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Paeonol inhibits the progression of
intracerebral haemorrhage by mediating
the HOTAIR/UPF1/ACSL4 axis

Zheng-Long Jin1,2,*, Wen-Ying Gao3,*, Shao-Jun Liao1, Tao Yu2,
Qing Shi2, Shang-Zhen Yu2, and Ye-Feng Cai4

Abstract

Intracerebral haemorrhage (ICH) is a devastating subtype of stroke with high morbidity and mortality. It has been reported

that paeonol (PAN) inhibits the progression of ICH. However, the mechanism by which paeonol mediates the progression of

ICH remains unclear. To mimic ICH in vitro, neuronal cells were treated with hemin. An in vivo model of ICH was established

to detect the effect of paeonol on ferroptosis in neurons during ICH. Cell viability was tested by MTT assay. Furthermore,

cell injury was detected by GSH, MDA and ROS assays. Ferroptosis was examined by iron assay. RT-qPCR and western

blotting were used to detect gene and protein expression, respectively. The correlation among HOTAIR, UPF1 and ACSL4

was explored by FISH, RNA pull-down and RIP assays. Paeonol significantly inhibited the ferroptosis of neurons in ICH mice.

In addition, paeonol significantly reversed hemin-induced injury and ferroptosis in neurons, while this phenomenon was

notably reversed by HOTAIR overexpression. Moreover, paeonol notably inhibited ferroptosis in hemin-treated neuronal

cells via inhibition of ACSL4. Additionally, HOTAIR bound to UPF1, and UPF1 promoted the degradation of ACSL4

by binding to ACSL4. Furthermore, HOTAIR overexpression reversed paeonol-induced inhibition of ferroptosis by

mediating the UPF1/ACSL4 axis. Paeonol inhibits the progression of ICH by mediating the HOTAIR/UPF1/ACSL4 axis.

Therefore, paeonol might serve as a new agent for the treatment of ICH.
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Introduction

Intracerebral haemorrhage (ICH) accounts for approxi-

mately 15% of all strokes and represents almost 50% of

stroke mortality worldwide (Zhao et al., 2020). People

who undergo ICH treatment have a high incidence of

recurrent haemorrhagic stroke, which accounts for a sig-

nificant elevation in incidence compared with those who

first suffer from ICH (Chu et al., 2020). Previous studies

have confirmed that the high-risk factors related to ICH

are lobar haematoma location, race/ethnicity and apolipo-

protein (APOE) gene mutations (chiefly cortical superfi-

cial siderosis and cerebral microbleeds) (Lorente et al.,

2020; Pasi et al., 2020; Sykora et al., 2020). Since ICH

seriously threatens the health of elderly people, it is

urgent to develop a new method for the treatment of ICH.
Ferroptosis is a type of programmed cell death that is

not consistent with necrosis, apoptosis or autophagy (X.

Sun et al., 2020). Moreover, previous studies have found
that ferroptosis can increase the levels of ROS and MDA
and the accumulation of iron and reduce the level of
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GSH (Cassetta et al., 2020). According to previous inves-
tigations, ferroptosis is one of the types of cell death par-
ticipating in ICH (Fang et al., 2020; J. Zhang et al.,
2020). Li M et al indicated that inhibition of ferroptosis
can attenuate the progression of ICH (M. Li et al., 2020).
Based on this background, we speculated that activation
of ferroptosis can lead to progression of ICH.

Paeonol (PAN, 20-hydroxy-40-methoxyacetophenone)
is a natural product that is isolated from the genus
Paeonia (Morsy et al., 2020). In addition, it has been
reported to have an inhibitory effect on the progression
of multiple diseases (e.g., hypertension, epilepsy and
arthritis) (M. Cai et al., 2020; Shi et al., 2020; Yu et al.,
2020). Moreover, it has been previously reported that
PAN increased the activity of SOD and decreased the
level of MDA in ICH mice (Li et al., 2018). It was sug-
gested that ferroptosis may be involved in PAN-mediated
inhibition of ICH progression. However, the correlation
between PAN and ferroptosis in ICH remains largely
unknown. Since ferroptosis plays a key role in the pro-
gression of ICH, the effect of PAN on ferroptosis in ICH
needs to be explored.

Some studies have reported that noncoding RNAs
(ncRNAs) play important roles in multiple diseases
(Kurt et al., 2020; Mi et al., 2020; Xiang et al., 2020).
Among these ncRNAs, long noncoding RNAs
(lncRNAs) are more than 200 nucleotides in length and
have limited or no protein-coding capacity (Liu et al.,
2020). In recent years, lncRNAs have been shown to par-
ticipate in ICH progression. For example, Chen JX et al
found that lncRNA Mtss1 promoted inflammatory
responses after ICH in mice (J. X. Chen et al., 2020).
Zhang et al. indicated that lncRNA Snhg3 exacerbated
the symptoms of ICH (Zhang et al., 2019). LncRNA
HOX transcript antisense RNA (HOTAIR) has been
found to promote hypoxia-induced ischaemic infarct
(Yang and Lu, 2016). A previous report indicated that
PAN inhibited the expression of HOTAIR (Zhou et al.,
2019). Thus, PAN might affect the progression of ICH
via regulation of HOTAIR. Nevertheless, the underlying
mechanism by which HOTAIR affects ICH remains
unknown. Moreover, lncRNAs are known to bind to
RNA-binding proteins (RBPs), which can disrupt RBP
binding of downstream molecular targets (Y. Wang
et al., 2020). For instance, it has been reported that
UPF1 is mediated by lncRNAs in some diseases
(Fefilova et al., 2020; X. Wang et al., 2020).
Interestingly, we found that HOTAIR might bind to
UPF1. UPF1 is involved in a highly conserved RNA
degradation pathway called nonsense-mediated RNA
decay (NMD), which can lead to the degradation of
mRNAs (Alzahrani et al., 2020; Deka et al., 2020).
Based on the above information, we hypothesized that
HOTAIR might mediate the progression of ICH by bind-
ing to UPF1.

Acyl-CoA Ligase 4 (ACSL4) is a crucial lipid metab-
olism enzyme that can induce lipid peroxidation and fer-
roptosis (Cheng et al., 2020; Yuan et al., 2016). A
previous report indicated that ACSL4 knockdown inhib-
ited ionizing radiation-induced ferroptosis (Lei et al.,
2020). Our research found that UPF1 bound to the
HOTAIR and ACSL4 mRNAs. Based on this finding,
it can be speculated that HOTAIR may reduce the deg-
radation of ACSL4 by competitively binding to UPF1.

In the current research, we sought to detect the func-
tion of PAN in ICH. As expected, we found that PAN
inhibited ferroptosis in ICH via the HOTAIR/UPF1/
ACSL4 axis. We hope this finding can provide a novel
idea for the treatment of ICH.

Materials and Methods

Cell Culture and Treatment

Primary cortical neurons were obtained from embryonic
day 15 (E15) CD1 mice. Briefly, cortices were dissected,
homogenized, and plated in minimum essential medium
containing 10% foetal bovine serum (FBS), 5% horse
serum, and 1% penicillin/streptomycin in 96-well plates,
6-well plates, or 10-cm dishes. In addition, a mouse hip-
pocampal neuron cell line (HT22) and 293T cells were
obtained from ATCC (Rockville, MD, USA).

All cells were maintained in DMEM (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
FBS (Thermo Fisher Scientific) and antibiotics (100 U/
mL penicillin and streptomycin) at 37�C with 5% CO2.

To mimic ICH in vitro, neuronal cells were treated
with hemin (Sigma-Aldrich, St. Louis, MO, USA)
according to previous references (Hu et al., 2020; Su
et al., 2018). PAN and ferrostatin-1 (Fer-1) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell Transfection

pcDNA3.1-HOTAIR, pcDNA3.1-ACSL4, pcDNA3.1-
UPF1 and empty vector (pcDNA3.1) were purchased
from Guangzhou RiboBio Co., Ltd., and were trans-
fected into neuronal cells (5x103) using LipofectamineVR

3000 (Thermo Fisher Scientific). For UPF1 knockdown,
293T cells (5� 106 cells/well) were transfected with UPF1
shRNA (GenePharma, Shanghai, China) or empty vector
(pLVX-IRES-Puro, GenePharma) using LipofectamineVR

3000 reagent (Thermo Fisher Scientific). After transfec-
tion, cells were incubated at 37�C for 48 h. Subsequently,
the 293T lentiviral supernatant was harvested using cen-
trifugation (956 g, 15 min) and filtered to obtain viral
particles. Then, the viral particles were added to
neuronal cells (5� 106 cells/well). After 48 h of transduc-
tion, cells were selected with puromycin (Sigma, St.
Louis, MA, USA).
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MTT Assay

HT22 cells (1� 106) or cortical neurons were pretreated
with PHA (5, 10, 20 or 40mM) or Fer-1 (1 lM) for 1 h,
and then cells were treated with 100 lM hemin for 16 h.
Subsequently, cells were treated with 20 lL MTT
(Beyotime, Shanghai, China) for 2 h. Then, supernatants
of cells were removed, and 100 lL DMSO was added to
each well. The OD value at 490 nm was measured by a
microplate reader (Thermo Fisher Scientific).

Real-Time Reverse Transcriptase Quantitative PCR
(qRT-PCR)

Total RNA was extracted from neuronal cells or brain
tissues using TRIzol reagent (Thermo Fisher Scientific).
A PrimeScript RT Reagent Kit (TaKaRa, Otsu, Shiga,
Japan) was used to reverse transcribe total RNA into
cDNA. Then, qRT-PCR was performed by the SYBRVR

Premix Ex TaqTM II Kit (TaKaRa Bio, Otsu, Shiga,
Japan) on a 7900HT System (Applied Biosystems, CA,
USA) according to the following conditions: 95�C for
5 min followed by 40 cycles at 95�C for 15 sec, 60�C
for 20 sec, and 72�C for 20 sec. The primers used were
as follows: HOTAIR: Forward, 50-GGACCGACGCCT
TCCTTATA-30; Reverse, 50-TGCGTGTCTTCTGTCC
TTCT-30. UPF1: Forward, 50-AATGCAAGGAAGTG
ACGCTG-30; Reverse, 50-AAAGCACCGGTCCTGGA
TTA-30. ACSL4: Forward: 50-TTGGTCAGGGATAT
GGGCTG-30; Reverse: 50-GCCACCGACAATCTCAC-
30 and GAPDH: Forward, 50-AGCCCAAGATGCCC
TTCAGT-30 and Reverse, 50-CCGTGTTCCTACCCC
CAATG-30. The relative expression levels of target
genes were quantified by normalization to GAPDH
using the 2�DDCt method.

Western Blot

HT22 cells or cortical neurons were lysed in RIPA Lysis
Buffer (KeyGEN, Nanjing, China), and a BCA Assay Kit
(Solar Life Science, Beijing, China) was used to detect the
protein concentrations. SDS-PAGE (10%) was used to
separate equal amounts of protein (30 lg), and the pro-
teins were then transferred onto polyvinylidene difluoride
(PVDF) membranes (Thermo Fisher Scientific). Five per-
cent nonfat dried milk in TBST was used to block the
PVDFmembrane for 1 h. The PVDFmembrane was incu-
bated overnight at 4�C with the following primary anti-
bodies: anti-ACSL4 (1:1000, Abcam, Cambridge, MA,
USA), anti-UPF1 (1:1000, Abcam), anti-SLC7A11
(1:1000, Abcam), anti-GPX4 (1:1000, Abcam) and anti-
b-actin (1:1000, Abcam). Then, the membrane was
incubated ith HRP-labelled goat anti-rabbit secondary
antibody (1:5000, Abcam) for 1 h. Enhanced chemilumi-
nescence (ECL) reagent (Thermo Fisher Scientific) was
used to visualize the protein bands. ImageJ software was

used to quantify the intensities of the bands, and b-actin
was used for normalization.

RNA-Binding Protein Immunoprecipitation (RIP)

HT22 cells were lysed on ice. The cell supernatant was

collected and sonicated after centrifugation. The lysate
was incubated with protein Dynabeads (Life

Technologies, USA) for 30 min followed by supplemen-
tation with the anti-UPF1 antibody or negative control

(IgG) and then rotated overnight. Finally, the data were
detected by RT-qPCR.

RNA Fluorescence In Situ Hybridization (FISH) and

Immunofluorescence

HT22 cells were fixed with 4% paraformaldehyde, incu-
bated and washed for 20 min. Then, the slides were incu-

bated with prehybridization solution (BersinBio,
Guangzhou, China) for 30min. Cy3-labelled HOTAIR

probes (GenePharma, Shanghai, China) were denatured
for 8min. Then, the cells were incubated with the anti-

UPF1 antibody (ab65334, Abcam) overnight followed by
further incubation for 1 h with secondary antibody, and

then DNA was labelled with DAPI for 10min. The data

were obtained with a confocal microscope (Olympus,
Shinjuku, Japan).

RNA Pull-Down

Biotin RNA Labeling Mix (Roche, Basel, Switzerland)
was used to label probe-control or probe-HOTAIR.

Secondary structure formation was induced by RNA
structure buffer (Thermo, MA, USA) from the biotin-

labeled RNAs. Streptavidin beads were washed and
then incubated with the biotinylated RNAs overnight.

Then, to obtain the streptavidin bead-RNA complexes,
the mixture was separated using a magnet. Subsequently,

the cell lysates were removed from the complexes and
rotated for 1 h.

MDA Detection

The level of MDA in neuronal cells was measured using a

Lipid Peroxidation Assay Kit (Abcam) according to the
manufacturer’s instructions.

GSH Detection

The concentration of GSH in neuronal cells was mea-
sured using a Glutathione Assay Kit (Sigma) according

to the manufacturer’s instructions.

Reactive Oxygen Species (ROS) Detection

Cell suspensions or lipids were collected and supple-

mented with the ROS probe DCFDA. Then, the cells
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or lipids were centrifuged at 30 g, washed with PBS and

resuspended. Finally, the relative levels of ROS were

measured by FACS.

Iron Assay

The relative iron concentration in neuronal cells was

detected using an Iron Assay Kit (Abcam). In brief, cells

were collected and washed with cold PBS and then

homogenized in 4–10 volumes of Iron Assay Buffer.

After removing the insoluble material, 5 ml of iron reducer

was added to each well, mixed, and incubated in the dark

for 30 min. Subsequently, 100 ml of iron probe was added

to each well, mixed, and then incubated for 60 min. The

OD was detected at 593 nm using a colorimetric micro-

plate reader. In addition, the total protein concentration in

50 ml samples was quantified using the bicinchoninic acid

assay, and the level of Fe2þ was calculated.

In Vivo Experiments

C57BL/6 mice (aged 8–10 weeks, Vital River, Beijing,

China) were housed in SPF conditions. The animal

study was performed according to the National

Institutes of Health Guide and approved by the Ethics

Committees of Affiliated Jiangmen Traditional Chinese

Medicine Hospital of Ji’nan University.
Previous reports indicated that collagenase VII-S

induces haemoglobin-mediated oxidative stress in the

brain (Cordeiro et al., 2020; Z. Sun et al., 2020). Thus,

to establish an in vivo model of ICH, the mice (except for

those in the sham group) were injected with collagenase

VII-S (Sigma-Aldrich) in the left striatum, while the mice

in the sham group were injected with saline. After induc-

tion with collagenase VII-S, the mice in the PAN-L

(10mg/kg), PAN-M (20mg/kg) and PAN-H (30mg/kg)

groups were injected intraperitoneally with 5, 10 and

15mg/kg PAN, respectively. Then, after induction for 1

h, the mice were again injected intraperitoneally with the

same amount of PAN. Finally, the mice were sacrificed

for brain tissue collection.

Neurological Severity Score and Corner Turn Test

After establishment of the in vivo model, a neurological

deficit scoring system and corner turn tests were applied

to evaluate ICH-induced neurological deficits (Cui et al.,

2020; Yoshimoto et al., 2020). During the experimental

process, the gait, body symmetry, climbing, front limb

symmetry, circling behaviour and compulsory circling

of mice were assessed.

Forelimb Placing Test

In the vibrissae-evoked forelimb placing test, mice were

held to allow the forelimbs to hang freely. Independent

tests were performed on each forelimb by brushing the

corresponding whiskers against the edge of the work sur-

face. Uninjured mice quickly place the forelimb ipsilater-

al to the stimulated whiskers on the work surface.

Depending on the degree of injury, the mouse may

instead place the forelimb contralateral to the stimulated

whiskers on the work surface. The forelimbs of each

mouse were tested 10 times, and the percentage of trials

in which the suitable forelimb was placed on the edge of

the work surface in response to whisker stimulation was

determined.

Statistical Analysis

All experiments are expressed as the mean� standard

deviation (SD). Each experiment was repeated three

times. Student t-test was used for two-group compari-

sons. One-way analysis of variance (ANOVA) and

Tukey’s tests were carried out for multiple group com-

parisons. P<0.05 was considered statistically significant.

Results

PAN Inhibited Neuronal Ferroptosis In Vitro and

In Vivo

To mimic ICH in vitro, HT22 cells were treated with

hemin. As shown in Figure 1A, the viability of HT22

cells or primary cortical neurons was notably reduced

by hemin and was greatly rescued by PAN (10, 20 and

40mM) or Fer-1 (Figure 1A). The accumulation of lipid

peroxidation products (MDA, ROS) and redox-active

iron and the depletion of glutathione (GSH) are the

key events in ferroptosis. Hemin-treated HT22 cells or

cortical neurons exhibited ferroptotic events that includ-

ed significantly increased ROS levels, MDA production,

GSH consumption and iron accumulation. In contrast,

the hemin-induced increases in ROS and MDA levels in

HT22 cells or cortical neurons were significantly rescued

by PAN (10, 20 and 40mM) or the ferroptosis inhibitor

Fer-1 (Figure 1B and C). Moreover, the level of GSH in

hemin-induced HT22 cells or cortical neurons was nota-

bly increased by PAN (10, 20 and 40mM) or Fer-1

(Figure 1D). Consistent with these results, the hemin-

induced redox-active iron accumulation in HT22 cells

or cortical neurons was inhibited by the three concentra-

tions of PAN and Fer-1 (Figure 1E). Taken together,

these data indicate that PAN inhibited ferroptosis in

neurons.

PAN Alleviated Neuronal Ferroptosis in ICH Mice

As shown in Figure 2A and B, the neurological severity

score and corner turns in ICH mice were decreased by

PAN in a dose-dependent manner. In contrast, the
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Figure 1. PAN Inhibited Neuronal Ferroptosis In Vitro. HT22 cells or primary cortical neurons were pretreated with PAN (5, 10, 20 or 40
mM) or 1 lM Fer-1 for 1 h followed by treatment with 100 lM hemin for 16 h. (A) The viability of neuronal cells was measured by MTT
assay. (B) The MDA level in neuronal cells was assessed by a Lipid Peroxidation Assay Kit. (C) The ROS level was detected by flow
cytometry. (D) The GSH level in neurons was tested by a Glutathione Assay Kit. (E) The Fe2þ content of HT22 cells or cortical neurons
was detected by an Iron Assay Kit. *P<0.05, **P<0.01, ***P<0.001. (n¼ 3 in every group). One-way analysis of variance (ANOVA) and
Student’s t-test were performed to analyse the data.
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correct forelimb placement by ICH mice was significantly

increased by PAN (Figure 2C). Moreover, 10 or 15mg/

kg PAN significantly decreased the level of MDA and

reduced the accumulation of iron in neurons of ICH

mice (Figure 2D and E). Additionally, PAN inhibited

the expression of HOTAIR and ACSL4, while

SLC7A11 and GPX4 were increased by PAN in ICH

mice (Figure 2F and G). In summary, PAN reversed neu-

ronal ferroptosis in ICH mice.

HOTAIR Overexpression Reversed the Inhibitory Effect

of PAN on HT22 Cell Ferroptosis

To detect the effect of PAN on HOTAIR-expressing neu-

ronal cells, RT-qPCR was performed. As revealed in

Figure 3A, the HOTAIR expression in HT22 cells or

cortical neurons was significantly increased by hemin,

while the effect of hemin was partially reversed by 10,

20 or 40mM PAN. Since neuronal cells were most sen-

sitive to 20mM PAN, 20mM PAN was selected for use

in the subsequent experiments. Moreover, PAN-induced

inhibition of HOTAIR expression was significantly

rescued by HOTAIR overexpression (Figure 3B), and

overexpression of HOTAIR significantly reversed the

PAN-induced increase in cell viability (Figure 3C).

In addition, PAN significantly protected against the

hemin-induced ferroptotic injury of neuronal cells,

while the effects of PAN were partially reversed by

HOTAIR overexpression (Figure 3D–G). Furthermore,

the expression levels of ACSL4 in HT22 cells or cortical

neurons were obviously elevated, and SLC7A11

and GPX4 were inhibited by hemin, while PAN greatly

reversed the effect of hemin on their expression

(Figure 3H). However, the inhibitory effect of PAN on

the expression of these three proteins was partially

reversed by HOTAIR overexpression (Figure 3H).

Overexpression of HOTAIR reversed the ferroptosis

inhibition effects of PAN in hemin-treated neurons.

PAN Alleviated ACSL4-Dependent Neuronal

Ferroptosis

To detect the expression of ACSL4, qRT-PCR and west-

ern blotting were performed. As shown in Figure 4A and

B, the expression of ACSL4 in neuronal cells was signif-

icantly upregulated by hemin, while this phenomenon

was partially reversed by PAN. Moreover, the PAN-

induced decrease in ACSL4 expression was significantly

rescued by ACSL4 overexpression (Figure 4C). PAN sig-

nificantly increased the viability of hemin-treated neu-

rons, while this phenomenon was partially reversed by

ACSL4 overexpression (Figure 4D). Moreover, as dem-

onstrated in Figure 4E–4H, PAN notably alleviated

injury and ferroptosis in neuronal cells, and these effects

Figure 2. PAN Inhibited Neuronal Ferroptosis In Vivo. Mice were induced by collagenase VII-S and treated with three concentrations of
PAN. Then, (A) The neurological severity score was evaluated in the mice. (B) Corner turning was tested in the mice. (C) The forelimb
placing score of the mice was assessed. (D) The MDA level was tested by a Lipid Peroxidation Assay Kit. (E) The Fe2þ content was
detected by an Iron Assay Kit. (F) The expression of HOTAIR in mice was assessed by qRT-PCR. (G) The mRNA expression of ACSL4,
SLC7A11 and GPX4 in mice was detected by qRT-PCR. *P<0.05, **P<0.01, ***P<0.001. (n¼ 3 in every group). One-way analysis of variance
(ANOVA) and Student’s t-test were performed to analyse the data.
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Figure 3. HOTAIR Overexpression Reversed the Inhibitory Effect of PAN on Neuronal Ferroptosis. (A) The expression of HOTAIR in
neuronal cells was measured by qRT-PCR. (B) HT22 cells or cortical neurons were transfected with pcDNA3.1-HOTAIR. The expression of
HOTAIR in the HT22 cells was measured by qRT-PCR. (C) The viability of neuronal cells was assessed by MTTassay. (D) The level of MDA in
neuronal cells was measured by a Lipid Peroxidation Assay Kit. (E) The lipid ROS level was detected by flow cytometry. (F) The GSH level in
neuronal cells was detected by a Glutathione Assay Kit. (G) The Fe2þ content of neuronal cells was tested by an Iron Assay Kit. (H) ACSL4,
SLC7A11 and GPX4 expression in neuronal cells was tested by western blot. b-actin was used for normalization. *P<0.05, **P<0.01,
***P<0.001. (n¼ 3 in every group). One-way analysis of variance (ANOVA) and Student’s t-test were performed to analyse the data.
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Figure 4. PAN Alleviated ACSL4-Dependent Neuronal Ferroptosis. (A) ACSL4 mRNA levels in neuronal cells were measured by qRT-
PCR. (B) ACSL4 expression in neurons was tested by western blot. b-actin was used for normalization. Neuronal cells were transfected
with the pcDNA3.1-ACSL4 overexpression vector. Then, (C) ACSL4 mRNA levels in neuronal cells were assessed by qRT-PCR. (D)
Neuronal cell viability was tested by MTTassay. (E) The MDA level in neuronal cells was tested by a Lipid Peroxidation Assay Kit. (F) The
lipid ROS level was detected by flow cytometry. (G) The GSH level was measured by a Glutathione Assay Kit. (H) The Fe2þ content of
neurons was assessed by an Iron Assay Kit. (I) ACSL4, SLC7A11 and GPX4 expression was measured by western blot. b-actin was used for
normalization. *P<0.05, **P<0.01, ***P<0.001. (n¼ 3 in every group). One-way analysis of variance (ANOVA) and Student’s t-test were
performed to analyse the data.
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were significantly reversed by ACSL4 overexpression
(Figure 4E–4H). Furthermore, the expression levels of
ACSL4 in HT22 cells or cortical neurons were markedly
elevated while SLC7A11 and GPX4 were inhibited by
hemin, and PAN partially inhibited this phenomenon
(Figure 4I). However, the inhibitory effect of PAN on
the expression of these three proteins was reversed
by ACSL4 overexpression (Figure 4I). In summary,
overexpression of ACSL4 significantly reversed the
PAN-induced inhibition of ferroptosis in hemin-treated
neuronal cells.

HOTAIR Directly Bound to UPF1

To explore the location of HOTAIR, FISH and qRT-
PCR were used. The data showed that HOTAIR was
extensively distributed in the cytoplasm of HT22 cells
(Figure 5A and B). Moreover, RIP and RNA pull-down
assays demonstrated that HOTAIR directly bound to
UPF1 (Figure 5C and D). In addition, HOTAIR was
co-localized with UPF1 in HT22 cells (Figure 5E). In sum-
mary, HOTAIR directly bound to UPF1.

UPF1 Directly Bound and Destabilized ACSL4 mRNA

As indicated in Figure 6A and C, the expression of UPF1
in neuronal cells was reduced by UPF1 knockdown but
upregulated by UPF1 overexpression. In addition, UPF1

knockdown significantly increased the expression of

ACSL4, while UPF1 overexpression exhibited the oppo-

site effect (Figure 6B and C). Meanwhile, UPF1 directly

bound to ACSL4 (Figure 6D). Furthermore, overexpres-

sion of UPF1 significantly promoted the degradation of

ACSL4 (Figure 6E). Taken together, these results suggest

that UPF1 promoted the degradation of ACCSL4

mRNA by directly binding to ACSL4.

Overexpression of HOTAIR Significantly Reversed the

Inhibitory Effect of PAN on Neuronal Cell Ferroptosis

via the UPF1/ACSL4 Axis

To detect the expression of UPF1 and ACSL4, qRT-

PCR was performed. As indicated in Figure 7A, after

hemin and PAN co-treatment, the expression of UPF1

mRNA in neuronal cells was obviously decreased by the

overexpression of HOTAIR, while the effect of HOTAIR

overexpression was reversed by UPF1 overexpression. In

contrast, HOTAIR overexpression notably increased the

expression of ACSL4 mRNA, while this phenomenon

was reversed by UPF1 overexpression. Moreover, the

viability of neuronal cells was significantly inhibited by

HOTAIR overexpression following treatment with PAN

and hemin, and this effect was reversed when cells

were transfected with the UPF1 overexpression vector

(Figure 7B). In contrast, the HOTAIR-induced increase

Figure 5. HOTAIR Directly Bound to UPF1. (A, B) The location of HOTAIR in HT22 cells was explored by FISH and qRT-PCR. (C, D) The
correlation between HOTAIR and UPF1 in HT22 cells was explored by RNA pull-down and RIP assays. (E) The co-localization between
HOTAIR and UPF1 was confirmed by immunofluorescence staining. (n¼ 3 in every group).

Jin et al. 9



in MDA and ROS levels in neurons in the presence of

PAN and hemin was inhibited by UPF1 upregulation

(Figure 7C and D). Additionally, the injury (i.e., GSH

depletion and iron accumulation) of neuronal cells fol-

lowing treatment with PAN and hemin was exacerbated

by HOTAIR overexpression, while the effect of

HOTAIR was partially inhibited by UPF1 overexpres-

sion (Figure 7E and F). Furthermore, the protein expres-

sion levels of ACSL4 in neuronal cells following hemin

and PAN treatment were significantly upregulated while

SLC7A11 and GPX4 were downregulated by HOTAIR

overexpression, while this phenomenon was rescued by

pcDNA3.1-UPF1 (Figure 7G). In contrast, overexpres-

sion of HOTAIR notably decreased UPF1 protein levels

in neurons following treatment with hemin and PAN,

while the effect of HOTAIR overexpression was inhibited

by UPF1 overexpression (Figure 7G). In summary, over-

expression of HOTAIR significantly reversed the

inhibitory effect of PAN on neuronal cell ferroptosis

via the UPF1/ACSL4 axis.

Discussion

In the current study, we found that PAN inhibited ICH

progression. In addition, PAN inhibited ferroptosis in

neurons, while HOTAIR overexpression reversed this phe-

nomenon. Meanwhile, UPF1 and ACSL4 were found to

be downstream targets of HOTAIR in ICH. Our findings

provide a new idea for the treatment of ICH.
Ferroptosis is known as a type of cell death (Verma

et al., 2020). In addition, it has been previously con-

firmed that ferroptosis is involved in the progression of

ICH (Z. Li et al., 2020; Mohammed Thangameeran et al.,

2020), and this background indicates that ferroptosis is a

key process in ICH-induced neuronal injury. A previous

report showed that PAN inhibited the progression of

Figure 6. UPF1 Directly Bound to ACSL4. (A) HT22 cells or cortical neurons were transfected with sh-UPF1 or pcDNA3.1-UPF1. Then,
UPF1 mRNA level was detected by qRT-PCR. (B) The mRNA level of ACSL4 in neuronal cells was assessed by qRT-PCR. (C) UPF1 and
ACSL4 expression was assessed by western blot. b-actin was used for normalization. (D) RIP assay was used to explore the correlation
between UPF1 and ACSL4. (E) ACSL4 mRNA levels in HT22 cells were measured by qRT-PCR at 4, 8 or 12 h after actinomycin D
treatment. *P<0.05, **P<0.01, ***P<0.001. (n¼ 3 in every group). One-way analysis of variance (ANOVA) and Student’s t-test were
performed to analyse the data.

10 ASN Neuro



Figure 7. Overexpression of HOTAIR Significantly Reversed the Inhibitory Effect of PAN on Neuronal Ferroptosis by Mediating the
UPF1/ACSL4 Axis. (A) The expression of UPF1 and ACSL4 in neuronal cells following treatment with hemin and PAN was assessed by qRT-
PCR. (B) Neuronal cell viability was tested by MTT assay. (C) The MDA level was tested by a Lipid Peroxidation Assay Kit. (D) The lipid
ROS level was detected by flow cytometry. (E) The GSH level in neuronal cells was measured by Glutathione Assay Kit. (F) The Fe2þ

content of neuronal cells was assessed by an Iron Assay Kit. (G) UPF1, ACSL4, SLC7A11 and GPX4 expression in neuronal cells was
measured by western blot. b-actin was used for normalization. *P<0.05, **P<0.01, ***P<0.001. (n¼ 3 in every group). One-way analysis of
variance (ANOVA) and Student’s t-test were performed to analyse the data.
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inflammation and cancer (M. Cai et al., 2020; Shi et al.,

2020; J. J. Zhang et al., 2020). Moreover, Li X et al found

that PAN inhibited cell injury during ICH progression (Li

et al., 2018). Our research is the first to find that PAN

alleviates ferroptosis in ICH, which supplements our

knowledge of the underlying mechanism of PAN in

ICH. It has been reported that HOTAIR participates in

inflammation and cancers (L. Cai et al., 2020; Takei et al.,

2020). In addition, it has been reported that HOTAIR is

involved in ischaemic infarct (Yang and Lu, 2016). In this

study, HOTAIR overexpression was found to reverse the

effect of PAN on ICH by inducing ferroptosis. Therefore,

our study is the first to suggest a correlation between

HOTAIR and ferroptosis in ICH, which indicates that

HOTAIR could act as a promoter in ICH.
Moreover, UPF1 is known to be involved in the NMD

pathway (Fefilova et al., 2020; Zou et al., 2020). In addi-

tion, UPF1 has been confirmed to act as an inhibitor in

malignant tumours (Z. Sun et al., 2020; Zhong et al.,

2020). A previous study indicated that lncRNA ZFPM2-

AS1 promoted lung adenocarcinoma progression by inter-

acting with UPF1 to regulate the mRNA decay of ZFPM2

(Han et al., 2020). Similarly, our research found that

HOTAIR bound to UPF1. Moreover, our data revealed

that UPF1 promoted the degradation of ACSL4. Taken

together with the above results, these findings suggest that

HOTAIR might positively regulate ACSL4 by competi-

tively binding to UPF1, whereas ACSL4 has been con-

firmed to be a promoter of cell ferroptosis (X. Chen

et al., 2020; Tang et al., 2020). Finally, in vitro rescue

assays confirmed that HOTAIR positively regulated neu-

ronal ferroptosis through the UPF1/ACSL4 axis.
There are some limitations in this research. For

instance, the miRNAs sponged by HOTAIR in ICH

need to be found. In addition, more signalling pathways

mediated by HOTAIR in ICH remain to be explored.

Therefore, more investigations are needed in the future.
In conclusion, PAN inhibits the progression of ICH

via the HOTAIR/UPF1/ACSL4 signalling pathway.

Thus, PAN could act as a new agent for the treatment

of ferroptosis in ICH.

Summary Statement

In the current study, we found paeonol (PAN) inhibited

ICH progression in HT22 cells. PAN inhibited ferropto-

sis, while HOTAIR overexpression reversed this phe-

nomenon in HT22 cells. Additionally, UPF1 and

ACSL4 were found to be downstream targets of

HOTAIR in ICH.
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