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1 | INTRODUCTION

| XiZheng

Abstract

Background and purpose: Intracerebral hemorrhage (ICH) is a subtype of stroke
and results in neurological deficits in patients without any effective treatments.
Artemisinin (ART), a well-known antimalarial Chinese medicine, exerts multiple essen-
tial roles in the central and peripheral nervous system due to its antioxidative and anti-
inflammation properties. Neural cell adhesion molecule L1 (L1CAM, L1) is considered
to be implicated in neural development, functional maintenance, and neuroprotection
during disease. However, whether these two essential molecules are neuroprotective
in ICH remains unclear.

Methods: Therefore, the present study investigated the influence of ART on the recov-
ery of neurological deficits in a mouse model of ICH induced by collagenase and the
underlying mechanism.

Results: It was revealed that ART is capable of upregulating L1 expression to alleviate
brain edema, reduce oxidative stress, and inhibit inflammation to alleviate ICH-induced
brain injury to improve the neurological outcome in mice suffering from ICH.
Conclusion: These results may lay the foundation for ART to be a novel candidate treat-
ment for ICH.
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artemisinin (ART), intracerebral hemorrhage (ICH), neural cell adhesion molecule L1, oxidative
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mainly concentrate on alleviating the primary injury and are not able

to decrease the mortality (Keep et al., 2012), and effective therapies

Intracerebral hemorrhage (ICH), a stroke subtype induced by vascu-
lar rupture, is well known for its high rates of mortality and morbid-
ity (Dai et al., 2019). Even if the patients survive, most of them usually
live with disabilities (Pinho et al., 2019), including speech impediment,
cognitive deficits, and movement disorders (Hallevi et al., 2009), in the

following years. Despite ongoing research, therapies for ICH currently

remain limited at present (Zhu et al., 2022). As a consequence, explor-
ing therapeutic targets or novel treatments for ICH is necessary.
Artemisinin (ART) is a sesquiterpene lactone collected from
Artemisia annua L. and serves as a widely acknowledged antimalarial
drug with high levels of safety (Burkewitz et al., 2014; Tu, 2011). The

fever-reducing property of ART was first discovered by Hong Ge, a
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Chinese physician who was born in 283 (Efferth, 2017). Youyou Tu,
the winner of the Nobel Prize in Physiology or Medicine in the year
of 2015 (Chen, 2016), isolated ART (Guo, 2016; Tu, 2011) and inves-
tigated the effects in clinical trials (Tu, 2016). Alongside the well-
known effects in the treatment of malaria, ART has been demonstrated
to exert multiple pharmacological effects on the central and periph-
eral nervous systems due to its antibacterial, antioxidant, and anti-
inflammatory properties (Zhenget al., 2016). ART is capable of protect-
ing against free radical/oxidative stress in neurons (Gautam et al., 2009;
Sarina et al., 2013). ART can decrease the death of motor neurons and
the remyelination of axons to accelerate the recovery of motor func-
tion in rats after injury via reduction of oxidative stress (Chen et al.,
2021). In addition, ART is able to pass through the blood-brain bar-
rier (BBB) easily without any detectable side effects (Zuo et al., 2016),
implying the pharmacological use in the treatment of neurological
disorders.

Neural cell adhesion molecule L1 (L1CAM, also short for L1), a
membrane glycoprotein with a molecular weight of 200—220 kDa
(Rathjen & Schachner, 1984), exerts multiple essential roles in the
nervous system, including roles in survival, neuritogenesis, neuronal
migration, myelination, synapse formation, differentiation, axonal tar-
geting, and synaptic plasticity (Maness & Schachner, 2007). L1 can
also accelerate the regeneration in the central nervous system after
lesion (Bernreuther et al., 2006; Cui et al., 2011; Roonprapunt et al.,
2003; Yoo et al., 2014). L1 can affect the phosphorylation of pro-
tein kinase D1 in primary cultured mouse cerebellar granule neu-
rons (Chen et al.,, 2015) and neurons in the cerebral cortex in mice
with Alzheimer’s disease by inhibiting oxidative stress and alleviating
the neurotoxicity of oligomeric amyloid g-protein 1-42 (Chen et al,,
2020b). Berberine, a plant alkaloid with medicinal properties, enhances
L1 expression in rats suffering from brachial plexus root avulsion (Chen
et al, 2020a). A mimetic peptide mimicking the properties of a2,6-
sialyllactose increases L1 expression to promote neuronal survival as
well as neuritogenesis (Chen et al., 2020c).

Given the protective roles of ART in the normal and diseased ner-
vous system, the present study aimed to determine the effects of ART
on ICH, focusing on its modulatory effect on L1 expression. The present
study demonstrated that ART can upregulate L1 expression to reduce
oxidative stress and inflammation to promote the functional recovery

after ICH in mice.

2 | MATERIALS AND METHODS

2.1 | ICH model procedure and animal groups

C57BL/6 mice (male, weighing 25 g) were obtained from Hunan Med-
ical Laboratory Animal Center (China). All procedures performed on
mice were approved by the General Hospital of Xinjiang Military
Region of the PLA Laboratory Animal Ethics Committee. Prior to gener-
ating the ICH model, all mice used in the present study were pretrained

with behavioral tests for 3 d.
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Mice anesthetized by intraperitoneal injection of avertin
(240 mg/kg) were used to generate the collagenase-induced ICH
model as described in previous studies (Wang et al., 2020; Zhang
et al., 2016) with minor modifications. Briefly, after a burr hole at
the diameter of 0.15 mm was bored (along the right coronal suture
at 2.0 mm lateral to the bregma), a needle with 30-gauge (G) was
inserted into the striatum at the right side (coordinates:3.75 mm
underneath the dural surface, 0.26 mm anterior to the bregma, and
2 mm lateral to the midline). A total of 0.25 U collagenase IV diluted
in 1 ul saline was injected into the striatum at the right side for more
than 10 min, following an injection of type IV collagenase for 210 min.
Aspiration was then conducted by gentle suction via a 1-mlsyringe
attached to a needle with 23-G. This step was repeated for four
times more than 15 min. The bone wax was finally applied to the
seal of the burr hole, following the suture of the incision. Mice that
received only needle insertion with an equal volume of normal saline
served as the Sham control, without any neurological dysfunction
exhibited.

To evaluate the neuroprotective role of ART in ICH, mice induced
by collagenase were randomly allocated to three groups: (i) ICH, (ii)
ICH + ART, (iii) ICH + ART + L1 small interfering RNA (siRNA). The
groups were treated with 100 ul phosphate-buffered saline (PBS)
or ART (5 mg/kg) with or without L1 siRNA (sense: 5-GCA UUA
GUG GCC AUC CUU UTT-3', antisense: 3’-TTC GUA AUC ACC GGU
AGG AAA-5') (Jiang et al., 2019) by intraperitoneal injection once
daily.

2.2 | Neurobehavioral function tests

2.2.1 | Neurologic deficit

The modified neurological severity score (mNSS) was used to assess
neurologic deficits as previously described (Jiang et al., 2014) by deter-
mining exercise capability, reflexes, limb symmetry, circling behavior,
balance ability, and abnormal movements, and the peak score of deficit
is 18.

2.2.2 | Modified Garcia test

This modified test was performed on mice suffering from ICH as
described. A total of seven items, including vibrissae touch, axial sen-
sation, spontaneous activity, forelimb walking, lateral turning, climbing,

and limb symmetry, were determined.

2.2.3 | Rotarod test
The rotarod test was used to evaluate the motor impairment in mice
suffering from ICH as described previously (Zhang et al., 2016). Before

and during testing, the mice placed at an increasing mode from 4
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to 40 rpm within 5 min, and the time when the mouse fell off was
recorded. The average value was determined based on three repeats.

2.24 | Cylinder test

The cylinder test was conducted in a transparent cylinder (10-cm diam-
eter and 15-cm height). The scoring was performed as follows: percent-
age of the number of times of using the impaired left forelimb to con-

tact the wall in 20 limb usages.

2.2.5 | Forelimb placing test

Mice with ICH were held by the trunk and located in parallel with the
top of a table, allowed to brush along the surface of the table through
the vibrissae on aside, and moved slowly up and down. Refractory
placements for the forelimb were determined. The final score was indi-
cated by the ratio of successful placements for the left forelimb to 10

consecutive trials x100.

2.2.6 | Corner turn test
This test was carried out as previously described (Krafft et al., 2014).
In the middle open side, mice with ICH were allowed to approach a 30°
angle corner through 2 Plexiglas boards. The times for choosing to turn
right or left were recorded. The score was indicated by the ratio of left
turns to all turns x100.

After the behavioral tests, mice were sacrificed after being anes-
thetized by intraperitoneal injection of avertin (240 mg/kg) to collect

the tissues.

2.3 | Neuron-specific enolase contents
The contents present in the abdominal artery serum were determined
using a commercial assay kit (H240; Nanjing Jiancheng Bioengineering

Institute, Nanjing, China) according to the manufacturer’s instructions.

2.4 | Permeability of the BBB

A total of 100 ul of 4% Evans blue (Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China) solution diluted in saline was
intraperitoneally injected. After being in circulation for 3 h, mice were
anesthetized by intraperitoneal injection of avertin (240 mg/kg) and
perfused transcardially. The brain was dissected and stored immedi-
ately at —80°C. After the brain at the right side was homogenized
in PBS, sonicated, and centrifuged at 12,000 x g at 4°C for 30 min,
trichloroacetic acid was added to the collected supernatant for incu-
bation overnight at 4°C. After being centrifuged at 12,000 x g at 4°C
for 30 min, Evans blue stain was detected at the wavelength of 610 nm
using a spectrophotometer (Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

2.5 | Hematoma

The collected injured brain hemisphere (except the olfactory bulb and
cerebellum) was homogenized in PBS, sonicated for 60 s, centrifuged
at 15000 x g for 0.5 h, and the supernatant was collected, following a
15-minincubation with Drabkin’s reagent. The absorbance was read at

awavelength of 540 nm.

2.6 | Brain water content

The collected brain hemispheres were weighed immediately to get the
wet weight. Subsequently, the brain tissues were dried for 48 h at
100°C, and then weighed again to get the dry weight. The content
of brain water (%) was indicated by [(wet weight — dry weight)/(wet
weight)] x 100%.

2.7 | Tissue preparation

The collected perihematomal brain tissues were placed at 4°C
overnight. Subsequently, the supernatants were harvested after cen-
trifugation at 1000 x g for 15 min at 4°C. The supernatants were stored
at —80°C.

2.8 | Measurement of oxidative stress

The levels of 3-nitrotyrosine (3-NT), 4-hydroxynonenal (4-HNE), 8-
oxo-deoxyguanosine (8-OHDG), reactive oxygen species (ROS), glu-
tathione (GSH), and superoxide dismutase (SOD) were determined
using commercial kits (cat. nos. H394-1, H268, H165, E004-1-1,
A005-1-2, and A001-3-2; Nanjing Jiancheng Bioengineering Institute)

according to the manufacturer’s protocols.

2.9 | Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay was performed to evaluate the
tumor necrosis factor a (TNF-a), interleukin (IL)-13, and IL-6 levels
as described in previous study (Wang et al., 2021) and according to
the manufacturer’s protocol (cat. Nos. EK0393, EK0412, and EK0526;
Wuhan Boster Biological Technology, Ltd., Wuhan, China). The optical

density value was determined at a wavelength of 450 nm.

2.10 | Statistical analysis

Data are presented as the mean + standard deviation. Statisti-
cal analyses were performed using GraphPad Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA) with two-way or
one-way analysis of variance followed by a posthoc Bonferroni
test. 'p < .05 was considered to indicate a statistically significant

difference.
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Influence of ART on the neurological outcome in mice following ICH. ART increased L1 expression to accelerate neurological

functional recovery in mice induced by collagenase, as determined by (a) mNSS, (b) modified Garcia, (c) rotarod, (d) cylinder, (e) forelimb placing,

and (f) corner turn tests (***p <.001, **p < .01, *p <.05,n = 8)

3 | RESULTS

3.1 | ART upregulates L1 expression to improve
the neurological outcome in a mouse model of ICH

To determine the influence of ART on the neurological recovery of mice
following ICH, behavioral assessments, including mNSS, modified Gar-
cia, rotarod, cylinder, forelimb placing, and corner turn tests, were per-
formed after ICH for 24 and 72 h.

Compared with that of the sham group, the mNSS score was
increased after ICH, but decreased in response to ART treatment; how-
ever, it increased when L1 siRNA was used (Figure 1(a)).

Compared with that of the sham group, the Garcia score was
decreased after ICH, but increased in response to ART treatment; how-

ever, it decreased when L1 siRNA was used (Figure 1(b)).

Similar patterns to that of the Garcia score were also observed for
the rotarod performance (Figure 1(c)), forelimb use times (Figure 1(d)),
left forepaw placements (Figure 1(e)), and left turns (Figure 1(f)).

This suggested that ART can improve the neurological outcome in
mice with ICH via upregulation of L1 expression.

3.2 | ART upregulates L1 expression to alleviate
brain edema in mice caused by ICH

To evaluate the influence of ART on ICH, the neuron-specific enolase
(NSE) content, BBB permeability, hematoma, and brain water content
were determined in mice after ICH for 72 h.

Compared with that of the sham group, the NSE content was
increased after ICH, but decreased in response to ART treatment; how-
ever, it increased when L1 siRNA was used (Figure 2(a)).
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FIGURE 2 Influence of ART on brain edema in mice following ICH. ART increased L1 expression to alleviate brain edema in mice induced by

collagenase, as determined by (a) NSE, (b) brain water content, (c) Evans blue extravasation, and (d) hematoma (***p <.001, **p < .01, *p <.05,n=4)

Opposite patterns compared with those of NSE content were
observed for brain water content (Figure 2(b)), Evans blue extravasa-
tion (Figure 2(c)), and brain edema (Figure 2(d)).

This suggested that ART can reduce brain edema in mice with ICH
via upregulation of L1 expression.

3.3 | ART upregulates L1 expression to reduce the
oxidative stress in perihematoma in mice caused by
ICH

To detect the influence of ART on oxidative stress after ICH, oxidative
stress marker levels, including 3-NT, 4-HNE, 8-OHGD, ROS, GSH, and
SOD levels, were determined in mice after ICH for 72 h.

Compared with those of the sham group, the 3-NT levels were
increased after ICH, but decreased in response to ART treatment; how-
ever, they increased when L1 siRNA was used (Figure 3(a)).

Opposite patterns compared with those of 3-NT levels were
observed for 4-HNE (Figure 3(b)), 8-OHGD (Figure 3(c)), ROS
(Figure 3(d)), GSH (Figure 3(e)), and SOD (Figure 3(f)) levels.

This indicated that ART could suppress oxidative stress in an ICH

mouse model via upregulation of L1 expression.

3.4 | ART upregulates L1 expression to suppress
the inflammation in perihematomal in mice caused by
ICH

To detect the influence of ART on inflammation following ICH, inflam-
mation marker levels, including IL-13, IL-6, and TNF-« levels, were mea-
sured in mice following ICH for 72 h.

Compared with those of the sham group, the IL-1flevels were
increased after ICH, but decreased after ART treatment; however, they
were increased when L1 siRNA was used (Figure 4(a)).

Opposite patterns compared with those of 3-NT levels were
observed for IL-6 (Figure 4(b)) and TNF-« (Figure 4(c)) levels.

This indicated that ART could suppress inflammation in an ICH
mouse model via upregulation of L1 expression.

4 | DISCUSSION

The present study revealed that ART upregulated L1 expression, allevi-
ated brain edema, reduced oxidative stress, and inhibited inflammation
to alleviate ICH-induced brain injury to improve the neurological
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Influence of ART on oxidative stress in mice after ICH. ART increased L1 expression to inhibit oxidative stress to alleviate brain

edema in mice induced by collagenase, as determined by measurements of the levels of (a) 3-NT, (b) 4-HNE, (c) 8-OHGD, (d) ROS, (e) GSH, and (f)

SOD (*p <.001,**p<.01,*p<.05,n=4)

outcome in mice after ICH. This indicated that ART may be a novel
candidate treatment for ICH (Figure 4).

Collagenase was used on animals to digest blood vessel collagen
and lead to bleeding into the nearest brain tissue, with pathological
responses shown in human ICH (MacLellan et al., 2008). It has been
widely acknowledged that neurological damage is detected at 24 h fol-
lowing injection of autologous blood, and the lesion is most severe at
72 h (Wang et al., 2013). Therefore, these timepoints (24 and 72 h)

were selected to perform behavioral tests to determine the effects of
ART on the neurological outcome of ICH in mice. The present study
revealed that ART can upregulate L1 expression to improve the neu-
rological outcome in a mouse model of ICH.

The primary and secondary brain injuries were both induced fol-
lowing ICH. In the initial hours of ICH onset, the primary injury is
a result of the mechanical compression and destruction of perihe-

matoma tissues by the hematoma, which causes secondary ischemia
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and hypoxia in adjacent tissues (Fang et al., 2019). Secondary injury
is associated with brain edema, apoptosis, neuronal degeneration and
necrosis, inflammatory response, and thrombin formation (Shao et al.,
2019). NSE is a type of biological enzyme in the glycolysis pathway
(Lamers et al., 2003; Shibayama et al., 2001) and an essential indicator
of the degree of nerve injury after cerebral hemorrhage (Fizazi et al.,
1998). Accordingly, hematoma volume, extent of cerebral edema, and
BBB permeability can reflect the level of brain tissue damage in mice
after ICH (Keep et al., 2018). The present study revealed that ART can
upregulate L1 expression to alleviate brain edema in mice caused by
ICH.

Oxidative stress, an important contributor for secondary brain
injury after ICH due to ROS production, results in damage to proteins,
lipids, and nucleic acids (Duan et al., 2016;Hu et al., 2016;Qu et al.,
2016), contributing to brain edema, cell death, and further neurobe-
havioral deficits (Keep et al., 2012;Schlunk & Greenberg, 2015;Wang
et al., 2018a). Following ICH, the oxidative products of proteins, lipids,
and DNA are markedly upregulated; however, GSH peroxidase and
SOD activity are downregulated (Nakamura et al., 2005;Nakamura
et al., 2006)The present study revealed that ART can upregulate L1

expression to reduce oxidative stress in ICH-induced mice.

A previous study has reported that neuroinflammation serves an
essential role in the progression of brain injury caused by ICH and is
characterized by an innate immune response and subsequent inflam-
matory cytokine production (Wang et al., 2018b). The lysis of large
amounts of spilled red blood cells and inflammation activation further
aggravate the BBB destruction, which promotes the formation of brain
edema (Wilkinson et al., 2018). The present study revealed that ART
could upregulate L1 expression to inhibit inflammation in mice caused
by ICH.

5 | CONCLUSION

The present study demonstrated that ART could accelerate the neu-
rological functional recovery after ICH by mediating L1 expression,
suggesting that ART may be developed as a novel therapeutic agent for
the treatment of neurological diseases.

Although the results in this study looks promisingly, our present
study is still preliminary. In this manuscript, we mainly concentrated on
the effect of ART in neurological deficits in ICH mice and the L1 asso-

ciated underlying mechanism. Future studies are no doubt needed to
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performed experiments (including TTC, IHC, etc.) to valid the effect of
ART on the ICH.
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