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Background: Maclpil is a proinflammatory long non-coding RNA highly expressed
on monocyte-derived macrophages in the ischemic brain. This study investigated
the impact and the mechanisms of systemically delivering nanoparticle Maclpil short
interfering RNA (siRNA) on experimental ischemic stroke in a mouse model.

Methods: Ischemic stroke (focal cerebral ischemia) was induced in male C57BL/6
mice through the middle cerebral artery occlusion. Three hours thereafter, mice were
intravenously injected with Maclpil siRNA or scramble siRNA nanoparticles. Bone
marrow cell-derived macrophages were transfected with Maclpil or scramble siRNA
and subjected to oxygen glucose deprivation culture. The influence of silencing Maclpil
on stroke outcomes, neuroinflammation, and macrophage fates was assessed via
histology, flow cytometry, Western blotting, and quantitative PCR analysis.

Results: Three days following stroke induction, siRNA silencing Maclpil substantially
reduced ischemic infarction size and improved neurological behaviors. Silencing Maclpil
also markedly attenuated the accumulation of monocyte-derived macrophages, CD4+

T cells, and CD8+ T cells in the ischemic hemisphere without affecting microglia
cellularity. Reciprocally, myeloid cells and both subsets of T cells were elevated in mouse
peripheral blood following Maclpil siRNA treatment. Under oxygen glucose deprivation
conditions that mimicked hypoxia and hypoglycemia in vitro, Maclpil siRNA silencing
augmented macrophage apoptosis in conjunction with upregulation of proapoptotic Bax
and caspase 3 expressions. siRNA knocking down Maclpil skewed macrophages from
proinflammatory classical toward anti-inflammatory alternative activation as evidenced
by increased arginase 1, Ym1, and Fizz1 and reduced inducible nitric oxide synthase,
IL-1β, and TNF-α mRNA levels. Consistent with macrophage phenotype switching,
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silencing Maclpil by siRNA enhanced fatty acid oxidation as indicated by increased
mRNA levels of 3 key metabolic enzymes (ACADM, ACADVL, and HADHA).

Conclusion: Systemically silencing Maclpil by siRNA nanoparticles attenuated
experimental ischemic stroke by promoting macrophage apoptosis and anti-
inflammatory alternative activation. Identifying and targeting Maclpil human homolog(s)
may help develop a novel therapy for stroke clinical management.

Keywords: ischemic stroke, neuroinflammation, macrophages, lncRNA maclpil, SiRNA nanoparticles

INTRODUCTION

Stroke-related death has increased by 26% from 1990 to 2010 and
has affected approximately 800,000 people in the United States in
2020 (1, 2). In China, ischemic stroke is predominant and is the
first leading cause of mortality (3). Currently, tissue plasminogen
activator is the only drug for managing acute ischemic stroke
approved by United States Food and Drug Administration
with a narrow therapeutic time window. Thus, it is urgent
to develop alternative effective pharmacological therapies for
stroke treatment.

Stroke-induced neuroinflammation has attracted more
attention in stroke management, particularly immune
intervention (4). Following ischemia onsets, the blood-
brain barrier is disrupted and circulating leukocytes are
recruited into the inflamed brain. Using mass spectrometry, we
previously found that monocytes-derived macrophages were
the predominant leukocytes that infiltrated into the ischemic
hemisphere during the acute phase of the stroke (5).

Long non-coding RNAs (lncRNAs) are untranslated
regulatory RNAs with more than 200 nt and are important
in multi-pathophysiological processes including stroke
pathogenesis. We and others have shown that certain lncRNAs
were highly expressed in the experimental ischemic brain
(6–8) with specific upregulation of Gm15428 in monocyte-
derived macrophages (9–11). In bone marrow-derived
macrophages (BMDCs), silencing Gm15428 significantly
reduced the expression of lymphocyte cytosolic protein
1 (LCP1) and inhibited pro-inflammatory macrophage
polarization. Thus, Gm15428 was named as macrophage
contained LCP1 related pro-inflammatory lncRNA or Maclpil
(12). Further, adoptively transferring classically activated
and Maclpil-silenced macrophages attenuated ischemic
infarct size, neuroinflammation, neurological defects, and
proinflammatory mediator expression, suggesting Maclpil as a
proinflammatory IncRNA (12). However, it remains unknown
whether systemically inhibiting Maclpil influences ischemic
stroke and its associated inflammation.

This study utilized nanoparticle-conjugated short interfering
RNA (siRNA) to systemically inhibit IncRNA Maclpil following

Abbreviations: Abbreviates: ACADM, Acyl-Coenzyme A dehydrogenase, C-
4 to C-12 straight chain; ACADVL, ACAD, Very long-chain specific acyl-
CoA dehydrogenase; HADHA, hydroxyacyl-CoA dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA hydratase; lncRNAs, Long non-coding RNAs; LCP1,
Lymphocyte cytosolic protein 1; Maclpil, Macrophage contained LCP1 related pro-
inflammatory lncRNA; MCAO, Middle cerebral artery occlusion; OGD, Oxygen
glucose deprivation.

ischemic stroke induction and to evaluate its impact on stroke
and neuroinflammation. Oxygen glucose deprivation (OGD)
assay that simulates hypoglycemia and hypoxia in stroke was
used to explore potential mechanisms, particularly the fate and
activity of macrophages.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice, weight 22–25 g aged 8–10 weeks
were purchased from and housed at Peking University or
Capital Medical University under a 12:12 h light–dark cycle
with free access to food and water. All animal experiments
were performed in consistence with the animal research
reporting in vivo experiments guidelines and approved by the
Peking University and Capital Medical University Animal Care
and Use Committees.

Focal Cerebral Ischemia
Focal cerebral ischemia was induced by a 45 min transient
middle cerebral artery occlusion (MCAO) procedure by inserting
a silicone-coated 6–0 monofilament (Doccol Corp., Sharon, MA,
United States) into the left common carotid artery to block the
MCA as detailed previously (13). Anesthesia was induced and
maintained with 5% and 2% isoflurane throughout the surgery.
Body temperature was monitored and maintained at 37 ± 0.5◦C
using a surface heating pad. Sham-operated mice underwent the
same procedures without monofilament insertion.

Neurological Behavior Tests
Neurobehavioral tests were conducted using a modified
neurological severity score (mNSS) system to comprehensively
assess neurological functions from four different aspects,
including motor, sensory, balance, and reflex tests (14). The total
mNSS scores range from 0 to 14, in which 0 represents normal
and 14 represents the highest degree of neurological defects. For
the motor assay, after raising the mouse by the tail, the bend
and torsion of the limbs were graded as the score 0–3. Walking
posture was also graded as the score 0–3. For balance test, mice
were placed on a beam to observe whether the mice were able to
maintain their balance to keep walking on or fell off the beam
and were scored from 0 to 6. In sensory and reflex tests, pinna
and corneal reflexes were examined, respectively, scored from 0
to 2. All these tests were carried out by an investigator who was
blinded to experiment group assignment.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 May 2022 | Volume 9 | Article 876087

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-876087 April 29, 2022 Time: 14:51 # 3

Wang et al. SiRNA Nanoparticles Alleviates Ischemic Stroke

Infarction Size Measurement
Three days following MCAO surgery, mice were euthanized via
overdose isoflurane inhalation. Brains were harvested, sliced into
five slices (2 mm thickness), fixed in 4% paraformaldehyde, and
stained in 2% 2, 3, 5-triphenyltetrazolium chloride (TTC, Cat#

T8877, Sigma–Aldrich, St. Louis, MO, United States) at 37◦C
overnight. Infarction size was measured in scanned slide images
using ImageJ software and calculated as the percentage of area
relative to the non-ischemic hemisphere (15).

Tissue Immunofluorescence Staining
The frozen brain was sectioned (20 µm thickness). Sections
were fixed with 4% paraformaldehyde and stained with a rat
anti-mouse CD68 antibody (Cat# ab955, Abcam, Waltham, MA,
United States) or rabbit anti-mouse iNOS (Cat# ab15323, Abcam)
(all 1:100) followed by incubation with Alexa 488-conjugated
goat anti-rat antibody (Cat# A-11001) or Alexa 488-conjugated
goat anti-rabbit antibody (Cat# A11008) (All from Invitrogen,
Waltham, MA, United States). Sections were counterstained with
DAPI and mounted for imaging acquisition.

Preparation and Treatment of Bone
Marrow-Derived Macrophages
Bone marrow-derived macrophages were generated by
differentiating C57BL/6 mouse bone marrow cells in the presence
of recombinant mouse macrophage colony stimulation factor
(M-CSF, 10 ng/ml, Cat# PMC2044, Thermo Fisher Scientific,
Waltham, MA, United States). To induce OGD, macrophages
were suspended in deoxygenated and glucose-free DMEM media.
Cells were then incubated in an oxygen deprivation chamber at
1% O2, 5% CO2, and 95% N2 and 37◦C. Following OGD, cells
were transferred to normal media and incubated at 5% CO2 at
37◦C for re-oxygen and re-glucose treatment overnight (13).

Flow Cytometric Analysis
The ischemic hemisphere was harvested, minced, and suspended
in RPMI-1640 media and filtered through a 70 µm cell strainer
(12). Two milliliters of 70% Percoll (Cat#17089019, Cytivia,
O’Fallon, MO, United States) were loaded to the bottom of the
cell suspension and centrifuged at 600 g for 30 min. Cells at
the interphase were collected and re-suspended in phosphate-
buffered saline (PBS). For the blood sample, the peripheral
mononuclear cells were isolated using the Ficoll reagent (Cat#17-
1440-02, GE Healthcare, Sweden). Cells were stained with
antibodies against CD45-BV510, CD11b-FITC, CD4-APC-Cy7,
and CD8-APC for 30 min at 4◦C followed by incubation with
7-AAD for 5 min, washed twice with PBS, and resuspended in
100 µl PBS. All antibodies were purchased from BioLegend Inc.,
San Diego, CA, United States. The stained cells were analyzed
on the Beckman CytoFLEX S flow cytometer (Beckman Coulter,
Indianapolis, IN, United States).

Preparation and Systemic Delivery of
Short Interfering RNA Nanoparticles
siRNA or scramble siRNA was conjugated to nanoparticles
using versatile DNA/siRNA transfection reagent following

the manufacturer’s instructions (Cat# 114-15, jetPRIMETM,
Polyplus-Transfection SA, New York, NY, United States). Briefly,
110 picomoles of siRNA were sequentially mixed with 200 µl
jetPRIMETM buffer and 4 µl jetPRIME TM reagent and
incubated for 15 min at room temperature for immediate use.
For in vivo siRNA delivery, in vivo—jetPEI R© (Reference number
101000040) was used following the instruction, and siRNA
usage was 1 mg/kg.

Apoptosis Assay
Cells were stained using FITC Annexin V (Cat# 640905,
Biolegend), counterstained with propidium iodide (Cat# P8080,

TABLE 1 | Primer sequences.

Gene Sequence (5′-3′)

Mouse Arg1 forward AACACGGCAGTGGCTTTAACC

Mouse Arg1 reverse GGTTTTCATGTGGCGCATTC

Mouse Ym-1 forward TCCAGCTAACTATCCCTCCACTGT

Mouse Ym-1 reverse GGCCCATCTGTTCATAGTCTTGA

Mouse Fizz-1 forward CTGCCCTGCTGGGATGACT

Mouse Fizz-1 reverse CATCATATCAAAGCTGGGTTCTCC

Mouse iNOS forward CGAAACGCTTCACTTCCAA

Mouse iNOS reverse TGAGCCTATATTGCTGTGGCT

Mouse TNFα forward GAGTGACAAGCCTGTAGCC

Mouse TNFα reverse CTCCTGGTATGAGATAGCAAA

Mouse IL-1β forward CCAGCTTCAAATCTCACAGCAG

Mouse IL-1β reverse GGCGTATCAGTGGGGGTCAG

FIGURE 1 | siRNA silencing Maclpil reduces ischemic infraction size and
improves neurological behaviors. (A) Three hours after MACO surgery, mice
were intravenously injected with nanoparticle conjugated Maclpil or scramble
siRNA. Neurological behaviors and infarction size were assessed 3 days after
the MCAO surgery. (B) Images for infarction area identified by TTC staining
and quantification of infarction size. (C) Quantification of neurological score. All
data are mean and SD from 6 (B) and 7–8 (C) mice in each group. Student’s
t-test, **p < 0.01 compared to scramble siRNA treatment.
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Solarbio, China), and analyzed on the Beckman CytoFLEX S flow
cytometer. Apoptotic cells were defined as Annexin+PI+ cells.

Western Blot
Cells were lysed in RIPA buffer and subjected to
Western -blotting analysis. Reagents for Western -blotting
were anti-Bax antibody (1:1000, Cat# 60267-1, Proteintech,
Wuhan, China), anti-caspase 3 antibody (1:1500, Cat# 66470-2,
Proteintech), anti-GAPDH antibody (1:2000, Cat#ab181603,
Abcam), and anti-rabbit IgG antibody conjugated to HRP
(1:2000, Cat#ZB-2305, zsbio, Beijing, China). The protein marker
was purchased from Applygen, Beijing, China (10 KDa-180KDa,
Cat# P1103).

Digital Droplet Quantitative Reverse
Transactional PCR Assay
Total RNA was extracted using the total RNA kit (Cat#DP419,
TIANGEN Biotech, Beijing, China) and transcribed into cDNA
using GoScriptTM Reverse transcription system (Cat# A5000,
Promega, Madison, WI, United States). Sequences for gene-
specific PCR primers are summarized in Table 1. Digital PCR
was performed using the Sniper DQ24 digital PCR system

(Sniper, Suzhou, Jiangsu, China), and gene expression levels were
expressed as copy number/µl.

Measurements of Fatty Acid Oxidation
Enzymes
Three fatty acid oxidation enzymes were analyzed to assay fatty
acid oxidation using a commercial kit (Cat#118183, Abcam).
Macrophages were transfected with Maclpil siRNA or scramble
siRNA nanoparticles, underwent OGD, and harvested. Following
fixation and permeabilization, cells were stained with an antibody
against ACADM (Acyl-Coenzyme A dehydrogenase, C-4 to C-12
straight chain), ACADVL (ACAD Very long-chain specific
acyl-CoA dehydrogenase), or HADHA (hydroxyacyl-CoA
dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase)
for 1 h followed by incubation with FITC-conjugated secondary
antibody for another 1 h. The expression of individual enzymes
on macrophages was analyzed on the Beckman CytoFLEX S flow
cytometer and presented as mean fluorescence intensity.

Statistical Analysis
Two-tailed student’s t-test were performed using GraphPad
Prism. p-Value <0.05 was considered statistically significant.

FIGURE 2 | siRNA silencing Maclpil alleviates leukocyte accumulation in experimental ischemic stroke. (A) Flow cytometric analysis strategies for identifying
individual subsets of leukocytes. Leukocytes: CD45+; Microglia: CD11b+CD45low; monocyte-derived macrophages (MoDMs): CD11b+CD45high; CD4+ cells:
CD4+; and CD8+ cells: CD8+. (B,C) Quantification of relative and absolute numbers of leukocytes, MoDM, microglia, CD4+ cells and CD8+ cells. All data are given
as mean and SD from 5 mice per group. Student’s t-test, ∗p < 0.05 compared to scramble siRNA treatment.
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RESULTS

Systemically Silencing Long Non-coding
RNA Maclpil Reduces Infarction Size and
Attenuates Neurological Defects in Mice
Following Ischemia
Mice were intravenously injected with siRNA nanoparticles 3 h
after MCAO (Figure 1A), as our previous study showed that
the number of peripheral monocytes significantly increased
from 3 h after ischemia (5). The ischemic infarction and
neurological score were analyzed 3 days thereafter. Infarction was
significantly small in mice receiving Maclpil (30%) as compared
to mice receiving scramble siRNA particles (40%) (Figure 1B).
Neurological scores averaged 2.4 in mice receiving Maclpil siRNA
particles as compared to mice receiving scramble siRNA particles
(3.8) (Figure 1C). Thus, suppressing Maclpil mitigated ischemic
infarction and neurobehavior defects.

Maclpil Short Interfering RNA
Nanoparticles Inhibit Stroke-Induced
Brain Inflammation
To assess the influence of Maclpil siRNA particle treatment
on neuroinflammation following ischemia, we analyzed
leukocytes in the ischemic hemisphere and peripheral blood
using flow cytometric analysis. In the ischemic hemisphere,
mice receiving Maclpil siRNA particles had less CD45+
cells (leukocytes and microglia) and monocytes-derived
macrophages (MoDMs, CD45highCD11b+) as compared to mice
receiving scramble siRNA particles (Figure 2A). These results
indicate that systemically inhibiting lncRNA Maclpil alleviated
neuroinflammation. Specifically, all CD45+ cells (leukocytes
and microglia) were reduced in Maclpil siRNA (two million), as
compared to scramble (one and a half mission) siRNA treated
mice. Monocytes-derived macrophages (MoDM) were reduced
to 5 million in Maclpil siRNA, as compared to scramble siRNA
(seven and a half million) treated mouse ischemic hemisphere
(Figures 2B,C). In tissue immunofluorescent staining, the
densities for macrophages (CD68+) and iNOS+ cells (mostly
expressed by inflammatory macrophages) were significantly
reduced in the ischemic hemisphere from mice treated with
Maclpil siRNA as compared to scramble siRNA treatment
(Figures 3A–D). Conversely, circulating leukocytes (CD45+
cells) were increased in Maclpil siRNA (8.3 × 106), as compared
to scramble siRNA (6.8 × 106) in treated mice (Figure 4A).
This was also the case for CD11b+ myeloid cells, CD4+T cells,
and CD8+T cells (Figures 4B,C). These results indicate that
inhibiting Maclpil attenuated leukocyte accumulation in the
ischemic brain in association with reciprocal increased retention
in peripheral blood.

Silencing Maclpil Promotes Macrophage
Apoptosis After Oxygen-Glucose
Deprivation Treatment
Ischemic stroke occludes the cerebral artery, reduces blood
supply, and consequently leads to oxygen and glucose

FIGURE 3 | siRNA silencing Maclpil reduces cells expressing CD68 and iNOS
in ischemic infraction area. Brain sections were stained with antibodies against
CD68 and iNOS, respectively, counterstained with DAPI for nuclei, and
imaged on a confocal microscope. (A,B) Representative staining images for
CD68 (A) and CD68+ cell density estimated as positively stained
cells/0.1 µm2 (B). (C,D) Representative staining images for iNOS (C) and
iNOS+ cell density quantified as positively stained cells/0.1 µm2 (D). All data
are presented as mean and SD from 3 mice in each group. Student’s t-test,
∗∗p < 0.01 compared to scramble siRNA treatment.

deprivation (16). Thus, we used BMDMs and in vitro OGD assay
to mimic oxygen and glucose deprivation in ischemic stroke
to evaluate the influence of OGD treatment on macrophage
apoptosis (Figure 5A). Annexin V and PI staining revealed
increased apoptosis in BMDMs transfected with Maclpil
as compared to scramble siRNA treatment (Figure 5B). In
Western blotting analysis, Bax and Caspase 3, two proapoptotic
molecules were significantly upregulated in Maclpil siRNA
transfected BMDMs as compared to scramble siRNA transfection
(Figures 5C,D). These results suggest that lncRNA Maclpil may
inhibit macrophage apoptosis.

Silencing Maclpil Polarizes Macrophages
Toward an Anti-inflammatory Phenotype
Under Oxygen-Glucose Deprivation
Condition
In OGD experiments, scramble siRNA-transfected macrophages
displayed a proinflammatory phenotype as evidenced by high
levels of iNOS, IL-1β, and TNF-α mRNAs in the absence
of exogenous stimuli such as LPS or IFN-γ. In contrast,
macrophages switched toward an anti-inflammatory phenotype
with increased mRNA levels for Arg1, Ym1, and Fizz 1 and
reduced mRNA levels for iNOS, IL-1β, and TNF-α in digital
droplet PCR assay (Figure 6). Consistent with macrophage
switch and the well-documented role of fatty acid oxidation
in anti-inflammatory macrophage activation (17), the mRNA
levels for 3 fatty acid oxidation enzymes (ACADM, ACADVL,
and HADHA) were substantially increased in macrophages
treated with Maclpil as compared to scramble siRNA (Figure 7).
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FIGURE 4 | siRNA silencing Maclpil increases circulating leukocytes in experimental ischemic stroke. (A) Flow cytometric analysis strategies for identifying individual
subsets of leukocytes. Leukocytes: CD45+; myeloid cells: CD45+CD11b+CD45low; CD4+ cells: CD4+; and CD8+ cells: CD8+. (B,C) Quantification of relative (B)
and absolute (C) numbers of leukocytes, myeloid cells, CD4 + cells and CD8 cells. All data are given as mean and SD from 5 mice per group. Student’s t-test,
∗p < 0.05 compared to scramble siRNA treatment.

FIGURE 5 | siRNA silencing Maclpil increases apoptosis and proapoptotic protein expression in macrophages undergoing oxygen glucose deprivation treatment.
(A) Representative flow cytometric pseudocolor plots showing Annexin+PI+ apoptotic cells in Maclpil or scramble siRNA-treated bone marrow-derived
macrophages (BMDCs). (B) Quantification of apoptotic cells in Maclpil and scramble siRNA-treated BMDCs. (C) Representative Western blots for proapoptotic
proteins (Bax and caspase 3) and house-keeping gene (GAPDH) in Maclpil- and scramble siRNA-treated BMDCs. (D) Quantification of the expression of Bax and
caspase 3 in Maclpil and scramble siRNA-treated BMDCs as the ratio to GAPDH. All data are mean and SD from triplicate experiments. Student’s t-test, ∗∗p < 0.01
compared to scramble siRNA treatment.
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FIGURE 6 | siRNA silencing Maclpil promotes anti-inflammatory gene expression in macrophages undergoing oxygen glucose deprivation treatment. Following
oxygen glucose deprivation treatment, total RNA was extracted from marrow-derived macrophages (BMDCs) and subjected to reverse transcript and digital PCR
amplification sequentially. (A) Representative 2-D fluorescence amplitude (FAM) plots acquired via digital PCR for individual genes in each treatment group. (B,C)
Quantification of anti-inflammatory (Arg1, Fizz1, Ym1) gene (B) and pro-inflammatory (iNOS, IL-1β and TNFα) gene (C) expression in BMDCs from different treatment
groups. All data are mean and SD from triplicate experiments. Student’s t-test, ∗p < 0.05 and ∗∗p < 0.01 compared to scramble siRNA treatment.

Altogether, these data indicate that silencing Maclpil promotes
anti-inflammatory macrophage polarization in association with
increased fatty acid oxidation.

DISCUSSION

We previously showed increased expression of LncRNA Maclpil
in hematopoietic cell-derived macrophages in the ischemic brain
and the attenuation of ischemic stroke after transferring Maclpil-
silencing macrophages (12). In this study, we demonstrated that

systemically silencing Maclpil with siRNA reduced infarction
size and brain inflammation in experimental ischemic stroke. In
OGD experiments simulating in vivo ischemia, silencing Maclpil
promoted macrophage apoptosis as well as anti-inflammatory
macrophage activation via fatty acid oxidation.

Lymphocyte cytosolic protein 1 (LCP1) is L-plastin or
leukocyte-specific plastin (17) targeted by lncRNA Maclpil (12).
LCP1 plays a curtail role in immune responses by regulating
cell adhesion, migration, and activation (12, 18, 19). LCP1 also
affects cell fate. For example, LCP1 increased the resistance
of cancer cells to apoptosis (20). In our previous study,
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FIGURE 7 | siRNA silencing Maclpil increases the expression of key fatty acid oxidation enzymes in macrophages undergoing oxygen glucose deprivation treatment.
Following oxygen glucose deprivation treatment, marrow-derived macrophages (BMDCs) were stained with unlabeled primary antibodies against ACADM, ACADVL,
and HADHA followed by incubation with fluorochrome-conjugated secondary antibodies and analyzed on a flow cytometer. (A) Representative flow cytometric
overlay histograms showing the staining for ACADM, ACADVL, and HADHA in Maclpil and scramble siRNA-treated BMDCs after oxygen glucose deprivation.
(B) Quantification of the expression levels (mean fluorescence intensity, mean and SD, n = 3) of ACADM, ACADVL, and HADHA in differentially treated BMDCs.
Student’s t-test, ∗∗p < 0.01 compared to scramble siRNA treatment.

knocking down lncRNA Maclpil downregulated LCP1 mRNA
levels in macrophages (12). In OGD assay, siRNA silencing
Maclpil accelerated apoptosis in macrophages by increasing
the expression of pro-apoptotic genes Bax and Caspase3.
Altogether, these results suggest that Maclpil promotes apoptosis
in macrophages by modulating LCP1 expression.

Following ischemic stroke, leukocytes migrate from blood
vessels into the inflamed brain with bone marrow-derived
macrophages outnumbering other subsets of leukocytes (5,
21). In the acute phase, pro-inflammatory macrophages
are dominant and promote inflammation in the ischemic
hemisphere (22). In our previous study, knocking down
lncRNA Maclpil promoted macrophage polarization toward
anti-inflammatory macrophage phenotype as indicated by
increased expression of Arg1 (12). In current OGD assays,
siRNA silencing Maclpil enhanced the expression of anti-
inflammatory macrophage markers as evidenced by elevated
mRNA levels of Arg1, Ym1, and Fizz1 while attenuating the
expression of proinflammatory macrophage markers such
as iNOS, IL-1β, and TNF-α. Pro- and anti-inflammatory
macrophages are metabolically distinct. Proinflammatory
macrophages rely on aerobic glycolysis while anti-inflammatory
macrophages use fatty acid oxidation to fuel mitochondrial
oxidative phosphorylation (23–27). In addition, the lipid
metabolism could affect the polarization of macrophages (28).
Consistently, our data showed that the mRNA expression

levels of 3 key enzymes in the fatty acid oxidation pathway
were increased in macrophages in response to OGD after
silencing Maclpil. These results suggest that enhancement
of anti-inflammatory macrophage activation by inhibiting
Maclpil under OGD conditions may be attributed to increased
fatty acid oxidation.

Several studies have shed light on the role of LCP1, one
of the lncRNA Maclpil target genes, in metabolic regulation.
In a genome-wide association study (GWAS) (29), LCP1
was associated with non-alcoholic fatty liver disease. LCP1
polymorphism was also linked to reduced fasting insulin levels.
Conversely, LCP1 deficiency augmented lipid catabolism (30).
Additionally, macrophage shape also influences the activation
status (31). Thus, it is reasonable to assume that the Maclpil-LCP1
axis may affect macrophage activation by regulating metabolism.
However, further studies are warranted to define the role of LCP1
in macrophage metabolism and activation.

Several studies shed light on siRNA injection as a therapeutic
treatment for stroke (32). For instance, Campbell et al. showed
that the injected claudin-5 siRNA via the tail vein decreased
cerebral edema in an animal models (33). In 2019, Kim et al.
showed that intravenously delivery of high mobility group box-1
siRNA by exosomes was an effective therapy for ischemic stroke
(34). In this study, our data showed that systemically siRNA
silencing Maclpil by intravenously injected siRNA nanoparticles
attenuated ischemic stroke, neurological defects, and brain
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inflammation in mice while promoting macrophage apoptosis
and anti-inflammatory macrophage activation in response to
OGD. Our study suggests that Maclpil or its regulated genes may
serve as therapeutic targets for treating ischemic stroke.
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