associated with ICH.
Behavioral test showed that neurological function was recov-
ered after PIH treatment. In addition, although PI staining
indicated massive neuronal cell death after ICH, administra-
tion of PIH dramatically increased the survival of neurons
around the hematoma peripheral tissue and, as a result,
restored brain function. These data verified that PIH pro-
moted the neurological functional recovery through inhibit-
ing neuronal cell death.

Neuroinflammation has been considered to play a
critical role in secondary brain injury during cerebral hem-
orrhage. As key immune cells in the nervous system, microg-
lia are rapidly activated after ICH. Activated microglia can
differentiate into proinflammatory M1 microglia and pro-
duce proinflammatory factors such as IL-1β, IL-6, and
TNF-α to aggravate brain tissue injury. In contrast, microg-
lia can also differentiate into M2 phenotype, which promotes
the release of anti-inflammatory factors such as IL-10 and
TGF-β to accelerate the removal of hematoma and repair
of brain tissue. Evidence suggests that promoting microglia
polarization to the M2 phenotype may contribute to the
recovery of neurological function [42–44]. It is worth noting
that in the early stage of ferroptosis, iron is engulfed by and
accumulates in microglia, leading to microglia polarization
and promoting the formation of M1 microglia [45]. Our
results indicated that PIH can effectively promote the trans-
formation of microglia from the M1 to M2 phenotype after
ICH. Accordingly, ELISA results suggested that PIH reduces
the expression of the proinflammatory cytokines IL-1β and
TNF-α and increases the concentration of the anti-
inflammatory factors IL-10 and TGF-β, which indicates that
PIH elicits its neuroprotective effects through inhibiting
inflammatory response.

The correlation between ferroptosis and necroinflamma-
tion has yet to be fully elucidated. Increasing evidence has
confirmed a direct positive correlation between ferroptosis
and inflammation [39, 46, 47]. Unlike the immunologically
silent apoptosis, ferroptosis is immunogenic and induces
cells to release damage-associated molecular patterns and
alarmins, which accelerate cell death and promote inflam-
mation [7, 48]. Excessive iron accumulation and oxidation
associated with ferroptosis following ICH is one of the main
causes of inflammation. Chen et al. reported that a
ferroptosis-induced inflammatory response in the rat brain
after ICH, and Fer-1 treatment significantly reduced ROS
and inflammatory cytokines, such as IL-1β and TNF-α, which
indicated that inhibition with Fer-1 alleviated neuroinflamma-
tion and improved neural functional recovery [36], which was
in agreement with our results. In addition, ferroptosis induced
expression levels of prostaglandin-endoperoxide synthase 2
and COX-2. Notably, COX-2 is highly expressed in neurons
and is involved in the inflammatory response after ICH, with
previous studies indicating that inhibition of reduced ICH-
induced secondary brain injury [32]. Therefore, further
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exploration regarding the regulation of ferroptosis may
improve strategies for the treatment of inflammatory diseases.

5. Conclusions

Collectively, our data confirmed that PIH alleviated
hemorrhage-induced inflammation and ferroptosis by sup-
pressing ROS levels and excessive iron accumulation and
ultimately promoted the recovery of neurological function.
The results provide a theoretical basis for the clinical use of
iron-chelating agents for the treatment of ICH.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Hengli Zhang and Min Wen contributed equally to this work.
Min Wen is the co-first author.

Acknowledgments

This research was funded by grants from the National
Natural Science Foundation of China (81820108011 and
81771262), Zhejiang Provincial Natural Science Foundation
(2017C03027 and 2020C03022), and the Wenzhou Munici-
pal Science and Technology Bureau Project (Y20190566).

Supplementary Materials

Figure S1: the cytotoxicity analysis of Erastin and PIH treat-
ing with PC12 cells. (A) Cell viability was analyzed by MTT
assay with gradient treatment of Erastin. (B) Cell viability
was analyzed by MTT assay with gradient treatment of
PIH. n = 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001 versus sham
group. (Supplementary Materials)

References

[1] J. Balami and A. Buchan, “Complications of intracerebral
haemorrhage,” The Lancet Neurology, vol. 11, no. 1, pp. 101–
118, 2012.

[2] M. N. Al-Kawaz, D. F. Hanley, andW. Ziai, “Advances in ther-
apeutic approaches for spontaneous intracerebral hemor-
rhage,” Neurotherapeutics, vol. 17, no. 4, pp. 1757–1767, 2020.

[3] Z. Shao, S. Tu, and A. Shao, “Pathophysiological mechanisms
and potential therapeutic targets in intracerebral hemorrhage,”
Frontiers In Pharmacology, vol. 10, 2019.

[4] M. Zille, S. S. Karuppagounder, Y. Chen et al., “Neuronal death
after hemorrhagic stroke in vitro and in vivo shares features of
ferroptosis and necroptosis,” Stroke, vol. 48, no. 4, pp. 1033–
1043, 2017.

[5] H. Xiao, H. Chen, R. Jiang et al., “NLRP6 contributes to
inflammation and brain injury following intracerebral haem-

orrhage by activating autophagy,” Journal of Molecular Medi-
cine, vol. 98, no. 9, pp. 1319–1331, 2020.

[6] Q. Li, A. Weiland, X. Chen et al., “Ultrastructural characteris-
tics of neuronal death and white matter injury in mouse brain
tissues after intracerebral hemorrhage: coexistence of ferropto-
sis, autophagy, and necrosis,” Frontiers in Neurology, vol. 9,
2018.

[7] Y. Sun, P. Chen, B. Zhai et al., “The emerging role of ferropto-
sis in inflammation,” Biomedicine & Pharmacotherapy,
vol. 127, p. 110108, 2020.

[8] S. J. Dixon, K. M. Lemberg, M. R. Lamprecht et al., “Ferropto-
sis: an iron-dependent form of nonapoptotic cell death,” Cell,
vol. 149, no. 5, pp. 1060–1072, 2012.

[9] I. Cepelak, S. Dodig, and D. C. Dodig, “Ferroptosis: regulated
cell death,” Arhiv Za Higijenu Rada I Toksikologiju-Archives
Of Industrial Hygiene And Toxicology, vol. 71, no. 2, pp. 99–
109, 2020.

[10] X. Yao, Y. Zhang, J. Hao et al., “Deferoxamine promotes recov-
ery of traumatic spinal cord injury by inhibiting ferroptosis,”
Neural Regeneration Research, vol. 14, no. 3, pp. 532–541, 2019.

[11] W. S. Hambright, R. S. Fonseca, L. Chen, R. Na, and Q. Ran,
“Ablation of ferroptosis regulator glutathione peroxidase 4 in
forebrain neurons promotes cognitive impairment and neuro-
degeneration,” Redox Biology, vol. 12, pp. 8–17, 2017.

[12] M. H. Keuters, V. Keksa-Goldsteine, H. Dhungana et al., “An
arylthiazyne derivative is a potent inhibitor of lipid peroxida-
tion and ferroptosis providing neuroprotection in vitro and
in vivo,” Scientific Reports, vol. 11, no. 1, pp. 3518–3518, 2021.

[13] I. C. Nnah and M.Wessling-Resnick, “Brain iron homeostasis:
a focus on microglial iron,” Pharmaceuticals, vol. 11, no. 4,
p. 129, 2018.

[14] Z. Kovacevic, Y. Yu, and D. R. Richardson, “Chelators to the
rescue: different horses for different courses!,” Chemical
Research in Toxicology, vol. 24, no. 3, pp. 279–282, 2011.

[15] X. Gao, N. Guo, H. Xu et al., “Ibuprofen induces ferroptosis of
glioblastoma cells via downregulation of nuclear factor ery-
throid 2-related factor 2 signaling pathway,” Anti-Cancer
Drugs, vol. 31, no. 1, pp. 27–34, 2020.

[16] J. Buss, E. Arduini, K. Shephard, and P. Ponka, “Lipophilicity
of analogs of pyridoxal isonicotinoyl hydrazone (PIH) deter-
mines the efflux of iron complexes and toxicity in K562 cells,”
Biochemical Pharmacology, vol. 65, no. 3, pp. 349–360, 2003.

[17] F. Petrat, D. Weisheit, M. Lensen, H. de Groot, R. Sustmann,
and U. Rauen, “Selective determination of mitochondrial che-
latable iron in viable cells with a new fluorescent sensor,” The
Biochemical Journal, vol. 362, no. 1, pp. 137–147, 2002.

[18] N. Szuber, J. Buss, S. Soe-Lin, H. Felfly, M. Trudel, and
P. Ponka, “Alternative treatment paradigm for thalassemia
using iron chelators,” Experimental Hematology, vol. 36,
no. 7, pp. 773–785, 2008.

[19] D. Richardson and P. Ponka, “Pyridoxal isonicotinoyl hydra-
zone and its analogs: potential orally effective iron-chelating
agents for the treatment of iron overload disease,” The Journal
of Laboratory and Clinical Medicine, vol. 131, no. 4, pp. 306–
315, 1998.

[20] M. Cikrt, P. Ponka, E. Necas, and J. Neuwirt, “Biliary iron
excretion in rats following pyridoxal isonicotinoyl hydrazone,”
British Journal of Haematology, vol. 45, no. 2, pp. 275–283,
1980.

[21] Y.-L. Chen, X. Kong, Y. Xie, and R. C. Hider, “The interaction of
pyridoxal isonicotinoyl hydrazone (PIH) and salicylaldehyde

11BioMed Research International

https://downloads.hindawi.com/journals/bmri/2021/9916328.f1.zip


isonicotinoyl hydrazone (SIH) with iron,” Journal of Inorganic
Biochemistry, vol. 180, pp. 194–203, 2018.

[22] T. Simunek, M. Sterba, O. Popelova et al., “Pyridoxal isonico-
tinoyl hydrazone (PIH) and its analogs as protectants, against
anthracycline-induced cardiotoxicity,” Hemoglobin, vol. 32,
no. 1-2, pp. 207–215, 2008.

[23] J. L. Buss, B. T. Greene, J. Turner, F. M. Torti, and S. V. Torti,
“Iron chelators in cancer chemotherapy,” Current Topics in
Medicinal Chemistry, vol. 4, no. 15, pp. 1623–1625, 2004.

[24] T. Simunek, I. Klimtova, J. Kaplanova et al., “Study of dauno-
rubicin cardiotoxicity prevention with pyridoxal isonicotinoyl
hydrazone in rabbits,” Pharmacological Research, vol. 51, no. 3,
pp. 223–231, 2005.

[25] P. R. Krafft, W. B. Rolland, K. Duris et al., “Modeling intracere-
bral hemorrhage in mice: injection of autologous blood or bacte-
rial collagenase,” Jove-Journal Of Visualized Experiments, 2012.

[26] X. Lin, H. Ye, F. Siaw-Debrah et al., “AC-YVAD-CMK inhibits
pyroptosis and improves functional outcome after intracere-
bral hemorrhage,” BioMed Research International, vol. 2018,
Article ID 3706047, 10 pages, 2018.

[27] K. Choi, M. Park, H. Kim et al., “Alpha-lipoic acid treatment is
neurorestorative and promotes functional recovery after
stroke in rats,” Molecular Brain, vol. 8, no. 1, p. 9, 2015.

[28] G. Donnan, G. Hankey, and S. Davis, “Intracerebral haemor-
rhage: a need for more data and new research directions,”
The Lancet Neurology, vol. 9, no. 2, pp. 133-134, 2010.

[29] T. Imai, H. Matsubara, and H. Hara, “Potential therapeutic
effects of Nrf2 activators on intracranial hemorrhage,” Journal
of Cerebral Blood Flow and Metabolism: Official Journal of the
International Society of Cerebral Blood Flow and Metabolism,
vol. 41, no. 7, pp. 1483–1500, 2021.

[30] C. Tschoe, C. Bushnell, P. Duncan, M. Alexander-Miller, and
S. Wolfe, “Neuroinflammation after intracerebral hemorrhage
and potential therapeutic targets,” Journal of Stroke, vol. 22,
no. 1, pp. 29–46, 2020.

[31] S.-Y. Zhou, G.-Z. Cui, X.-L. Yan et al., “Mechanism of ferrop-
tosis and its relationships with other types of programmed cell
death: insights for potential interventions after intracerebral
hemorrhage,” Frontiers in Neuroscience, vol. 14, 2020.

[32] J. Wan, H. Ren, and J. Wang, “Iron toxicity, lipid peroxidation
and ferroptosis after intracerebral haemorrhage,” Stroke and
Vascular Neurology, vol. 4, no. 2, pp. 93–95, 2019.

[33] J. Chen, Y. Wang, J. Wu, J. Yang, M. Li, and Q. Chen, “The
potential value of targeting ferroptosis in early brain injury
after acute CNS disease,” Frontiers in Molecular Neuroscience,
vol. 13, p. 110, 2020.

[34] Q. Bai, J. Liu, and G. Wang, “Ferroptosis, a regulated neuronal
cell death type after intracerebral hemorrhage,” Frontiers In
Cellular Neuroscience, vol. 14, 2020.

[35] Q. Li, X. Han, X. Lan et al., “Inhibition of neuronal ferroptosis
protects hemorrhagic brain,” JCI Insight, vol. 2, 2017.

[36] B. Chen, Z. Chen, M. Liu et al., “Inhibition of neuronal ferrop-
tosis in the acute phase of intracerebral hemorrhage shows
long-term cerebroprotective effects,” Brain Research Bulletin,
vol. 153, pp. 122–132, 2019.

[37] Y. Cao, Y. Li, C. He et al., “Selective ferroptosis inhibitor
liproxstatin-1 attenuates neurological deficits and neuroin-
flammation after subarachnoid hemorrhage,” Neuroscience
Bulletin, vol. 37, no. 4, pp. 535–549, 2021.

[38] Z. Zhang, Y. Wu, S. Yuan et al., “Glutathione peroxidase 4 par-
ticipates in secondary brain injury through mediating ferrop-

tosis in a rat model of intracerebral hemorrhage,” Brain
Research, vol. 1701, pp. 112–125, 2018.

[39] D. Tang, X. Chen, R. Kang, and G. Kroemer, “Ferroptosis:
molecular mechanisms and health implications,” Cell
Research, vol. 31, no. 2, pp. 107–125, 2021.

[40] Q. Li, J. Wan, X. Lan, X. Han, Z. Wang, and J. Wang, “Neuro-
protection of brain-permeable iron chelator VK-28 against
intracerebral hemorrhage in mice,” Journal of Cerebral Blood
Flow and Metabolism, vol. 37, no. 9, pp. 3110–3123, 2017.

[41] H. Wu, T. Wu, M. Li, and J. Wang, “Efficacy of the lipid-
soluble iron chelator 2,2′-dipyridyl against hemorrhagic brain
injury,” Neurobiology of Disease, vol. 45, no. 1, pp. 388–394,
2012.

[42] E. Mracsko and R. Veltkamp, “Neuroinflammation after intra-
cerebral hemorrhage,” Frontiers in Cellular Neuroscience,
vol. 8, p. 388, 2014.

[43] Z. Jian, R. Liu, X. Zhu et al., “The involvement and therapy tar-
get of immune cells after ischemic stroke,” Frontiers in Immu-
nology, vol. 10, p. 2167, 2019.

[44] J. Liu, L. Liu, X. Wang, R. Jiang, Q. Bai, and G.Wang, “Microg-
lia: a double-edged sword in intracerebral hemorrhage from
basic mechanisms to clinical research,” Frontiers in Immunol-
ogy, vol. 12, p. 675660, 2021.

[45] N. Yan and J. Zhang, “Iron metabolism, ferroptosis, and the
links with Alzheimer’s disease,” Frontiers in Neuroscience,
vol. 13, 2020.

[46] H. Guo, L. Zhu, P. Tang et al., “Carthamin yellow improves
cerebral ischemiareperfusion injury by attenuating inflamma-
tion and ferroptosis in rats,” International Journal of Molecu-
lar Medicine, vol. 47, p. 1, 2021.

[47] D. Haschka, A. Hoffmann, and G. Weiss, “Iron in immune cell
function and host defense,” Seminars in Cell & Developmental
Biology, vol. 115, pp. 27–36, 2020.

[48] B. Proneth and M. Conrad, “Ferroptosis and necroinflamma-
tion, a yet poorly explored link,” Cell Death and Differentia-
tion, vol. 26, no. 1, pp. 14–24, 2019.

12 BioMed Research International


	Pyridoxal Isonicotinoyl Hydrazone Improves Neurological Recovery by Attenuating Ferroptosis and Inflammation in Cerebral Hemorrhagic Mice
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Groups
	2.2. ICH Model
	2.3. Cell Culture
	2.4. MTT Assay
	2.5. Propidium Iodide (PI) Staining
	2.6. Iron Content Determination
	2.7. ROS Production Assay
	2.8. Quantitative Determination of Malondialdehyde (MDA)
	2.9. Western Blot Analysis
	2.10. Immunofluorescence
	2.11. Neurobehavioral Assessment
	2.12. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.13. Statistical Analysis

	3. Results
	3.1. PIH Prevents Excess Iron Accumulation and Lipid Peroxidation Induced by Erastin Treatment in PC12
	3.2. PIH Prevents Ferroptosis through Induction of GPX4 and COX-2 Expression
	3.3. PIH Improves Neurological Recovery after ICH
	3.4. Administration of PIH Inhibits Lipid Peroxidation and Ferroptosis in ICH Mice
	3.5. PIH Regulated Microglial Polarization in ICH Mice
	3.6. PIH Decreased the Expression of Proinflammatory Cytokines after ICH

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

