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Inducible miR-1224 silences cerebrovascular
Serpine1 and restores blood flow
to the stroke-affected site of the brain
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The a-tocotrienol (TCT) form of natural vitamin E is more
potent than the better known a-tocopherol against stroke.
Angiographic studies of canine stroke have revealed beneficial
cerebrovascular effects of TCT. This work seeks to understand
the molecular basis of such effect. In mice, TCT supplementa-
tion improved perfusion at the stroke-affected site by inducing
miR-1224. miRNA profiling of a laser-capture-microdissected
stroke-affected brain site identified miR-1224 as the only
vascular miR induced. Lentiviral knockdown of miR-1224
significantly blunted the otherwise beneficial effects of TCT
on stroke outcomes. Studies on primary brain microvascular
endothelial cells revealed direct angiogenic properties of miR-
1224. In mice not treated with TCT, advance stereotaxic deliv-
ery of anmiR-1224mimic to the stroke site markedly improved
stroke outcomes. Mechanistic studies identified Serpine1 as a
target of miR-1224. Downregulation of Serpine1 augmented
the angiogenic response of the miR-1224 mimic in the brain
endothelial cells. The inhibition of Serpine1, by dietary TCT
and pharmacologically, increased cerebrovascular blood flow
at the stroke-affected site and protected against stroke. This
work assigns Serpine1, otherwise known to be of critical
significance in stroke, a cerebrovascular function that worsens
stroke outcomes. miR-1224-dependent inhibition of Serpine1
can be achieved by dietary TCT as well as by the small-molecule
inhibitor TM5441.
Received 7 July 2022; accepted 31 December 2022;
https://doi.org/10.1016/j.omtn.2022.12.019.

Correspondence: Savita Khanna, PhD, Department of Surgery, Indiana Center for
Regenerative Medicine and Engineering, Indiana University School of Medicine,
Indianapolis, IN 46202, USA.
E-mail: sjkhanna@iu.edu
INTRODUCTION
Ischemic stroke is the fifth leading cause of death and cognitive
impairment in the United States.1 Ischemic stroke causes severe
reduction of cerebral blood flow resulting in a lack of oxygen
and nutrients, which leads to neuronal cell death and infarction
at the affected site of the brain.2 Two decades ago, our laboratory
identified that, on a concentration basis, the a-tocotrienol (TCT)
form of natural vitamin E is substantially more potent than
the better known a-tocopherol for its neuroprotective properties.3

In several biological contexts the two major forms of vitamin E,
a-tocopherol and TCT, are known to exhibit contrasting
functions.4 In stroke, while TCT is protective, a-tocopherol may
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exacerbate microglial activation and worsen stroke outcomes.5

Work from our laboratory has demonstrated protective effects of
nanomolar TCT against stroke in small and large animals.6–9

Recent work has shown that, in patients who have suffered a
mini-stroke and are at a serious risk of a major stroke, TCT sup-
plementation was beneficial. A higher incidence of aspirin resis-
tance was observed in patients on aspirin and clopidogrel
than in all the patients treated with aspirin alone and TCT. The
frequency of aspirin resistance decreased in response to TCT
supplementation.10

Multiple molecular mechanisms responsible for the potent neuro-
protective effects of TCT have been reported in small-animal
models of stroke.4,6,8,11–13 The study of stroke in a large-animal
model revealed a cerebrovascular function of TCT.9,14,15 Fluoros-
copy-guided angiography demonstrated that TCT protected against
ischemic stroke by improving blood flow to the stroke-affected site.9

The infarcted brain tissue core constitutes permanently damaged
tissue secondary to a significantly lowered blood supply. The pen-
umbra surrounding the core stroke-affected tissue is threatened by
ischemia. However, it may be rescued by appropriate local perfusion
pressures.16 After stroke, high collateral blood flow may rescue the
penumbra tissue from irreversible infarction. Under certain condi-
tions, prompt reperfusion by restoring the blood flow can poten-
tially save and restore normal cell function in the penumbra.17

Acute stroke therapeutics aim to limit tissue damage occurring at
the “penumbra” level and restore the functionality of the related
brain tissue. Thus, re-establishment of the functional cerebral
microvascular network is of critical significance to promote stroke
recovery. Improving the functional recovery after ischemic stroke
is crucial to increasing life expectancy and quality of life.18 In this
work, our effort to understand the molecular basis of the effect of
TCT in improving blood supply to the stroke-affected site of the
Authors.
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Figure 1. TCT supplementation improved perfusion at the stroke-affected mouse brain site

(A) Experimental timeline of TCT supplementation, MCAO, and brain harvest. C57BL/6 mice were supplemented with vitamin E-stripped corn oil (vehicle) placebo (PBO) or

TCT (50mg/kg bw) for 10 weeks before MCAO. (B) Real-time, noninvasive, cerebrovascular perfusion imaging of the dorsal surface of the stroke-affected brain was acquired

in mice at 48 h of reperfusion using PeriScan PSI laser speckle flowmetry. (C) Perfusion quantification. TCT-supplemented mice had significantly higher perfusion in the

stroke-affected brain site (n = 9). (D and E) TCT treatment resulted in the detection of more patent vascular structures in the S1 cortex by FITC-lectin at 48 h after MCAO. After

48 h of post-MCAO reperfusion, FITC-conjugated lectin was injected directly into the left ventricle of the heart. Tenminutes after the lectin injection, themice were euthanized,

and brains were collected in OCT. (D) Representative fluorescence micrographs of stroke-affected S1 cortex from PBO and TCT mice. The inset images (indicated by white

dashed lines) show a zoomed-in view of the selected region on the right. Scale bars, 50 mm. (E) Quantification of lectin-perfused vessel length (mm2 area, n = 5). Data are

shown as mean ± SEM.
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brain uncovered a mechanistic pathway heretofore unknown to
regulate cerebrovascular perfusion.

RESULTS
TCT supplementation improved perfusion at the stroke-affected

site by inducing miR-1224

Laser speckle imaging (LSI) analyses showed significantly higher cere-
brovascular perfusion in the stroke-affected site of the brain at 48 h after
middle cerebral artery occlusion (MCAO) in TCT-supplemented mice
compared with placebo (PBO)-supplemented mice (Figures 1A–1C).
Endothelial binding of fluorescein isothiocyanate (FITC)-lectin re-
vealed cerebrovascular structures in the stroke-affected brain tissue.
TCT supplementation improved the abundance of vascular structures
in the stroke-affected S1 cortex at the stroke-affected site (Figures 1D
and 1E). No differences in perfusion were detected in the contralateral
hemisphere between PBO- and TCT-supplemented mice (Figures S1A
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and S1B). To understand the molecular basis of the effect of TCT on
perfusion at the stroke site, the ipsilateral peri-infarct area and the cor-
responding contralateral area were laser-capture microdissected for
expression profiling of microRNA (Figures 2A–2C). Differentially ex-
pressed miRNAs (Figures 2C and S3A) were identified. These differen-
tially expressed miRNAs were validated by quantitative real-time PCR.
miR-1224, miR-770, and miR-880 were significantly upregulated in
response to TCT supplementation (Figures 2D and S3B). Ingenuity
PathwayAnalysis (IPA) (Figure 2E) of TCT-sensitivemiRNAs revealed
that miR-1224 was the only miRNA that was involved in sprouting
angiogenesis (Figure S3C). miR-1224 was abundant in the brainmicro-
vascular endothelial cells (Figure S2G). IPA also linked other TCT-sen-
sitive miRNAs to the hub miR-1224 in the context of angiogenic func-
tion (Figure 2E). Produced by intronic splicing, miR-1224 is a
mammalian mirtron present in the last intron of the von Willebrand
factor A domain-containing 5B2 (VWA5B2) gene.19

To examine the IPA-predicted significance of TCT-sensitive miR-
1224 in cerebral perfusion, stroke experiments were repeated under
conditions of miR-1224 knockdown. miR-1224 was knocked down
using a lentiviral vector to deliver shRNA (LentimiRa-off-GFP or
LentimiRa-off-mmu-miR-1224-5p, 108 IU/mL). Note that these ex-
periments include injection of a viral vector into the stroke site of
the brain, and therefore baseline values of any reading differ from set-
tings not involving any viral gene delivery, which is known to cause
mild inflammation in the affected tissue.20–22 The viral vector was
delivered to the stroke site of TCT-supplemented mice using stereo-
taxic injection (coordinates:�0.5 mm posterior, +3.5 mm lateral, and
�2.0 mm ventral to bregma). After 7 days of such lentiviral miR-1224
inhibitor delivery, themice were subjected toMCAO, and cerebrovas-
cular perfusion was evaluated using LSI and lectin perfusion. Lentivi-
ral knockdown of miR-1224 was successfully achieved (Figure S3D).
miR-1224 inhibition lowered stroke-site perfusion of TCT-supple-
mented mice (Figures 2F and 2G). Patent vascular structures were
fewer, indicative of lower collateral blood flow (Figures 2I and 2J)
in the stroke-affected brain site. In the context of previous studies
that have reported on the beneficial effects of TCT supplementation
Figure 2.miR-1224 is responsible for the beneficial effects of TCT supplementat

stroke lesion size

(A) Timeline of TCT supplementation, MCAO, and brain harvest. C57BL/6 mice were sup

After 24 h of stroke, coronal slices of brain tissue were collected using a mouse brain mat

areas (2� 106 mm2) of the ipsilateral peri-infarct area (PI) and contralateral peri-infarct (co

visualization of differentially expressed miRNAs in TCT-supplemented murine brain usin

linear, with green representing the lowest and red representing the highest expression.

that miR-1224, miR-770-3p, and miR-880 were upregulated in TCT-supplemented pos

that of U6 snRNA. (E) Biofunction analysis of differentially expressed TCT-sensitive m

miR that was called as being involved in angiogenesis. For knockdown of miR-1224 in

(108 IU/mL) was delivered to the cortex of mice using stereotaxic injection. After 7 da

cerebrovascular perfusion imaging of the dorsal surface of the brain was acquired in

flowmetry. (F) Representative tracings for perfusion assessment. (G) Perfusion quantific

site (n = 7 and 6). (H–K) In TCT-supplemented mice, miR-1224 inhibition downregula

in S1 cortex as detected by FITC-lectin perfusion (I and J, n = 6 and 4). The inset images (

bottom. Scale bars, 50 mm. Delivery of miR-1224 inhibitor worsened the stroke-induce

(K) and lesion area quantitation (H, n = 7 and 7). Data are shown as mean ± SEM.
on stroke-induced brain injury,7–9 it was noted that tissue injury of
TCT-supplemented mice was worsened under conditions of miR-
1224 knockdown (Figures 2H and 2K).

Proangiogenic miR-1224

Brain endothelial cells were studied to test possible angiogenic effects
of miR-1224. Thus, Matrigel tube formation assay was performed us-
ing primary brain microvascular endothelial cells (pMBMECs) (Fig-
ure 3) or bEnd.3 cells (Figure S4). pMBMECs were transfected with
control mimic or miR-1224 mimic for 72 h. Delivery of mimic was
effective in significantly augmenting miR-1224 levels (Figure 3B).
These cells showed significantly higher angiogenic properties (Fig-
ure 3A). Delivery of miR-1224 bolsteredMatrigel tube formation. To-
tal tube length (Figure 3C), number of nodes (Figure 3D), number of
junctions (Figure 3E), and number of meshes (Figure 3F) were
increased in cells rich in miR-1224. Consistent proangiogenic effects
of miR-1224 were noted in bEnd.3 cells (Figure S4).

Functional significance of miR-1224 in stroke in vivo

To understand the functional significance of miR-1224 in stroke, con-
trol mimic (pLenti-III-mir-GFP control miRNA) or miR-1224 mimic
(pLenti-III-mmu-miR-1224 (108 IU/mL) was stereotaxically delivered
to the S1 cortex (Figure 4A) 72 h before stroke surgery. ThemicroRNA
delivery significantly elevated brain tissue miR-1224 levels (Figure S5).
After 72 h of miR-1224 mimic delivery, the mice were subjected to
MCAO. LSI analysis revealed significant increase in blood perfusion
levels in miR-1224 mimic-delivered stroke-affected brain (Figures 4B
and 4C). A significant increase in patent vascular structures in the
stroke-affected site of the brain was noted as detected by FITC-lectin
perfusion (Figures 4D and 4E). MRI analysis of stroke-induced brain
tissue injury demonstrated a protective effect of the miR-1224 mimic
(Figures 4F and 4G). The study of post-stroke functional outcome
was conducted by assessment of spontaneous locomotor activity of
the stroke-affected mice at baseline and 48 h post-stroke. In this
open-field test, the miR-1224 mimic markedly improved outcomes
(Figures 4H and 4I). In response to miR-1224 mimic delivery,
stroke-affected mice moved faster, farther, and for a longer duration.
ion on post-stroke cerebrovascular perfusion of the stroke site aswell as on

plemented with PBO (vehicle) or TCT (50 mg/kg bw) for 10 weeks before MCAO. (B)

rix. OCT-embedded slices were subsequently cut in 12-mm-thick sections. Matched
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g NanoString nCounter miRNA expression assays. The color code in the heatmap is
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t-stroke murine brain (n = 7 and 9). The miRNA expression level was normalized to

icroRNAs using the Ingenuity Pathway Analysis (IPA) tool. miR-1224 was the only

TCT-supplemented mice, LentimiRa-off-GFP or LentimiRa-off-mmu-miR-1224-5p

ys of such gene silencing, mice were subjected to MCAO. Real-time, noninvasive,

mice during occlusion and at 48 h of perfusion using PeriScan PSI laser speckle

ation. miR-1224 inhibitor significantly lowered perfusion in the stroke-affected brain

ted stroke-site perfusion as well as the abundance of patent vascular structures

indicated by white dashed lines) show a zoomed-in view of the selected region on the

d brain injury in TCT-supplemented mice. Representative 9.4 T MRI (48 h) images
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Figure 3. miR-1224 exhibited proangiogenic effects in mouse primary brain microvascular endothelial cells

Matrigel tube formation was visualized by phase-contrast microscopy at 18–24 h in control mimic- or miR-1224 mimic-transfected cells. pMBMECs transfected with control

mimic or miR-1224 mimic were plated on Matrigel 72 h after transfection. (A) Representative images of tube formation in control- and miR-1224 mimic-transfected

pMBMECs. Scale bars, 100 mm. (B) Real-time PCR analysis of miR-1224 after transfection of miR-1224 mimic (n = 5 and 6). (C–F) Angiogenic parameters were quantified

(n = 7 and 8) using ImageJ software and the Angiogenesis Analyzer plug-in tool. (C) Total tube length, (D) number of nodes, (E) number of junctions, and (F) number of meshes.

Data are shown as mean ± SEM.
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Anti-angiogenic Serpine1 is a target of miR-1224

With the objective of understanding the molecular mechanisms
responsible for the proangiogenic effects of miR-1224, murine brain
microvascular endothelial cells were studied. The simultaneous
screening of 53 murine angiogenesis-related proteins identified po-
tential miR-1224 targets (Figure 5A). Histogram protein expression
profiles were generated for such targets (Figure S6A). Serpine1
emerged as a candidate target of miR-1224. To test whether Serpine1
is indeed a target of miR-1224, standard target validation tests were
performed. Delivery of miR-1224 to brain endothelial cells lowered
SERPINE1 expression (Figures 5B and 5C). Next, we performed in sil-
ico studies to test whether Serpine1 can be a potential target of miR-
1224 as predicted by the miRWalk, TargetScan, PicTar, miRDB,
miRanda, RNA22, and PITA algorithms.23–27 In silico analyses of
280 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
the SERPINE1 30 UTR revealed binding sites for miR-1224
(Figures 5D and S6B). To determine if Serpine1 is targeted by miR-
1224, a reporter assay was performed on a construct with the lucif-
erase gene with the 30 UTR of SERPINE1. Elevated levels of miR-
1224, via mimic delivery in bEnd.3 cells with the wild-type SERPINE1
30 UTR, suppressed luciferase activity (Figure 5E). This silencing ef-
fect was not observed following mutation of the miR-1224 binding
site on the 30 UTR of SERPINE1 (Figure 5E). These findings demon-
strate miR-1224-mediated silencing of Serpine1. Taken together, it is
thus established that Serpine1 is a target of miR-1224 in brain endo-
thelial cells.

Downregulation of Serpine1 augmented the angiogenic response of
the miR-1224 mimic in the murine brain endothelial cells. To



Figure 4. Delivery of miR-1224 mimic to the brain improved

cerebrovascular blood flow at the stroke-affected site and

protected against stroke

(A) Timeline of miR-1224 delivery, MCAO, LSI, MRI, and brain

harvest. Targeted delivery of pLenti-III-mir-GFP control miRNA

(pLenti-GFP) or pLenti-III-mmu-miR-1224 (pLenti-miR-1224,

108 IU/mL) to the MCA-supplied S1 cortex of C57BL/6 mice was

achieved by stereotaxic injection using a Hamilton syringe con-

nected to a nano-injector. After 72 h of such gene delivery, the

mice were subjected to MCAO. Real-time, noninvasive, cerebro-

vascular perfusion imaging of the dorsal surface of the brain was

acquired in the mice during occlusion and at 48 h of perfusion

using PeriScan PSI laser speckle flowmetry. (B) Laser speckle

images collected 48 h post-stroke. (C) Quantification of perfusion

as evident in (B); n = 6. (D) miR-1224 delivery improved FITC-

lectin perfusion to S1 cortex at the stroke-affected site 48 h

post-stroke. The inset images (indicated by white dashed lines)

show a zoomed-in view of the selected region on the right. Scale

bars, 50 mm. (E) Quantification of lectin-perfused vessel length

(mm2 area, n = 6). (F) Representative 9.4 T MRI (48 h post-stroke)

images and (G) lesion area quantitation (n = 6). (H)

Representative track plots from baseline and 4 8h post-stroke.

Tracks start at blue dots and end at red dots. (I) Delivery of miR-

1224 mimic significantly improved distance traveled, mean

speed, and time mobile (n = 5) compared with control. Data are

shown as mean ± SEM.
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Figure 5. Serpine1 is a target of miR-1224

(A) Angiogenic protein array showing the difference in control mimic- andmiR-1224mimic-transfected bEnd.3 cells. The ProteomeProfilerMouse Angiogenesis Array Kit (cat. no.

ARY015) was used to simultaneously assess the relative levels of 53mouse angiogenesis-related proteins. (B) SERPINE1 protein (n = 9) and (C) Serpine1 transcript abundance in

miR-1224mimic-delivered cells (n = 6). (D) Binding site tomouse transcript ENSMUST00000041388-30 UTRposition 652–674 tomiR-1224-5p (MIMAT0005460); binding energy

�30.5 kcal/mol. Proposed binding sites for miR-1224 were identified in the SERPINE1 30 UTR that was inserted into theGaussia luciferase plasmid vector (wild type). The pEZX-

MT05 vector also contains the secreted Gaussia luciferase (GLuc) open reading frame, driven by the SV40 promoter, as a reporter of the 30 UTR expression, and a secreted

alkaline phosphatase (SEAP) reporter, driven by a CMVpromoter, as an internal control. (E) Quantification of luciferase reporter assay (n = 12) of wild-type andmutated versions of

the miR-1224 binding site on the SERPINE1 30 UTR. GLuc activity and alkaline phosphatase activity were assayed after 48 h of transfection using GeneCopoeia’s Secrete-Pair

dual luminescence assay kit. Percentage change in GLuc activity was calculated after normalizing to alkaline phosphatase activity. Data are shown as mean ± SEM.
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specifically link lower Serpine1 to angiogenic responses, specific SER-
PINE1 siRNA was delivered to brain endothelial cells (Figures 6A–
6F). In the interest of rigor, an additional small-molecule inhibitor
of SERPINE1, TM5441,28 was also tested (Figures 6G–6K). siRNA-
dependent knockdown of SERPINE1 was successful (Figures 6B
and S7A). Matrigel tube formation assay run with pMBMECs (Fig-
ure 6) or bEnd.3 cells (Figure S7) established that lowering of Serpine1
bolstered angiogenic outcomes (Figures 6A–6F and S7B–S7F). Ser-
pine1 inhibition resulted in increased total tube length (Figures 6C,
6H, S7C, and S7H), number of nodes (Figures 6D, 6I, S7D, and
S7I), number of junctions (Figures 6E, 6J, S7E, and S7J), and number
of meshes (Figures 6F, 6K, S7F, and S7K).

SERPINE1 inhibition improved stroke outcomes in vivo

The Serpine1 gene encodes the protein plasminogen activator inhib-
itor 1 (PAI-1). TM5441 inhibits PAI-1.28–30 The experimental design
to test the effects of inhibition of SERPINE1 on stroke outcomes is de-
282 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
picted in Figure 7A. The inhibition of SERPINE1 increased cerebro-
vascular blood flow at the stroke-affected site and protected against
stroke. LSI analysis revealed significant increase in blood perfusion
levels in the stroke-affected brain of the TM5441-treated group
(Figures 7B and 7C). Significantly increased FITC-lectin perfusion
in vessels was also observed following such treatment (Figures 7D
and 7E). MRI analyses, 48 h after MCAO, revealed that TM5441 pro-
tected against stroke-induced brain lesion (Figures 7F and 7G).
Spontaneous locomotor activity assessed at baseline and 48 h post-
stroke with an open-field test demonstrated marked improvement
in TM5441-treated mice (Figures 7H and 7I). Mice moved faster,
farther, and for a longer duration compared with controls.

DISCUSSION
Following stroke, injury to the brain tissue is exacerbated by a fibrin
clot.31–33 Physiological defense against such threat is afforded by uro-
kinase plasminogen activator (uPA) and tissue-type plasminogen



(legend on next page)
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activator (tPA). PAI-1 inhibits these defense systems in the context of
stroke. Thus, downregulation of PAI-1 in such context is desirable.
PAI-1, also known as endothelial plasminogen activator inhibitor
or Serpine1, is a human protein and, in humans, is encoded by the
SERPINE1 gene. SERPINE1 belongs to the serine proteinase inhibitor
(serpin) superfamily. Over a decade ago SERPINE1 was recognized as
a stroke-risk gene.34 In MCAO-based experimental stroke, murine
Serpine1 gene expression is induced in both males and females.35

PAI-1 gene deficiency attenuates ischemic brain injury following
experimental stroke.36 Downregulation of inducible PAI-1 expression
also improves recovery after acute ischemic stroke.37 A recent work
investigating the protective effect of dauricine against murine
MCAO-based stroke identified inhibition of SERPINE1 by dauricine
as its primary mechanism of action. A chemotactic effect of SER-
PINE1 responsible for exacerbation of stroke-related neuroinflamma-
tion by enhanced recruitment of peripheral neutrophil has been re-
ported.38 The study of established biomarkers of death from
ischemic stroke versus stroke survival revealed SERPINE1 as part of
a highly connective protein-protein interaction network associated
with death caused by ischemic stroke.39 In patients with pseudoxan-
thoma elasticum, a rare autosomal recessive disorder caused by path-
ogenic variants in the ABCC6 gene, a 4G/4G SERPINE1 genotype
contributes to an added risk for developing ischemic stroke.40 This
work, the primary objective of which was to identify the molecular
mechanism of action of a lesser-known isoprenoid form of natural
vitamin E, TCT, recognized inhibition of Serpine1 as a major mech-
anism of action. What is strikingly interesting about this finding is
that Serpine1 is causatively connected to the negative regulation of
perfusion of the affected brain site following stroke. This constitutes
the first evidence assigning cerebrovascular function to Serpine1.
The significance of this observation is heightened by reports establish-
ing that, in the context of tumor biology, Serpine1 or PAI-1 displays
provascular functions.41–44

Elevated expression of SERPINE1 has been associated with several
cancers.45 Thus, mechanisms underlying post-transcriptional
silencing of this gene have drawn much interest. The study of a num-
ber of healthy and diseased cells shows that the significance of
SERPINE1 depends on the cell compartment in question. Earlier
studies reporting on this gene in human keratinocytes assigned it a
wound repair function.46,47 Yet, in cancer cells, it contributes to cell
proliferation, migration, and metastases.45 In tumors, extravascular
fibrin provides a scaffolding function to harbor and support endothe-
lial cell growth and motility as required for angiogenesis. The study of
mice with targeted disruption of Tgfbr2 in the endothelium demon-
Figure 6. Downregulation of Serpine1 induced angiogenic response in mouse

Matrigel tube formation was visualized by phase-contrast microscopy at 18–24 h in con

siRNA (control siRNA) or SERPINE1 siRNA were plated on Matrigel 72 h following trans

Scale bars, 100 mm. (B) SERPINE1 protein (ELISA) after transfection of SERPINE1 siRNA

the Angiogenesis Analyzer plug-in tool. (C) Total tube length, (D) number of nodes, (E) n

Alternative studies were conducted with the SERPINE1 inhibitor TM5441. (G) Tube form

Angiogenic parameters were quantified (n = 8) using ImageJ and the Angiogenesis Ana

and (K) number of meshes. Data are shown as mean ± SEM.
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strated that TGF-b signaling-dependent induction of Serpine1 is
necessary for tumor angiogenesis. Post-transcriptional silencing of
Serpine1 by miR-30c inhibited tumor angiogenesis.48 Furthermore,
independent work has demonstrated that members of the miR-30
family of miRNAs target the Serpine1 gene and regulate endothelial
cell morphogenesis.49–51 miR-30b downregulation is associated with
high-serum PAI-1 under conditions of neonatal hypoxic-ischemic
encephalopathy.52 In human endothelial cells, miR-421 and miR-
30c silence SERPINE1 gene expression.51 In the endothelial cell
compartment, the detrimental effects of PAI-1 have multiple mecha-
nisms of action. In the kidney, PAI-1 causes glomerular endothelial
senescence, which contributes to age-related kidney disease.53

Elevated Serpine1 is associated with metabolic diseases and also
with age-related increase in the occurrence of thrombosis.54–56 Senes-
cent cells characteristically express Serpine1 as part of the senescence-
associated secretory phenotype.57 In sickle-cell disease, high levels of
PAI-1 may cause endothelial dysfunction and exacerbate disease
severity.58 High endothelial PAI-1 may contribute to prothrombotic
events in patients with COVID-19.59 Bacterial products such as lipo-
polysaccharides potently induce PAI-1 by downregulating miR-30c.60

In the life-threatening condition of cytokine release syndrome, as well
as in those suffering from COVID-19, management of high levels of
PAI-1 provided symptomatic relief. IL-6 induced PAI-1 in vascular
endothelial cells, causing endotheliopathy in those affected by cyto-
kine release syndrome.61

Bone marrow mesenchymal stem cells have drawn interest as a ther-
apeutic tool to treat many pathologies, including nontraumatic osteo-
necrosis of the femoral head. A recent work raises the concern that
miR cargo of exosomes derived from these stem cells may upregulate
PAI-1 in vascular cells, which is known to be positively associated
with this disabling orthopedic disease.62 In human umbilical vein
endothelial cells, docosahexaenoic acid, which is known to be a
healthy dietary factor, induced miR-3691-5p to post-transcriptionally
silence SERPINE1.63 In the setting of hepatopulmonary syndrome,
PAI-1 in pulmonary microvascular endothelial cells is a direct target
of miR-145-5p.64 A separate study on human pulmonary microvas-
cular endothelial cells reported on targeting of PAI-1 by miR-30c
and miR-301a.65 In human aortic endothelial cells, PAI-1 silencing
by miR-19b and miR30c provided relief against atherosclerosis.60 In
human coronary artery endothelial cells, miR-17 downregulated
PAI-1 and helped manage hypertension.66 The deleterious effects of
human microvascular endothelial cell PAI-1 on lung fibrosis related
to sickle-cell disease have been managed by miR-301a/miR-454.67

Long noncoding RNAs (lncRNAs) outcompete endogenous RNAs
primary brain microvascular endothelial cells

trol or SERPINE1 siRNA-transfected cells. pMBMECs transfected with nontargeting

fection. (A) Tube formation in control and SERPINE1 siRNA-transfected pMBMECs.

(n = 12). Standard angiogenic parameters were quantified (n = 7) using ImageJ and

umber of junctions, and (F) number of meshes. Data shown as mean ± SEM. (G–K)

ation in control and TM5441 (10 mM, 24 h)-treated pMBMECs. Scale bars, 100 mm.

lyzer plug-in tool. (H) Total tube length, (I) number of nodes, (J) number of junctions,



Figure 7. Small-molecule SERPINE1 inhibition increased

cerebrovascular blood flow at the stroke-affected site

and protected against stroke

(A) Timeline of TM5441 treatment, MCAO, LSI, MRI, and brain

harvest. (B) Real-time, noninvasive, cerebrovascular perfusion

images of the dorsal surface of the brain were acquired in mice

during occlusion and at 48 h post-stroke. (C) Perfusion quan-

tification in TM5441-treated mice showed significantly higher

perfusion in stroke-affected brain (n = 7 and 8). The SERPINE1

inhibitor TM5441 improved FITC-lectin perfusion to the S1

cortex at the stroke-affected site at 48 h post-stroke. (D)

Fluorescence micrographs of stroke-affected S1 cortex of

control and TM5541-treated mice. The inset images (indicated

by white dashed lines) show a zoomed-in view of the selected

region on the right. Scale bars, 50 mm. (E) Quantification of

lectin-perfused vessel length (mm2 area, n = 7). (F) Represen-

tative 9.4 T MRI (48 h post-stroke) images and (G) percentage

hemisphere lesion volume calculated based on T2-weighted

MRI at 48 h post-stroke (n = 7). (H) Representativemobility track

plots from baseline and 48 h post-stroke of control or TM5441-

treated mice. Tracks start at blue dots and end at red dots.

(I) TM5441 treatment significantly improved 48 h post-stroke

distance traveled, mean speed, and time mobile (n = 6 and 8)

compared with control. Data are shown as mean ± SEM.
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to change the expression levels and downstream function of genes. In
gastric cancer, the lncRNA NKX2-1-AS1 promoted tumor progres-
sion and angiogenesis by upregulating SERPINE1 expression and
activating VEGFR-2 signaling.44

Heretofore, endothelial miR-1224 has been reported in a few publica-
tions, none of which involves the brain. This work presents the
maiden report that miR-1224 exists in the brain in a way that is induc-
ible by the TCT form of dietary natural vitamin E. A substantial body
of literature supports the potent neuroprotective and stroke-thera-
peutic functions of TCT.7–10,68 More recent work involving angio-
scopy of the canine stroke-affected brain highlights the involvement
of TCT in improving cerebrovascular perfusion of the stroke-affected
site.9,15 This work reveals Serpine1 as an angiostatic factor in the
stroke-affected brain. Such finding, although opposing the vast liter-
ature on the proangiogenic effects of Serpine1 in tumor biology, is
consistent with observations of Serpine reported from scenarios not
involving the central nervous system or cancer (Figure S8). In human
umbilical vein endothelial cells, PAI-1 binds to eNOS to inhibit eNOS
function, which is known to be necessary for angiogenesis.69 This, un-
like observations discussed above in the tumor biology setting, assigns
an angiostatic function to PAI-1.69,70 Both eNOS and tPA are nega-
tively regulated by PAI-1. Thus, low PAI-1 conditions would favor
optimal and augment functioning of eNOS and tPA simultaneously.
Such conditions, also achieved by statin treatment, are known to
improve ischemic stroke outcomes.71 The angiostatic effects of
PAI-1 have been evident in the setting of myocardial infarction.72

The significance of the findings of this work should account for the
inherent limitations and strengths. The favorable effects of TCT
against stroke, as reported in this work, are specifically relevant to
the prophylactic use of TCT. TCT is generally recognized as safe by
the US FDA (GRAS no. 307). It may therefore be taken as a dietary
supplement or food component. Long-term intake of TCT is known
to enrich the lipophilic tissue, followed by sustained slow release to
the circulation. Thus, in a prophylactic setting, this approach is likely
to be beneficial as reported in a recent clinical study on patients who
had suffered from mini-stroke and were therefore at a high risk of a
major stroke.10 On the use of TM5441 and miR-1224 mimic/inhibi-
tors, please note that these were used as research reagents to test a
mechanistic hypothesis. Extensive safety studies would be needed
before these can be considered for use as therapeutic drugs.

Direct targeting of Serpine1 by miR-1224 can improve perfusion of
the stroke-affected brain. This addition to the larger landscape of
the molecular basis of TCT protection against stroke is substantial
because of the recently reported beneficial effects of dietary TCT sup-
plementation on a cohort of 150 patients who had already suffered a
mini-stroke and were therefore at a high risk for stroke.10 Further-
more, because of the known neurodegenerative properties of fibrin
clots,31–33 the findings of this study provide the first intersection of
TCT-sensitive mechanistic pathways that may be directly related to
neuroprotective as well as provascular functions of natural vitamin
E TCT in the context of ischemic stroke.
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MATERIALS AND METHODS
Animal experiments

Male C57BL/6 mice were purchased from The Jackson Laboratory.
All animal studies were performed in accordance with protocols
approved by the Laboratory Animal Resource Center of Indiana Uni-
versity. Mice were maintained under standard conditions at 22�C ±

2�C with 12 h light/dark cycles and access to food and water ad libi-
tum. No statistical methods were used to pre-determine the sample
size. Power analysis was not necessary for this study. The animals
were tagged and grouped randomly using a computer-based algo-
rithm (www.random.org). For supplementation studies, mice were
randomly divided into two groups, control and supplemented. The
control group (PBO; vitamin-E-stripped corn oil) or test group
(TCT; TCT-rich fraction of palm oil, 50 mg/kg body weight,
ExcelVite, Malaysia) was orally gavaged for 10 weeks as described
previously.6–8
Gene delivery to the brain

To overexpress miR-1224 in mouse brain, pLenti-III-miR-GFP or
pLenti-III-mmu-miR-1224-5p, miR-1224 lentiviral delivery to the
male mouse brain cortex using stereotaxic injection (8 mL of
1.0 � 108 IU/mL; Applied Biological Materials, Richmond, BC, Can-
ada) was done as described previously.6,73–75 MCAO was performed
to cause stroke in these mice 3 days after pLenti-III-mmu delivery. To
achieve miR-1224 knockdown, LentimiRa-off-GFP or LentimiRa-off-
mmu-miR-1224-5p was delivered as above to the brain cortex.
MCAO was performed in mice 7 days after LentimiRa-off-mmu
delivery.
Small-molecule SERPINE1 inhibitor treatment

Serpine1 is a serine (or cysteine) peptidase inhibitor (Gene ID:
18787), also known as PAI-1. Mice were treated with the small-
molecule SERPINE1 inhibitor TM5441 (R&D Systems, Minne-
apolis, MN). TM5441 (5-chloro-2-[[2-[2-[[3-(3-furanyl)phenyl]
amino]-2-oxoethoxy]acetyl]amino]benzoic acid sodium salt) was
dissolved in DMSO, stored at �20�C, and diluted in saline before
use. TM5441 (5 mg/kg) was administered by an intravenous (i.v.)
injection 15 min before post-MCAO reperfusion. Control mice
group received DMSO diluted in saline.
MCAO experimental murine stroke

Transient focal cerebral ischemia was induced by MCAO as previ-
ously described.6,8,73–77 Briefly, mice were anesthetized by inhaling
isoflurane, and 6-0 nylon monofilament was inserted into the internal
carotid artery via the external carotid artery. Next, the filament tip
was positioned for occlusion at a distance of 6 mm beyond the inter-
nal carotid artery-pterygopalatine artery bifurcation. Once the fila-
ment was secured, the incision was sutured, and the occlusion was
verified by LSI. Mice were allowed to recover from anesthesia in their
cage. After 60 min of occlusion, the animal was briefly re-anesthe-
tized, and reperfusion was initiated by withdrawal of the filament
from MCA. Following stroke induction, subcutaneous injections
of warmed saline were given to mice demonstrating signs of

http://www.random.org
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dehydration, and hydrogel was provided to mice in addition to stan-
dard pellet food and water to promote nutrition uptake.76 In total, 125
mice were used for all experiments. A total of 24 mice were excluded
due to no stroke, hemorrhage, subcortical stroke, or death.

Laser speckle imaging

Mice were anesthetized and placed on a warm plate maintained at
37�C. After respiration was stabilized, perfusion recordings were per-
formed using a PeriCam PSI Z system or PeriCam LSI HR system
(Perimed, Sweden) per the manufacturer’s instructions. Briefly, a
785 nm laser was used to illuminate the surface of the skull and the
scattered light was recorded using a 2,048 � 2,048 (PSI Z system)
or 752 � 580 (LSI HR system) pixel-resolution camera at a working
distance of 10–12 cm and a maximum frame rate of 113 fps. Blood
perfusion was calculated by analyzing the variations in the speckle
pattern. From the real-time perfusion graphs, time-of-interest
(TOI) was chosen to include lower peaks only to exclude respiratory
motion-related artifacts. Average perfusion was calculated by using
PimSoft v.1.5 software (Perimed, Sweden).

Magnetic resonance imaging and infarct volume determination

For infarct volume determination, T2-weighted imaging was per-
formed on stroke-affected mice using a horizontal-bore 9.4 T Biospec
pre-clinical MRI system (Bruker BioSpin MRI, Germany) as
described previously.6,73–75 For stroke volume calculations, raw
MRI images were converted to digital imaging and communications
in medicine (DICOM) format and read into ImageJ software (NIH).
After matched contrast enhancement of images in ImageJ, digital
planimetry was performed by a masked observer to delineate the
infarct area in each coronal brain slice. Infarct areas from brain slices
were summed, multiplied by slice thickness, and corrected for edema-
induced swelling as previously described, to determine infarct
volume.6,73,75

Open-field test

Spontaneous sensorimotor activity was assessed at baseline (pre-
MCAO) and 48 h after stroke as described previously.6,73,75,76 In brief,
mice were placed in the center of a 1� 1 m open field and allowed to
freely move for 5 min while being recorded by an overhead camera
using ANY-maze video tracking software (v.4.5; Stoelting, Wood
Dale, IL). The system software calculated distance, mean speed, and
time mobile for baseline and 48 h post-stroke time points.

Lectin perfusion of patent cerebrovascular structures

After 48 h of stroke, lectin perfusion was performed as described pre-
viously.78 In brief, mice were deeply anesthetized using isoflurane, the
thoracic cavity was opened, and 100 mg of FITC-conjugated tomato
lectin (Sigma Aldrich; L0401) in 100 mL volume was injected directly
into the left ventricle of the heart. Ten minutes after the lectin injec-
tion, the mice were euthanized, and brain tissue was sliced coronally
using a brain matrix (Ted Pella, Redding, CA) and embedded in
optimal cutting temperature compound (OCT) and cryosectioned
at 10 mm thickness. Tissue sections were fixed with acetone. DAPI
was used to stain the nucleus using Invitrogen ProLong Gold Antifade
mounting medium. The slides were scanned using Zeiss Axio Scan.Z1
and analyzed using Zen Blue 2.3 software. The regions of interest were
analyzed for quantifying the total vessel length using the distance tool.

RNA isolation/NanoString profiling

miRNA expression analysis was performed using the NanoString
nCounter miRNA expression assays (NanoString Technologies, Seat-
tle, WA). Matched areas (2 � 106 mm2) of ipsilateral peri-infarct area
or contralateral peri-infarct area were laser captured, catapulted into
lysis buffer, using a laser capture microdissection (LCM) system
(Zeiss PALM Technologies, Germany) as described previously by
our group.6,8,74,79–81 Briefly, OCT-embedded brain tissue samples
were cut into 12-mm-thick sections, stained with hematoxylin and
eosin (H&E), washed with DEPC-H2O, dehydrated in ethanol, cut,
and captured as described.80 For LCM captures involving specific
cell populations, the sections were stained with anti-NeuN (Abcam;
ab190565), anti-GFAP (Abcam; ab49874), or anti-CD31 (Invitrogen;
12-0311-83) antibodies (1:50) for 30 min, subsequently washed with
DEPC-H2O, and dehydrated in ethanol. Stained cells were catapulted
into 25 mL of cell direct lysis extraction buffer (Invitrogen). Approx-
imately 300–500 cells were captured per sample into each cap, and
cDNA synthesis from the lysate was achieved using a Superscript
Vilo cDNA synthesis kit (Thermo Fisher Scientific). RNA from
LCM samples was isolated using the Total RNA Purification Micro
Kit (Norgen Biotek, Thorold, ON, Canada). RNA quality was checked
as described previously.80,82 For NanoString profiling, total RNA
(100 ng) was used as input material, and the assay was performed ac-
cording to the manufacturer’s instructions (NanoString Technolo-
gies, Seattle, WA). miRNA abundance was quantified using the
NanoString mouse miRNA v.1.2 panel, which profiled 598 unique
mature miRNAs. Quality control, normalization, and data analysis
were performed using nSolver Analysis software (NanoString Tech-
nologies). Internal negative control probes included in each assay
were used to determine a background threshold (3 SD above the
mean negative control probe count value) for each sample. Back-
ground was subtracted from raw count values for each probe. Positive
control count values were then used to normalize samples for any dif-
ferences in sample preparation, hybridization, and Prep Station pro-
cessing efficiency. Additional data analysis was performed using
Genespring GX (Agilent Technologies, Santa Clara, CA). All differen-
tially expressed miR were identified using t test with a significance
level set at p < 0.05.2,81,83

Ingenuity Pathway Analysis

The biological functions of differentially expressed TCT-sensitive
upregulated (contralateral versus peri-infract) microRNAs were
analyzed using IPA (Ingenuity Systems) as described previously.84–86

Briefly, the Excel file containing the list of differentially expressed mi-
croRNAs was loaded as a dataset in the IPA software. Core analysis
was then performed to obtain enriched pathways represented by mi-
croRNAs using the Ingenuity Knowledge Base with default settings in
IPA. Both direct and indirect relationships that could affect networks
and upstream regulators were considered. A total of seven bio-
functions were significantly enriched by miR-1224 and miR-770
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(p < 0.05). miR-1224 was the only miR that was involved in sprouting
angiogenesis (p = 0.007).87 The IPA pathway tool was then used to
generate a graphical representation of the biological relationships be-
tween differentially expressed miRs and biofunctions, where nodes
represented genes and edges represented the biological functions.

Cell culture

Mouse pMBMECs were purchased from Cell Biologics (Chicago, IL;
cat. no. C57-6023) and cultured according to the manufacturer’s pro-
tocol. Briefly, pMBMECs were grown on pre-coated gelatin-based
coating solution and maintained in a humidified incubator at 37�C
with 5% CO2 and 95% air. Mouse brain endothelial cells (bEnd.3,
cat. no. CRL-2299; ATCC, Manassas, VA) were cultured in DMEM
(Dulbecco’s modified Eagle’s medium with 4,500 mg/L D-glucose,
1 mM sodium pyruvate, 1,500 mg/L sodium bicarbonate; ATCC,Man-
assas, VA) supplemented with 10% fetal bovine serum, 100 mg/mL
streptomycin, 100 U/mL penicillin, and 0.25 mg/mL amphotericin
(all from Thermo Fisher Scientific). bEnd.3 cells were maintained in
a humidified incubator at 37�C with 5% CO2 and 95% air.

In vitro transfection of miR mimic or siRNA

b.End3 cells (0.12 � 106 cells/well in 12 well plates) or primary brain
microvascular cells (0.2� 106 cells/well in 12 well plates) were seeded
in the medium for 18–24 h before transfection. DharmaFECT 1
transfection reagent was used to transfect cells with miRIDIAN
mmu-miR-1224 mimic or SERPINE1 siRNA as described
previously.6,12,73,74 miRIDIAN miR mimic or siControl nontargeting
siRNA pool (Thermo Fisher Scientific) was used for control transfec-
tions. Samples were collected after 72 h of miRmimic or siRNA trans-
fection for quantification of miR, mRNA, or protein expression for
the indicated time points as specified in the respective figure legends.

RNA isolation and quantitative real-time PCR for mRNA and

miRNA

Total RNA was extracted using the total RNA extraction and purifica-
tion isolation kit according to the manufacturer’s protocol (Norgen
Biotek, Thorold, ON, Canada). ThemRNA expression levels of specific
cell populations (NeuN, GFAP, and CD31) and the housekeeping con-
trol b-actin were quantified by quantitative real-time PCR using the
PowerUp SYBR Green Master Mix. For gene expression studies, total
cDNA synthesis was achieved using the SuperScript VILO cDNA syn-
thesis kit (Thermo Fisher Scientific). For determination of miR expres-
sion, specific TaqMan assays for miRs and the TaqMan MicroRNA
Reverse Transcription Kit were used, followed by real-time PCR using
the Universal PCR Master Mix (Thermo Fisher Scientific). Levels of
miRNA were quantified with the relative quantification method using
U6 as the housekeeping miRNA. The abundance of mRNA for Ser-
pine1 was quantified by real-time PCR by using the PowerUp SYBR
Green Master Mix. Gapdh served as housekeeping control. The
following primer sets were used:

m_Gapdh F: 50-ATGACCACAGTCCATGCCATCACT-30

m_Gapdh R: 50-TGTTGAAGTCGCAGGAGACAACCT-30
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m_Serpine1 F: 50-CCTCTTCCACAAGTCTGATGGCC-30

m_Serpine1 R: 50-GCAGTTCCACAACGTCATACTCG-30

m_NeuN F: 50-CCAGGCACTGAGGCCAGCAC-30

m_NeuN R: 50-ACATTTGCCGCAGGTCGGGG-30

m_GFAP F: 50-CACCTACAGGAAATTGCTGGAGG-30

m_GFAP R: 50-CCACGATGTTCCTCTTGAGGTG-30

m_CD31 F: 50-CCAAAGCCAGTAGCATCATGGTC-30

m_CD31 R: 50-GGATGGTGAAGTTGGCTACAGG-30

m_b-actin F: 50-AGAGGGAAATCGTGCGTGAC-30

m_b-actin R: 50-CAATAGTGATGACCTGGCCGT-30

Matrigel tube formation assay

In vitro angiogenic responses were assessed by the tube-forming abil-
ity on Matrigel as described previously.79,86,88,89 Briefly, endothelial
cells were treated with TM5441 (10 mM) or transfected with controls,
miR-1224 mimic, or SERPINE1 siRNA. Three days after transfection
or 24 h after TM5441 treatment, the cells were seeded on Matrigel
pre-coated four-well plates at 8� 104 cells/well. The angiogenic prop-
erties were assessed 8–10 h (bEnd.3 cells) or 24 h (primary endothelial
cells) after plating on Matrigel. Images were acquired after the indi-
cated period of time on a Leica DMi1 microscope (5�magnification;
Leica Microsystems, Buffalo Grove, IL). All images of tube formation
were analyzed using the pre-set Angiogenesis Analyzer plug-in tool of
ImageJ analysis software.90–92 The parameters evaluated were num-
ber of nodes (branching points), number of junctions (junctions
with three or more furcated branches), number of meshes (the closed
loops), and the total length of the capillary network.

Angiogenesis profiler array

Cell extracts collected from transfected b.End3 cells were subjected
to a proteome profiler array using a mouse angiogenesis array kit
(ARY015; R&D Systems, Minneapolis, MN). Briefly, for protein isola-
tion, cell lysate was prepared by pooling six wells of a 12-well plate per
sample. The array procedure and data analysis were performed ac-
cording to the manufacturer’s protocol. The arrays were imaged
with an Azure Biosystems Imager c600 (Dublin, CA) and quantifica-
tion of signal intensity was performed using ImageJ.

miR-target 30 UTR luciferase reporter assay

b.End3 cells (0.06 � 106 cells/well) were seeded in 24-well plates for
18–24 h before transfection. mimic-miR-1224 was transfected into
b.End.3 cells using the DharmaFECT 1 transfection reagent for
48 h, followed by transfection with SERPINE1 30 UTR plasmids using
Lipofectamine 3000 (Thermo Fisher Scientific). Gaussia luciferase
(GLuc) activity and alkaline phosphatase activity were assayed after
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48 h of transfection using GeneCopoeia’s Secrete-Pair Dual Lumines-
cence Assay Kit (LF031) according to themanufacturer’s instructions.
Percentage of GLuc activity was calculated after normalizing to alka-
line phosphatase activity.
Enzyme-linked immunosorbent assay

SERPINE1 levels were measured using a commercially available
ELISA kit (DY3828-05; R&D Systems, Minneapolis, MN) following
the manufacturer’s protocol as previously described.93
Statistical analyses

All statistical analyses were performed using GraphPad Prism soft-
ware (version 9.0; GraphPad Software, San Diego, CA). The DDCt
value was used for statistical analysis of all quantitative real-time
PCR data. “n” indicates the sample size (mice) in each group. Data
are presented as the mean ± SE. Differences between means were
tested using Student’s t test or ANOVA followed by Sidak’s multiple
comparisons test as appropriate. A value of p < 0.05 was considered
statistically significant and exact p values are indicated in all relevant
figures.
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