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Abstract

Intracerebral haemorrhage (ICH) is a highly risky cerebrovascular disease with poor prognosis. Lin-28 homolog A
(Lin28) has been identified as a crucial requlator in ICH. This study aims to analyse the mechanism of Lin28 in neu-
ronal ferroptosis after ICH and provide theoretical basis for ICH treatment. An ICH mouse model was established
via injection of collagenase VI, followed by neurological impairment assessment, and haematoxylin-eosin staining.
An in vitro ICH model was established using hemin treatment. Next, cell viability and ferroptosis parameters were
detected via cell counting kit-8, assay kits, enzyme-linked immunosorbent assay and western blot. Lin28 expression
and tripartite motif-containing 37 (Trim37) mRNA level were detected via western blot and quantitative real-time
polymerase chain reaction (GRT-PCR). The binding relationship of Lin28 and Trim37 was verified. ICH mice exhibited
neuronal ferroptosis and upregulation of Lin28. Lin28 inhibition alleviated neurological impairment, manifested
by decreased hematoma, oedema, neuronal necrosis, glial cell swelling, intracellular vacuoles and inflammatory cell
infiltration, reduced Fe?* concentration and reactive oxygen species content, and increased glutathione and gluta-
thione peroxidase 4 activity. In the hemin-induced HT-22 cells, Lin28 inhibition promoted cell viability and alleviated
neuronal ferroptosis. Lin28 bound to Trim37 mRNA to stabilize the mRNA level of Trim37. Overexpression of Trim37
reversed the alleviating role of silencing Lin28 in neuronal ferroptosis after ICH. Overall, Lin28 stabilized the mRNA
level of Trim37 to aggravate neuronal ferroptosis after ICH.
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Introduction

Intracerebral haemorrhage (ICH) is a lethal form
of stroke (accounting for 10% to 20% cases), diag-
nosed as an event of brain parenchymal bleeding
after arteriole angiorrhexis [7,35]. Histopatholog-
ically, ICH is featured by formation of hematoma
and oedema, white matter injury and neuron death
in the inflammatory environment [11]. The clinical
therapies for ICH patients mainly aim to reverse
intracranial pressure and systemic hypertension

and retard hematoma expansion [35]. Unfortunately,
the theoretical basis for ICH treatment remains un-
substantial and targeted methods are urgent to be
investigated to fight against clinical nihilism [22].
Ferroptosis is identified as a novel mode of iron-de-
pendent cell programmed death, resulting from the
triumph of the oxidant system over the antioxidant
system, which leads to overproduction of reactive
oxygen species (ROS), iron accumulation, lipid per-
oxidation and changes of other relevant cytokines
[24]. Extensive evidence has proved that ferroptosis

Communicating author

Guofeng Wu, Clinical College, Guizhou Medical University, No. 28 Guiyi Street, Guiyang, 550004, Guizhou, China,

phone: 13809431723, e-mail: drwuguofeng@163.com

Folia Neuropathologica 2022; 60/1

35



Lugian Feng, Likun Wang, Guofeng Wu

serves as a major contributor to neuronal death and
neurological impairment after ICH [1,26]. Neverthe-
less, the underlying mechanism of ferroptosis and
its specific agencies in ICH need to be further inves-
tigated in detail.

RNA-binding proteins (RBPs) serve as critical
molecules that participate in regulation of gene ex-
pression in multiple diseases by mediating stabili-
ty messenger RNA (mRNA) [23]. Lin-28 homolog A
(Lin28) as an RBP regulates the cell life-cycle via
manipulation of mRNA stability, such as prolifera-
tion, apoptosis, differentiation and so on [16,19,21].
Lin28 upregulation plays a suppressive role in neuro-
genesis and neurite outgrowth which are related to
adverse outcomes after ICH [3,33]. Essentially, Lin28
has been noted to have an aberrant expression in
neurons after ICH and motivate astrocytic prolifer-
ation in pathogenesis of ICH [5]. Nevertheless, the
mechanism of Lin28 in neuronal ferroptosis and reg-
ulation of mMRNA stability after ICH remains elusive.

Tripartite motif (Trim) family proteins, a subtype
of E3 ubiquitin ligases, are well known for their
properties in a myriad of cellular activities and car-
cinogenesis [10]. Those proteins are also associated
with an increased risk of brain neuronal injury. For
instance, absence of TRIM8, Trim14 and Trim47 was
demonstrated to quench inflammation and apopto-
sis in cerebral injury [2,9,29]. In this study, we uncov-
ered the binding of Lin28 and Trim containing pro-
tein 37 (Trim37) mRNA through database prediction
and relevant assays. Trim37 has been found to be
elevated in serum of ICH patients and its inhibitor
is potent to suppress inflammatory responses and
microglial cell apoptosis after ICH [8]. Yet, the role
of the Lin28-mediated Trim37 axis in neuronal ferro-
ptosis has not been researched before.

Based on the aforementioned findings as we
reviewed the literature, we speculated that Lin28
could bind to Trim37 mRNA to regulate Trim37
expression, thus affecting neuronal ferroptosis ICH,
and the study is designed to confirm the therapeutic
role of the Lin28 in ICH treatment.

Material and methods

Ethics statement

The animal experimentation is conducted in
accordance with the protocol approved by the ani-
mal ethics committee of the Guizhou Medical Uni-
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versity, and strictly followed the Guidelines for the
Care and Use of Laboratory Animals [14].

Experimental animals and animal
model

C57BL/6 mice (Wuhan University Centre for Ani-
mal Experiments, Approval No: SCXK (Hubei) 2019-
0004) (n = 6, aged 8-10 weeks, weighing 25-28 g)
had free access to clean food and water at 24°C with
relative humidity of 60%, and under a 12-h light/
dark cycle. Lentiviral vectors were stereotactically
injected into mouse brains. Briefly, mice were fixed
using a stereotaxic apparatus (Render Biotech Co.,
Ltd, Shenzhen, China) and the head skin was ster-
ilized using iodophor. The bregma was set as the
original point (anteroposterior [AP] = 0 mm, medi-
olateral [ML] = O mm, dorsoventral [DV] = 0 mm).
The 2.0 pl (108-10° TU/ml) lentiviral vectors (LV-sh-
Lin28 or LV-sh-NC) were injected into mouse hippo-
campus (AP =-2.0 mm, ML= +1.5 mm, DV =-1.6 mm)
at the injection rate of 0.2 pl/min. After injection, the
needle was indwelled for 5 min to avoid fluid reflux,
followed by suture of the wound and disinfection
with iodophor. At 72 h after injection of lentiviral vec-
tors, mice were anesthetized using intraperitoneal
injection of 2% pentobarbital sodium (40 mg/kg) and
kept in the prone position on the stereotaxic appara-
tus (Render Biotech). A burr hole with a diameter of
1 mm (2.0 mm lateral to the bridge bone, 3.5 mm
below the craniofacial surface) was drilled using
a dental drill. Mice in the model group were inject-
ed with 0.1 U collagenase IV dissolved in 1 pl normal
saline (NS) into the hole at the rate of 0.2 ul/min to
induce ICH. The drill was left for 10 min to avoid fluid
reflux and removed at the rate of 1 mm/min. Mice in
the sham group were treated with the equal volume
of NS. After surgery, mice were placed on the heating
pad at 25°C to prevent hypothermia during recovery.

Neurological function deficit score

At 3 days after modelling, neurological func-
tion deficit was scored according to the method
described in the prior literature [27] to reflect motor,
sensory, reflex, and balance functions. The neurolog-
ical impairment was assessed using the 18 score-
mNSS system, including motor, sensory, reflex, and
balance tests. The tests were graded from score 0
to score 18, with a higher score indicating a more
severe neurological impairment. Besides, the scores
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were evaluated by two technicians who were blind
to the groups of mice.

Forelimb placing and corner turn tests

To assess neurological functions in a comprehen-
sive manner, mice were subjected to forelimb placing
and corner turn tests. The forelimb placing test was
performed to assess the motor and sensory capacity.
The mice were held to make forelimbs hangin the air
and mouse tentacles were stimulated to assess the
success rate of mouse forelimb placing on the table.
In terms of the corner turn test, mice were placed at
30°-angled corner and the times of left/right turn to
get out of the corner were recorded. The percentage
of turning direction = left turns/total turns x 100%.
The tests were performed in a double-bind manner.

Acquisition of blood and tissue
specimens

At 3 days after modelling, 1 ml whole blood was
collected from mouse eyeballs for preparation of
the serum specimen, left for 40 min and then cen-
trifuged at 1000 g for 10 min. The obtained serum
specimens were restored in a refrigerator at —80°C
for the detection of glutathione (GSH) and ROS in the
serum. After blood acquisition, mice were euthan-
atized by an injection of 200 mg/kg pentobarbi-
tal sodium, followed by collection of brain tissues.
The brain tissues of 6 mice in each group were ran-
domly selected and frozen at —20°C for 30 min to
make the cranial coronal plane at a thickness of 1 mm
for hematoma measurement. The brain tissues of
another 6 mice in each group were fixed in 4% para-
formaldehyde solution for 24 h and embedded in
paraffin after dehydration. The paraffined blocks
were cut into sections at a thickness of 5 um for hae-
matoxylin-eosin (H&E) staining. The brain tissues of
remaining 6 mice in each group were used to make
tissue homogenate.

Brain oedema measurement

At 3 days after modelling, brain water content
was measured according to the wet-dry weight ratio
of brain tissues. The brain tissues were weighed
immediately after mouse death on an electronic bal-
ance, which was recorded as wet weight. Then, brain
tissues were dried at 68°C for 48 h and weighed as
the dry weight. Brain oedema was calculated as fol-
lows: (wet weight — dry weight)/wet weight x 100%.
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Brain hematoma measurement

The hematoma area of brain tissues was deter-
mined using the Image-Pro Plus 5.0 image process-
ing software (National Institutes of Health, Bethes-
da, Maryland, USA). The hematoma volume was
calculated in accordance to the following formula:
V =1tx (Al + A2 + - + An), where V — hematoma
volume, t — slice thickness, A — hematoma area.

H&E staining

Mouse brain tissues were stained with haematox-
ylin-eosin and then photographed using the Image-
Pro Plus 5.0 image processing software (National
Institutes of Health, Bethesda, Maryland, USA).

Iron content measurement

The mouse brain tissue homogenate and HT-22
cells were washed with phosphate buffer saline
(PBS) twice and then the content of Fe?* was mea-
sured according to the instruction of iron content
assay kits (R&D System, Inc., Minneapolis, MN, USA).
The absorbance at the wavelength of 593 nm was
determined and the standard curve was graphed
for measurement of iron content. The experiment of
each group was performed in triplicate.

Cell culture and treatment

Mouse hippocampal neuronal cell line HT-22 cells
(Cell Bank of Chinese Academy of Sciences, Shanghai,
China) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Life Technologies, Carlsbad,
CA, USA) supplemented with 10% foetal bovine serum
(FBS, Gibco, Life Technologies) and 1% Penicillin/Strep-
tomycin (100 pg/ml, Gibco, Life Technologies) at 37°C
with 95% air and 5% CO,. Cells were incubated with
50 pM hemin for 24 h to establish the ICH cell model.

The shRNA sequences of sh-Lin28, overexpression
plasmids oe-Trim37 and their corresponding negative
controls were all provided by GenePharma (Shanghai,
China). Cell transfection was performed according to
the instruction of Lipofectamine 2000 (Invitrogen,
instruction of Lipofectamine Carlsbad, CA, USA). Then,
transfected cells were placed in the culture medium for
48 h before the subsequent analysis.

Cell counting kit-8 assay

Following the instructions provided by the manu-
facturer, 1 x 10* HT-22 cells were seeded into 96-well
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plates. The 10 pl cell counting kit-8 (CCK-8) solution
(Dojindo Molecular Technologies, Inc., Gaithersburg,
MA, USA) was added into each well for 2 h-incuba-
tion at 37°C 48 h after cell transfection at 24 h, 48 h,
72 h and 96 h. Absorbance at 450 nm was deter-
mined using a microplate reader (Thermo Fisher Sci-
entific, Waltham, MA, USA). The experiment of each
group was performed in triplicate.

Reverse transcription quantitative
polymerase chain reaction (QRT-PCR)
assay

The total RNA was derived from brain tissues
and mouse hippocampal neurons HT-22 using the
TRIzol reagent and synthesized into the complemen-
tary DNA using reverse transcription assay kits (R&D
SYSTEMS, Inc., Minneapolis, MN, USA). The gene
expression was analysed using SYBR Green PCR
Master Mix (Thermo Fisher, Shanghai, China). With
GAPDH as the endogenous control, gPCR primers are
shown in Table I. Real-time quantitative PCR was pro-
cessed under the following conditions: denaturation
at 95°C for 10 min, followed by 40 cycles at 95°C for
15s,60°C for 30 s and 72°C for 30 s using Light Cycler
480 (Roche, USA). Relative gene expression was mea-
sured based on the 222t method. The experiment of
each group was performed in triplicate.

Enzyme-linked immunosorbent assay

The levels of GSH and ROS were detected strictly
following the instructions of GSH and ROS assay kits
(R&D SYSTEMS, Inc.). Optical density of each well at
450 nm was determined using a microplate read-
er and converted to corresponding concentrations
according to the standard curve. The experiment of
each group was performed in triplicate.

Western blot

The total protein was extracted from brain tissues
and HT-22 cells using RIPA lysis buffer (Beyotime Bio-
technology, Shanghai, China). Each protein extract (20
ug) was loaded into 12% denatured polyacrylamide
gel, followed by transferring into polyvinylidene fluo-
ride membranes (Millipore Co., Ltd., Bedford, MA, USA)

Table I. gPCR primers

for electrophoresis. The membranes were incubated
with 5% skim milk at 25°C for 1 h and then with pri-
mary antibodies at 4°C overnight. After washing, the
membranes were re-incubated with anti-mouse/rabbit
secondary antibody of goat IgG H&L (HRP) (ab279647,
1:1000, Abcam; ab205718, 1 : 2000, Abcam) at room
temperature for 1 h. The immunoreactive bands were
detected using the enhanced chemiluminescence sys-
tem (Amersham Biosciences, Piscataway, NJ, USA) and
an electrophoretic image analyser (Bio-Rad, Hemel
Hampstead, UK) with GAPDH as the internal refer-
ence. The experiment of each group was performed
in triplicate. Primary antibodies were used as follows:
rabbit monoclonal antibody GPX4 (ab125066, 1 : 1000,
Abcam, Cambridge, MA, USA), Lin28A (ab125066,
1 : 1000, Abcam) and mouse monoclonal antibody
GAPDH (ab8245, 1 : 500, Abcam).

RNA pull-down assay

The binding of Lin28 and Trim37 was detected
using the RAP assay kit. HT-22 cells were lysed using
the RNA lysis buffer (Thermo Fisher Scientific), fol-
lowed by the addition of biotin-labelled RNA. Next,
streptavidin beads were cultured with biotin-labelled
RNA at 4°C overnight, followed by separation of
streptavidin bead-RNA compounds. mRNA level was
measured via qRT-PCR.

RNA-binding protein
immunoprecipitation (RIP)

The binding of Lin28 and Trim37 was also testi-
fied using the RIP assay kits (Millipore Co., Ltd.). HT-22
cells were lysed using RIP lysis buffer. The lysate was
cultured with beads conjugated with Argonaute-2
(Ago2, ab186733, 1 : 50, Abcam) or the control IgG
(ab6709, 1 : 1000, Abcam). Next, the compound was
detached using protease-K and the obtained bind-
ing-RNA was analysed using RNA. The experiment of
each group was performed in triplicate.

RNA stability analysis

To analyse mRNA decay rate of Trim37 mRNA,
cells with a low expression of Lin28 and the control
cells were treated with 5 pg/ml actinomycin D to

Gene Forward primer (5’-3’) Reverse primer (5’-3")

Lin28 ATGGGCTCGGTGTCCAACCAGC TCAATTCTGGGCTTCTGGGAGC

Trim37 GATGAGCAGAGTGTGGAGAGCA TTACACGTCAGACAGCTGATGG

GAPDH CTGCCCTTACCCCGGGGTCCC TTACTCCTTGGAGGCCATGTA
38 Folia Neuropathologica 2022; 60/1



inhibit RNA transcription. The total RNA was extract-
ed from cells at different time points. mRNA level of
Trim37 with the addition of actinomycin D at differ-
ent time points was determined using gRT-PCR with
GAPDH as the internal reference. The experiment of
each group was performed in triplicate.

Statistical analysis

Data statistical analysis and graphing were pro-
cessed using SPSS21.0 statistical software (IBM
Corp, Armonk, NY, USA) and GraphPad Prism 8.0
software (GraphPad Software Inc., San Diego, CA,
USA). Measurement data were presented as mean
+ standard deviation (SD) and conformed to normal
distribution and homogeneity of variance. Compari-
sons among various groups were analysed with the
help of Student’s t test and one-way or two-way
analysis of variance (ANOVA), followed by data check
using Tukey’s multiple comparison test. P value was
calculated by two-tailed tests and p < 0.05 indicated
statistical significance.

Results

ICH mice exhibited neuronal
ferroptosis and upregulation of Lin28
in brain tissues

Intracerebral haemorrhage is diagnosed as
a highly risky cerebrovascular disease that triggers
a series of parallel pathological processes in brain
tissues, leading to secondary brain injury [34]. Fer-
roptosis is a novel mode of iron-dependent cell pro-
grammed death, leading to ICH-induced neuronal
damage [1,13]. Previous research has evidenced
that Lin28 as an RNA-binding protein is highly
expressed in neurons after ICH [5]. Accordingly, we
speculated that Lin28 plays a role in neuronal dam-
age after ICH via regulating ferroptosis. To probe
the regulatory mechanism of Lin28 in neuronal fer-
roptosis, we first established the ICH mouse model
via treatment of collagenase VII. After modelling,
neurological functions of mice were assessed and
we found that neurological function deficit scores
were markedly increased and forelimb placing and
corner turn tests both indicated the impairment of
neurological functions in the model mice (p < 0.05,
Fig. 1A). Then, we measured the cerebral oedema
and hematoma volume. The results showed that
brain tissues in the model mice were presented
with augmented water content (p < 0.05, Fig. 1B)
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and obvious hematoma (p < 0.05, Fig. 1C). Histo-
pathological changes of brain tissues were ob-
served using H&E staining, which observed that
post-ICH, brain tissues exhibited obvious oedema,
partial neuronal necrosis, glial cell swelling, intra-
cellular vacuoles and noticeable inflammatory cell
infiltration (Fig. 1D). To further analyse the impact
of ICH on neuronal ferroptosis, we detected the lev-
el of ferroptosis-related factors. The results showed
that Fe?* concentration in brain tissues and ROS
activity in the serum (p < 0.05, Fig. 1E, F) were sig-
nificantly elevated, while GSH content in the serum
(p < 0.05, Fig. 1G) and GPX4 expression in brain
tissues (p < 0.05, Fig. 11) were significantly reduced
in ICH mice. At last, we detected Lin28 expression
and found that Lin28 was highly expressed in brain
tissues of ICH mice (p < 0.05, Fig. 1H, I). The above
results indicated that ICH induced neuronal ferro-
ptosis and Lin28 was highly expressed in ICH mice.

Lin28 inhibition suppressed neuronal
ferroptosis and brain injury in ICH mice

To explore the role of Lin28 in regulating neuronal
ferroptosis, we first injected lentivirus vectors (LV-sh-
Lin28 or LV-sh-NC) into mouse right hippocampus to
inhibit Lin28 expression (p < 0.05, Fig. 2A, B). Then,
we assessed mouse neurological function deficit,
oedema and hematoma, and found that Lin28 inhi-
bition reversed ICH induced-neurological impair-
ment to some extent (p < 0.05, Fig. 2C) with allevi-
ation of cerebral oedema and hematoma (p < 0.05,
Fig. 2D, E). Besides, H&E staining showed that Lin28
inhibition alleviated oedema, hematoma, neuronal
necrosis, glial cell swelling, intracellular vacuoles
and inflammatory cell infiltration in brain tissues
(p < 0.05, Fig. 2F). Moreover, ROS activity in the serum
was diminished (p < 0.05, Fig. 2G), GSH content in
the serum (p < 0.05, Fig. 2H) and GPX4 expression in
brain tissues (p < 0.05, Fig. 2B) were increased, and
Fe?* concentration was reduced (p < 0.05, Fig. 21) in
brain tissues upon Lin28 inhibition. In brief, Lin28
inhibition could suppress neuronal ferroptosis and
alleviate brain injury in ICH mice.

Silencing Lin28 attenuated ICH-induced
neuronal ferroptosis of HT-22 cells in vitro

To confirm the regulatory role of Lin28 in ICH-in-
duced neuronal ferroptosis in vitro, we induced
HT-22 cells using hemin treatment to establish the
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Fig. 1. Intracerebral haemorrhage (ICH) mice exhibited neuronal ferroptosis and upregulation of Lin28 in brain tissues. The ICH
mouse model was established using treatment of collagenase VII. A) Neurological function deficit score (the score was from O to
18 with a higher score indicating more severe neurological impairment), forelimb placing test (the success rate of mouse forelimb
placing on the table) and corner turn test (percentage of left turn to get out of the corner) to assess mouse neurological functions,
n = 12; B) Cerebral oedema; C) Cerebral hematoma; D) Histopathological changes of brain tissues observed via H&E staining;
E) Relative concentration of Fe?* detected via the iron content assay kit; F-G) ROS and GSH activity in the serum detected via ELISA;
H) mRNA level of Lin28 in brain tissues detected via qRT-PCR; ) Protein expressions of GPX4 and Lin28 detected via western
blot; n = 6, data were presented as mean + SD and analysed using Student’s t test. After analysis, data were checked by Tukey’s
multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.

40 Folia Neuropathologica 2022; 60/1



Lin28 promotes neuronal ferroptosis post-ICH

Fig. 2. Lin28 inhibition suppressed neuronal ferroptosis and brain injury in intracerebral haemorrhage (ICH) mice. Lin28
expression was inhibited via injection of lentivirus vectors (LV-sh-Lin28 or LV-sh-NC) into mouse hippocampus. A) mRNA
level of Lin28 in brain tissues verified via qRT-PCR; B) Protein expressions of Lin28 and GPX4 in brain tissues detected via
western bot; C) Neurological function deficit score (the score was from 0 to 18 with a higher score indicating more severe
neurological impairment), forelimb placing test (the success rate of mouse forelimb placing on the table) and corner turn
test (percentage of left turn to get out of the corner) to assess mouse neurological functions, n = 12; D) Cerebral oedema;
E) Cerebral hematoma; F) Histopathological changes of brain tissues observed via H&E staining; G, H) ROS and GSH con-
tents in the serum detected via ELISA; I) Relative concentration of Fe?* detected via the iron content assay kit. n = 6, data
were presented as mean + SD and analysed using one-way ANOVA. After analysis, data were checked by Tukey’s multiple
comparison test. *p < 0.05, **p < 0.01, **p < 0.001.
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o

+ sh-NC + sh-Lin28

ison test. *p < 0.05, **p < 0.01, ***p < 0.001.

in vitro ICH model. After induction, HT-22 cells were
transfected with sh-Lin28 to silence Lin28 expres-
sion (p < 0.05, Fig. 3A). After silencing Lin28, cell
viability was enhanced (p < 0.05, Fig. 3B) and the
changes of ROS activity, GSH content, GPX4 expres-
sion and Fe?* concentration caused by hemin treat-
ment were reversed (p < 0.05, Fig. 3F). Collectively,
Lin28 could alleviate ICH-induced ferroptosis in both
mouse brain tissues and neurons.
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Lin28 bound to Trim37 mRNA
to stabilize the mRNA level of Trim37

Prior works shed light on the function of RBP on
regulation of MRNA stability in the nervous system via
binding to its targets [23]. However, whether ICH-in-
duced neuronal ferroptosis is affected by this mech-
anism remains unknown. Lin28 as a RBP could mod-
ulate mRNA stability of its target genes [18]. Besides,
Trim37 mRNA was highly expressed in ICH [8].
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Presumably, Lin28 could bind to Trim37 mRNA to
regulate the stability of Trim37 mRNA. RNA-pro-
tein binding prediction website (http://pridb.gdcb.
jastate.edu/RPISeq/) indicated that Lin28 is likely to
bind to Trim37 mRNA (p < 0.05, Fig. 4A). The binding
of Lin28 and Trim37 mRNA was further verified via
RNA pull-down and RIP assays (p < 0.05, Fig. 4B, C).
Subsequently, we detected the mRNA level of Trim37
in sh-Lin28-transfected HT-22 cells and noted that
Trim37 expression in HT-22 cells were downregulat-
ed upon Lin28 inhibition (p < 0.05, Fig. 4D). Finally,
we analysed the stability of Trim37 mRNA and found
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that Trim37 stability in HT-22 cells was significantly
weakened after silencing Lin28 (p < 0.05, Fig. 4E).
Taken together, Lin28 could bind to Trim37 mRNA to
stabilize the mRNA level of Trim37.

Overexpression of Trim37 reversed
the alleviating role of silencing Lin28
in neuronal ferroptosis after ICH

To further investigate the regulatory role of Trim37
in Lin28-mediated neuronal ferroptosis after ICH,
HT-22 cells were transfected with oe-Trim37 to upreg-
ulate Trim37 (p < 0.05, Fig. 5A), followed by transfec-
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tion of sh-Lin28. Our results showed that cell viability
was significantly reduced (p < 0.05, Fig. 5B) and Fe*
content was markedly increased (p < 0.05, Fig. 5C)
upon Trim37 overexpression, and Trim37 overexpres-
sion reversed the changes of ROS, GSH contents and
GPX4 expression caused by silencing Lin28 (p < 0.05,
Fig. 5D-F). Overall, Lin28 could stabilize the mRNA lev-
el of Trim37 via binding to Trim37 mRNA, thus pro-
moting neuronal ferroptosis after ICH.

Discussion

Intracerebral haemorrhage is a common cerebro-
vascular disease with poor prognosis [22]. Neuronal
ferroptosis is an essential mechanism in aggravation
of symptoms after ICH [1]. Lin28 as an RBR is aber-
rantly expressed in neurons after ICH and promotes
astrocytic proliferation to regulate neuronal injury [5].
However, the regulatory mechanism of Lin28 in ICH
has not been discussed before. In this study, we high-
lighted that Lin28 plays a role in neuronal ferroptosis
via regulation of Trim37 mRNA stability after ICH.

Oestrogen was previously reported to influence
ICH-induced brain injury [20,30]. To minimize possi-
ble interference to the experimental results, we just
selected male mice to establish the ICH mouse mod-
el by injection of collagenase VII. After modelling,
neurological function deficit scores, forelimb placing
and corner turn tests indicated that mice exhibited
significant neurological impairment. Besides, brain
tissues of ICH mice were pathologically presented
with obvious hematoma and oedema, neuronal nec-
rosis, glial cell swelling, intracellular vacuoles and
inflammatory cell infiltration. Prior studies have
shed light on the protecting role of limiting neuro-
nal ferroptosis in the haemorrhagic brain [17,26].
ROS (a by-product of mitochondrial metabolism)
and Fe?* (redox-active transition metal) are essen-
tial for induction of ferroptosis, while GPX4 and GSH
are critical antioxidants to counteract the release of
ROS and Fe?* [6,24]. ROS activity and Fe®* concen-
tration were increased, while GPX4 and GSH levels
were decreased in brain tissues of ICH mice. Besides,
our experiments showed that Lin28 was increased
in brain tissues of ICH mice. Lin28 was reported to
have an upregulation in neurons after ICH [5]. Next,
we silenced Lin28 expression in ICH mice via injec-
tion of LV-sh-Lin28 in mouse right hippocampus.
Upon Lin28 upregulation, neurological impairment,
oedema and hematoma volume, and histopatholog-
ical changes of ICH mice were attenuated. Moreover,
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Lin28 upregulation also reversed ICH-induced chang-
es of ROS, Fe*, GPX4 and GSH. Consistently, Lin28
overexpression induces neurite underdevelopment,
thus impaired neurological functions [12]. On top
of that, an in vitro ICH model was established using
hemin to induce HT-22 cells, followed by silencing
Lin28. Silencing Lin28 led to elevated cell viability
with increased GSH content and GPX4 expression
and decreased ROS activity and Fe?* concentration.
Lin28 downregulation rescues bupivacaine-induced
neuronal apoptosis, while Lin28 upregulation plays
an opposite role [31]. Similarly, depletion of Lin28
enhances cell viability while it inhibits apoptosis of
human umbilical vein endothelial cells in high-glu-
cose conditions [32]. Admittedly, the role of Lin28
in ferroptosis has not been reported before, and
we initially demonstrated that silencing Lin28 plays
an alleviating role in neuronal ferroptosis after ICH
in vivo and in vitro.

Lin28 has been previously evidenced to bind
to Trim proteins, such as Trim-71 [25]. Trim37 was
highly expressed in the serum of ICH patients and
associated with apoptosis of microglia in ICH [8]. In
clinical settings, patients with a high level of Trim37
displayed slightly neurological function deficits [15].
The database predicted that Lin28 could bind to
Trim37 mRNA, which was in line with the results of
RNA pull-down and RIP assays. Trim37 was marked-
ly decreased in HT-22 cells with low expression of
HT-22. Besides, mRNA of Trim37 was destabilized
upon Lin28 inhibition. Collectively, Lin28 could bind
to Trim37 mRNA to stabilize mRNA level of Trim37.
Our subsequent experimentation showed that over-
expression of Trim37 in sh-Lin28-treated HT-22 cells
reduced cell viability with augmented Fe* content,
ROS activity and diminished GSH content and GPX4
expression. In line of this, Trim37 inhibition was
illustrated to counteract inflammatory injury and
apoptosis in human pulmonary alveolar epithelial
cells and human embryonic lung fibroblasts in pul-
monary inflammation and acute lung injury [4,28].
Altogether, overexpression of Trim37 abolished the
alleviating role of silencing Lin28 in neuronal ferro-
ptosis after ICH.

In summary, our findings uncovered that Lin28
could bind to Trim37 mRNA to stabilize the mRNA
level of Trim37, thereby promoting neuronal ferro-
ptosis after ICH in vivo and in vitro. This study was
the first to evaluate the regulatory mechanism of
Lin28 in neuronal ferroptosis after ICH and hinted
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a novel therapeutic target of ICH. Nonetheless, this
study failed to explore the role of Lin28 in other
modes of cell death, such as apoptosis and pyropto-
sis, and potential effects of other targets of Lin28
in neural ferroptosis, except Trim37. Moreover, this
study is insufficient to validate the role of Trim37 in
animals. The role of the Lin28-mediated Trim37 axis
in other modes of neuronal death, other targets of
Lin28 in ICH, effect of Trim37 in ICH animal models
and whether Trim37 could regulate protein ubig-
uitination level to affect neuronal ferroptosis post-
ICH remain to be further investigated with future
endeavours.
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