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MicroRNA-141-3p plays a detrimental role in the pathology of
ischemic stroke, presenting a new target for stroke treatment.
This study introduces and validates a novel class of peptide nu-
cleic acid (PNA)-based miR-141-3p inhibitors known as serine
gamma PNA-141 (sgPNA-141) for ischemic stroke treatment.
After synthesis, physicochemical characterization, and nanopar-
ticle encapsulation of sgPNA-141, we compared its safety and ef-
ficacy with traditional phosphorothioate- and regular PNA-
based anti-miR-141-3p (PNA-141) in vitro, followed by detailed
in vivo and ex vivo efficacy testing of sgPNA-141 for treating
ischemic stroke using amousemodel. sgPNA-141 demonstrated
higher affinity and specificity toward miR-141-3p, and when
applied post-stroke, demonstrated decreased brain damage,
enhanced neuroprotective proteins, reduced tissue atrophy,
swift improvement in functional deficits, and improvement in
learning and memory during long-term recovery. Overall, our
data show sgPNA-141 has neuroprotective and neuro-rehabili-
tative effects during stroke recovery. Furthermore, we demon-
strated sgPNA-141’s effects are mediated by the TGF-
b-SMAD2/3 pathway. In summary, the present findings suggest
that sgPNA-141 could be a potentially novel and effective ther-
apeutic modality for the treatment of ischemic stroke.
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INTRODUCTION
Ischemic stroke is the leading cause of long-term disability around the
world and is characterized by the sudden onset of neurological deficits
following stroke.1 Disability resulting from stroke poses a significant
economic burden on both the victims and their family members.
Despite recent advancements, there is a notable absence of therapeu-
tic drug interventions to mitigate brain damage and facilitate post-
stroke recovery. The existing therapeutic gap underscores the press-
ing need to identify and validate new targets and synthesize novel
experimental drugs aimed at enhancing stroke recovery.

Small RNAs such as microRNAs (also known as miRNAs or miRs)
have been identified as promising therapeutic targets due to their po-
tential regulatory roles in multiple diseases, including stroke.2,3 Sin-
gle-stranded mature miRs bind to the 30 untranslated region (UTR)
of mRNAs through complementary sequences, inducing either
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mRNA decay or translation inhibition.4,5 A single miR often regulates
multiple downstream target mRNA, and its function is highly
conserved across species. Together, these unique features render
miRs a potential therapeutic target for neurological disorders,
including ischemic stroke.6

In 2008, Jeyaseelan et al. conducted the first miR profiling study in ce-
rebral ischemia, catalyzing promising research on miRs in the context
of ischemic stroke.7 Following ischemic stroke, several profiling
studies showed dysregulation of various miRs, including miR-124,
miR-424, miR-let-7c-5p, miR-155, miR-181c, and miR-132, in
different tissues and body fluids.8 A few studies have attempted to
demonstrate the in vivo efficacy of modulating these miRs to mitigate
post-stroke injury, but these remain limited to acute outcomes.9,10 To
date, few studies have studied the impact of commercially available
synthetic miR inhibitors or miR-based sponges on neuroprotection
and long-term behavioral recovery following stroke.10,11

In prior studies, we found thatmiR-141-3p expression was significantly
upregulated in mice brain tissue for up to 2 weeks after an ischemic
stroke.12 Our work revealed that blocking miR-141-3p with systemic
administration of the commercially available inhibitor for miR-141-
3p reduced stroke-induced acute infarct injury.12,13 Furthermore,
anti-miR-141 treatment also rescued from the detrimental effect of
post-stroke social isolation in aged animals, the population most at
risk for stroke and post-stroke isolation.12 Despite these promising re-
sults and the availability of various miR-141-3p inhibitors, the thera-
peutic interventions of miR inhibitors face several limitations. These
include the need for viral or non-viral transfection reagents for cell
penetration, in vivo instability, and toxicity.14 In a nutshell, these chal-
lenges highlight the need for the development of a different class of miR
inhibitors that overcome the aforementioned limitations.
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Figure 1. Synthesis and characterization of serine gamma PNA-based NPs containing anti-miR-141-3p sequences

Chemical structure of sgPNA and the oligomer sequence of sgPNA-141 and scramble sgPNA-141 (scr-control) (A and B). Mean hydrodynamic diameter and polydispersity

index (PDI) were measured using dynamic light scattering (DLS), and the surface charge was assessed using zeta potential (C–E). sgPNA-141 loading analysis and cu-

mulative release profile data of sgPNA-141 and scr-sgPNA (F and G). All experiments performed in triplicates. Data are shown as mean ± standard deviation (SD).
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Among the different classes of anti-miR moieties, phosphorothioate
(PS) is a well-known first-generation modified antisense oligonucleo-
tide (ASO) in which a sulfur atom replaces non-bridging oxygen.15 PS
molecules can degrade the target RNA by RNase H cleavage activity.16

Similarly, peptide nucleic acids (PNAs) are another family of ASOs in
which modification occurs in the PNA backbone.17 In regular PNAs,
the sugar-phosphate backbone is swapped by a peptide that provides
nuclease resistance and high binding affinity due to a neutral charge.18

PNAs block the interaction of target mRNAwith the ribosome by ste-
ric hindrance.19 PNAs have been widely utilized to specifically target a
variety of miRNAs that are overexpressed in cardiovascular diseases
and cancers.20,21 In this study, we use serine gamma PNAs (sgPNAs),
which are advanced andmodified PNAs in which a chiral center at the
gamma position of the PNA backbone is installed. This modification
preorganizes the PNA into a right-handed helical conformation,
which further enhances its binding affinity to complementary target
sites viaWatson-Crick base pairing. sgPNA contains a hydroxy group
as a side chain at the gamma position of the backbone, further
enhancing their solubility and binding affinity compared with regular
PNA.22 In a comparative study of the efficacy of short anti-seed reg-
ular PNA, diethylene glycol gamma PNA and sgPNA conjugated to
pH-low insertion peptide have been tested after systemic delivery.23

The serine gamma-modified PNAs exhibited greater thermal melting
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temperature than regular PNA, suggesting that sgPNA-based anti-
miRs have enhanced binding affinity (Figure 1; Table S1). Hence,
here, we synthesized, developed, and optimized a next-generation,
chemically modified PNA-based anti-miR-141-3p called serine
gamma PNA-141 (sgPNA-141) for stroke therapy. We encapsulated
sgPNA-141 in poly(lactide-co-glycolide) (PLGA)-based nanopar-
ticles (NPs) to facilitate cellular uptake. We hypothesized that due
to the high affinity of sgPNA-based inhibitors for miR-141-3p, these
inhibitors will be more potent and effective neuroprotective agents.
To test our hypothesis, we delivered the NPs containing sgPNA-
141 inhibitor in the mice after ischemic stroke induced by the middle
cerebral artery occlusion (MCAo) method. We also assessed acute
and long-term recovery and tested downstream targets of miR-141-
3p to unravel its mechanism of action. To our knowledge, this is
the first report to evaluate NPs containing sgPNA-based miR-141-
3p inhibitors for treatment of ischemic stroke and the first to evaluate
both acute and long-term impacts of any miR-141-3p inhibitors.

RESULTS
Design and synthesis of sgPNA-based anti-miR-141-3p probes

Our prior study in C57BL/6 mice showed persistently elevated miR-
141-3p levels for 2 weeks after stroke.12 In this study, we designed
sgPNA sequences complementary to target miR-141-3p



Figure 2. In vitro safety and efficacy assessment of

sgPNA-141 NPs in HEK293 cells

(A) Dose-dependent effect of sgPNA-141 on MTT cell

viability assay and (B) Lactate dehydrase cellular toxicity

assay. Data suggest that NPs with sgPNA-141 are highly

tolerable with no apparent toxicity across a dose range of

0.015–1.5 mg/mL. (C) A relative miR-141-3p gene

expression analysis in the RNA isolated from HEK293 cells

after 24 h exposure to different concentrations of PS-141,

PNA-141, and sgPNA-141 NPs. Three individual experi-

ments were performed using different passage HEK293

cells. Data are presented as mean ± SD (*p < 0.05 vs. scr-

control).
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(Figures 1A and 1B). We synthesized sgPNA-141 using Boc-based
solid-phase synthesis protocols.24,25 Furthermore, quality control
assessment of these PNAs was performed using reverse-phase
HPLC and mass spectrometry analysis. Scrambled PNA oligomers
were used as controls (scr-sgPNA).

Formulating and characterizing PLGA NPs

In prior studies, we determined that acid-terminated and ester-termi-
nated PLGANPs (consisting only of poly-lactic acid and poly-glycolic
acid in an equal ratio, 50% of each) can effectively deliver PS- and
PNA-based anti-miRs.26,27 In this study, we sought to develop NP
formulations that encapsulate and deliver the optimum amount of
sgPNA-based anti-miR-141 and their respective scrambled controls.
The hydrodynamic diameter, polydispersity index (PDI), and surface
charge of NPs was determined by dynamic light scattering studies
(DLS). The hydrodynamic diameter of the sgPNA-141 NPs was
found to be 170 nm (Figure 1C). The formulated NPs had a narrow
PDI ranging between 0.10 and 0.15 (Figure 1D) and had a zeta poten-
tial of �20 to �15 mV (Figure 1E).

sgPNA-141 loading and nucleic acid release profile

We confirmed the loading of sgPNA-141 into PLGA NPs using an
organic solvent extraction method and observed an average loading
of�300 pmol/mg for sgPNA-141 NPs (Figure 1F). These loading re-
sults suggest that sgPNA anti-miRs can be effectively encapsulated in
PLGA NPs using the double emulsion solvent evaporation tech-
nique.28,29 We further calculated the nucleic acid release profile
from the PLGA NPs by re-suspending them in phosphate-buffered
saline (PBS) and measuring the UV-vis absorbance at 260 nm at
various time points (Figure 1G). We found maximum anti-miR
release occurred within 30 min followed by sustained release of up
Molecular The
to 8 h. This demonstrates that sgPNA-141 can
effectively load and release from the NPs without
any interference from the polymer.

In vitro safety analysis of sgPNA-141

We next evaluated the safety of sgPNA-141 in
HEK293 cells. HEK293 cells were treated with
sgPNA-141 at concentrations ranging from
0.015 to 1.5 mg/mL for 24 h. Cell viability and
cytotoxicity were assessed using an MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyltetrazolium bromide) assay and a lactate dehydroge-
nase (LDH) release assay, respectively. As expected, we did not
observe cytotoxicity for sgPNA-141 at all the indicated doses
(Figures 2A and 2B). These results suggest that the sgPNA-141 has
no adverse effects at cellular level and is well tolerated.

Efficacy testing of sgPNA-141 at different doses in vitro

To compare the efficacy of sgPNA-141 to other miR-141-3p inhibi-
tors, we also used PS-based and regular PNA-based miR-141-3p in-
hibitors encapsulated in PLGA NPs (PS-141 and PNA-141).
HEK293 cells were treated with PS-141, PNA-141, and sgPNA-141
at concentrations ranging from 0.015 to 1.5 mg/mL. After 24 h, total
RNA (including miRs) was isolated from the exposed cells and miR-
141-3p expression was measured by qPCR. Our results suggest that
sgPNA-141 shows higher efficacy in inhibiting miR-141-3p
compared with PS-141 and PNA-141 in the treated HEK293 cells
(Figure 2C). Further analysis suggests that the estimated IC50

30 of
sgPNA-141 (0.02 mM) is the lowest among all the tested inhibitors
(0.43 mM for PS-141 and 0.25 mM for PNA-141) suggesting that
sgPNA-141 is the most potent inhibitor (Figure S2).

PlasmamiR-141-3p levels increase progressively after ischemic

stroke in human stroke subjects

Previous studies from our lab identified miR-141-3p as a unique, pro-
gressively upregulated miR in a mouse model of stroke.12 To validate
miR-141-3p as a potential therapeutic target for stroke in clinics and
translational settings, we measured the miR-141-3p levels in plasma
samples of age-matched healthy control and stroke subjects at acute
(day 3 ± 2) and chronic (day 65 ± 20) time points. Consistent with
preclinical data, we found a progressive increase (p = 0.0355) in
rapy: Nucleic Acids Vol. 35 December 2024 3
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Figure 3. Expression of miR-141-3p in stroke subjects and acute neuroprotective effects of sgPNA-141 treatment in an in vivo mouse model of ischemic

stroke

(A) miR-141-3p expression levels in plasma samples acquired from aged-matched (58–90 years) healthy control (n = 11) and stroke subjects (n = 11) from acute and chronic

time points. Data are mean ± SD (*p < 0.05 vs. healthy control). (B) Schematic representation of the acute cohort experimental setup. (C) The representative images show the

changes in the infarct injury after the sgPNA-141 treatment in post-stroke mice. (D) Quantitative analysis of infarct volume compared with scr-control (*p < 0.05 vs. scr-

control, t test) after a single intraperitoneal injection (15 mg/kg b.wt. of sgPNA-141) given 4 h after onset of MCAo (n = 11 scr-control and n = 12 sgPNA-141). (E) sgPNA-141

treatment reduced relative miR-141-3p gene expression as revealed by analysis of RNA isolated from the perilesional cortex of mice after ischemic stroke (n = 6 mice per

group) (*p < 0.05 vs. scr-control, t test). (F) Correlation analysis showed significant correlation between miR-141-3p expression and infarct volume after stroke. (G) sgPNA-

141 treatment also improves the neurological deficit score (n = 22 scr-control and n = 27 sgPNA-141) (*p < 0.05 vs. scr-control). Each dot represents an individual sample.

Data are mean ± SD. (H). In vivo biodistribution of TAMRA-tagged NPs of sgPNA-141 after intraperitoneal injection (70 h after stroke onset, i.e., 2 h before sacrifice) in mice at

3 days (72 h after stroke in the paraformaldehyde fixed coronal brain slice. Blue (nucleus; DAPI), red, -TAMRA-tagged NPs of sgPNA-141). Scale bar, 100 mm.
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miR-141-3p levels in plasma samples of stroke patients (Figure 3A).
These data suggest that miR-141-3p can be a potential drug target
in clinical stroke subjects.

sgPNA-141 post-stroke reduces stroke injury in a mouse model

of ischemic stroke

We evaluated the in vivo efficacy of miR-141-3p inhibitor sgPNA-141
and its scramble control (scr-control) in a transient MCAo model of
ischemic stroke (Figure 3B). A single intraperitoneal (i.p.) injection
(15 mg/kg b.wt. 4 h after MCAo) of sgPNA-141 significantly
(p < 0.0001 vs. scr-control) reduced infarct volume at 3 days after
stroke (Figures 3C and 3D). We also performed qPCR analysis of
miR-141-3p using total RNA isolated from the perilesional ipsilateral
cortex tissue of both scr-control- and sgPNA-141-treated groups. We
found that sgPNA-141 reduced the miR-141-3p expression by �5-
fold compared with scr-control (p < 0.0001) (Figure 3E). Our results
indicated the high efficacy of sgPNA-141 in inhibiting miR-141-3p
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
levels in brain tissue. Given the stroke is sexually dimorphic disorder,
we also show neuroprotection data of sgPNA-141 in both male and
female mice separately, but we did not see sex in response of the treat-
ment (Figure S3). Therefore, we did not do separate analysis in any
further experiments. Furthermore, correlation data revealed that
brain tissues with lower miR-141-3p levels had significantly reduced
infarct volume (r = 0.9235; p = 0.0085), indicating that miR-141-3p is
directly involved in stroke injury (Figure 3F). Consistent with these
observations, sgPNA-141-treated group showed a significant
improvement in the neurological deficit (ND) score at 3 days after
stroke (p < 0.0001 vs. scr-control) (Figure 3G). sgPNA-141 is highly
specific for miR-141-3p as it did not decrease the level of other miR-
NAs such as miR-181c or miR-124 (Figure S4A). Furthermore, a sin-
gle dose of sgPNA-141 can reduce miR-141-3p expression up to
15 days after stroke (p < 0.0001 vs. scr-control) (Figure S4B). These
data suggest that sgPNA-141 post-treatment is highly specific and
efficacious in reducing stroke injury.



Figure 4. Effect of sgPNA-141 treatment on its direct and indirect targets

Using perilesional ipsilateral brain tissue taken frommice reperfused for 3 days post-stroke, we isolated total RNA and protein and used paraformaldehyde-fixed coronal brain

sections to validate the effect of miR-141-3p inhibition by syPNA-141 in vivo. (A) Direct target genes like Tgfb2, Tgfbr1, and Tgfbr2 were increased after sgPNA-141

treatment. (B) sgPNA-141 also reduced proinflammatory mRNA like Il-1b, Il-6, and Tnfa and (C) increasedBdnf (a direct target) and Igf-1 levels. (D) sgPNA-141 treatment also

increased the expression of mRNA for Smad2 and Smad3, which are the downstream targets of TGF-b family proteins. Each dot represents an individual sample (n = 6 mice

per group) (*p < 0.05 vs. scr-control, t test). (E) Western blot analysis of TGF-bR1, TGF-bR2, and BDNF (28kd pro-BDNF) further confirm sgPNA-141 de-represses the effect

of miR-141-3p on the translation of these proteins (n = 3–4 mice per group). (F) Immunofluorescence images show increased TGF-bR2 expression, which corroborated our

qPCR and western blot data. The reduced IBA-1 expression in the sgPNA-141-treated group, confirming that sgPNA-141 reduced neuroinflammation after stroke. Dara are

meanSD. Scale bars, 100 and 20 mm.
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sgPNA-141 treatment upregulates miR-141-3p target genes and

proteins in brain tissue

To observe the effect of sgPNA-141 treatment on miR-141-3p0s
mRNA targets, we measured the mRNA levels of transforming
growth factor b (TGF-b) pathway genes (such as Tgfb2, Tgfbr1,
and Tgfbr2) that have binding sites for the seed sequences of miR-
141-3p (Figure S5) at 3 days after stroke. miRs repress the expression
of mRNA targets by promoting translational repression and mRNA
degradation. Thus, blockingmiR-141-3p with sgPNA-141 should up-
regulate miR-141-3p0s direct mRNA targets. In addition to assaying
direct mRNA targets, we also analyzed the effect of anti-miR-141-
3p therapy on downstream effector genes of the Tgfb pathway family
(e.g., Smad 2 and Smad 3). We found sgPNA-141 treatment signifi-
cantly increased (p < 0.05 vs. scr-control) the expression of Tgfb2,
Tgfbr1, Tgfbr2, Smad2, and Smad3 mRNA levels (Figures 4A and
4B). Consistently, we found significant upregulation of TGF-bR1
and TGF-bR2 proteins in the brain tissue of sgPNA-141-treated
mice after stroke (Figures 4E and 4F). Overall, this data suggested
that sgPNA-141 treatment provides neuroprotective effects mediated
by the TGF-b pathway proteins after stroke. Other direct targets of
miR-141-3p, including Sirt1, Cxcl12, Pdcd4, Pten, and Slc23a2, were
upregulated in perilesional ipsilateral brain tissue of mice treated
with sgPNA-141 after stroke (Figure S6).
sgPNA-141 treatment reduces proinflammatory gene

expression and increases expression of cell growth factors

sgPNA-141 treatment significantly downregulated miR-141-3p and
upregulated miR-141-3p0s target genes and reduced the infarct vol-
ume in the acute phase post-stroke. To identify the mechanism of
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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Figure 5. Effect of sgPNA-141 treatment on motor

coordination and memory task during post-stroke

chronic recovery

(A) Schematic representation of the chronic cohort

experimental setup and timeline. (B) sgPNA-141 treatment

significantly improved long-term sensorimotor recovery as

revealed by a reduced latency to fall in a rotarod test (two-

way ANOVA compared mean of the row F (5, 78) = 13.84.

ordinary alpha p < 0.05 vs. scr-control). (C) Learning and

memory deficits were improved after sgPNA-141 treat-

ment as shown by the reversal in discriminating index

using novel object recognition task (*p < 0.05 vs. scr-

control one-way ANOVA multiple comparison test). Data

are mean ± SD. Each dot represents an individual sample

(n = 4 sham, n = 7 scr-control, and n = 8 sgPNA-141).
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neuroprotection, we further analyzed mRNA of several proinflamma-
tory genes (Il-1b, Il-6, and Tnfa) and pro-survival growth factor genes
such as Bdnf and insulin-like growth factor-1 (Igf-1) after sgPNA-141
treatment. We found that the expression levels of Il-1b, Il-6, and Tnfa
as measured by mRNA were significantly downregulated (Figure 4C)
and levels of Bdnf and Igf-1were significantly upregulated (Figure 4D)
in the sgPNA-141-treatedmice. BdnfmRNAhas a binding site for the
seed sequence of miR-141-3p, which thus makes BdnfmRNA a direct
target of this miR (Figure S5). The effect of sgPNA-141 treatment on
the Bdnf gene was also confirmed on the protein level (Figure 4E).
Following sgPNA-141 treatment, we observed reduced expression
of IBA-1, an activatedmicroglia/macrophagemarker whose increased
expression suggests increased inflammation after stroke (Figure 4F).
These data suggest that miR-141-3p inhibition via sgPNA-141 can
also reduce inflammation and enhance post-stroke recovery by medi-
ating direct and indirect target proteins of miR-141-3p.

sgPNA-141 treatment improves sensorimotor function after

stroke

To assess the effect of sgPNA-141 treatment on functional recovery
after stroke, we subjected sgPNA-141- or scr-control-treated mice
to a rotarod assessment once per week. sgPNA-141 treatment mice
displayed swift recovery by showing increased grip strength during
the early phase of recovery (p = 0.0073) (Figure 5B). These data sug-
gest that sgPNA-141 treatment alleviated stroke-induced motor def-
icits and helped early recovery after ischemic stroke. However,
sgPNA-141-treated mice did not show any significant change in
exploratory and anxiety-like behavior measured by open field test
(OFT) (Figures S7A and S7B).

Long-term sgPNA-141 treatment effect on memory and social

behavior

Next, we performed the novel object recognition test (NORT) to
analyze the effect of sgPNA-141 treatment on mice learning and
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
memory before sacrifice (day 29/30 post-stroke).
sgPNA-141 treatment significantly restored
(p = 0.032) the loss in memory induced by stroke
(Figure 5C). Similarly, the sgPNA-141-treated
mice had an increasing trend of higher sociability, suggesting lessened
depression-like behavior (Figure S7C). These data suggest that
sgPNA-141 treatment improves learning and memory deficits caused
by stroke.

sgPNA-141 treatment reduces brain tissue atrophy andmortality

after stroke

Consistent with its reduction in infarct injury after stroke, treatment
with sgPNA-141 also significantly reduced tissue loss measured
30 days after stroke (p = 0.0357) (Figures 6A and 6B). sgPNA-141-
treated mice had a lower mortality rate (p = 0.0349) compared with
the scr-control-treated mice after stroke (Figure 6C). In addition,
sgPNA-141 treatment also improves the recovery in body weight af-
ter ischemic stroke (Figure S7D). No significant differences in the
neurological deficit (ND) score were found between the treatment
and control groups at the end of the chronic cohort (Figure 6D).
These data suggest that sgPNA-141 can impart sustained neuropro-
tective effects during chronic recovery after stroke and rescue tissue
loss in the penumbra after ischemic stroke.

DISCUSSION
Despite being a leading cause of disability, the treatment for ischemic
stroke is limited to thrombolytic drug rt-PA and mechanical throm-
bectomy. Unfortunately, only 5%–13% of total stroke cases are
eligible for these interventions.31 There is not a single FDA-approved
neuroprotective agent for the treatment of ischemic stroke. Recently,
the significance of small noncoding endogenous RNAs, known as
miRNAs (or miRs), are increasingly recognized for their ability to
regulate the expression of multiple genes and the mRNA of numerous
target proteins, exerting control over entire pathways.32 Several miR-
NAs, such as miR-1246, miR-4516, miR-320a-3p, miR-320c, miR-
204-3p, miR-17-5p, miR-16-5p, and miR-423-5p, are dysregulated
in the blood or CSF samples of stroke patients.8 These miRNAs can
promote or inhibit the formation of secondary brain damage. For



Figure 6. Effect of sgPNA-141 treatment on long-

term neuroprotection, survival, and atrophy

(A) Representative cresyl-violet-stained coronal brain

sections of sgPNA-141-treated mice and scr-control mice

after 30 days stroke recovery. (B) Quantitative analysis

show that sgPNA-141-treated mice had significantly less

tissue loss compared with scr-controls (n = 7–8 mice per

group). (C) Effect of sgPNA-141 on survival (n = 40–45

mice per group) and (D) ND score (n = 9–12 mice per

group) after 30 days of stroke onset (*p < 0.05 vs. scr-

control, t test). Data are mean ± SD. Each dot represents

an individual sample.

www.moleculartherapy.org
example, they may promote neuron regeneration or apoptosis, alle-
viate leakage across the blood-brain barrier (BBB), disrupt intracel-
lular transport, and decrease inflammatory response in ischemic
and traumatic brain injuries.12,33 Recently, we and others have
demonstrated that miRNAs such as miR-141-3p and miR-181c are
dysregulated during ischemic stroke and contribute to stroke patho-
physiology.9,12,13,34 We identified miR-141-3p as a potential thera-
peutic target for treating ischemic stroke in mice.12 Our data from hu-
man stroke subjects further reiterate that miR-141-3p is a potential
drug target for ischemic stroke treatment. We further reported the in-
hibition of miR-141-3p using commercially available (antago-
miR141-3p, Ambien, Life Technologies Camarillo, CA) and PNA-
based miRNA inhibitors, which mitigates damage after stroke and
improves recovery.13 In this study, we generated a novel, advanced,
and efficacious sgPNA-based miR-141-3p inhibitor and compared
its in vitro efficacy with regular PNA- and PS-based anti-miRs. For
in vivo or in vitro delivery, we encapsulated these inhibitors in
biocompatible PLGA-based NPs for efficient delivery. After the char-
acterization of NPs, we tested the safety and compared the efficacy of
novel sgPNA-based miR-141-3p inhibitors with regular PNA and PS
in HEK293 cells. Prior cancer-based studies established that gamma
PNA-based inhibitors do not exert any toxicity in the multiple mouse
models.25,35–37 Furthermore, we also tested the neuroprotective po-
tential of sgPNA-based inhibition of miR-141-3p at the molecular
and behavioral level.

One of the primary obstacles preventing the effective delivery of miR
inhibitors to target cells is the instability of miR inhibitors in the blood-
stream. Anti-miRs are often rapidly degraded by circulating nucleases
or proteases. Unlike PS-based or regular PNAS, sgPNAs are more sta-
Molecular The
ble because they have a backbone highly resistant
to nucleases and proteases.38 Still, sgPNAs cannot
permeate a biological barrier like the BBB, pre-
cluding uptake of sgPNA in the brain where it
would bind and inhibitmiRs with high specificity.
To overcome this limitation, one strategy is to
take advantage of the partial rupture of the BBB
that occurs during the first few days after stroke
injury,39,40 which allows partial delivery of thera-
peutic agents like sgPNAs immediately after
stroke. While potentially effective, this strategy
does not enable the complete and longer-term delivery of anti-miRs af-
ter stroke. Here, we used nanoformulation approaches to deliver
sgPNA-141 to enable it to cross the BBB more efficiently. While we
did not directly measure whether NP encapsulation increased the brain
uptake of sgPNA-based inhibitors compared with naked sgPNA inhib-
itors, we found that NP-encapsulated sgPNA-141 treatment reduced
the expression of miR-141-3p in the brain and further showed that
sgPNA-141 NPs did penetrate the brain. Beyond enabling crossing
of the BBB, nanoformulation also offers several other advantages for
drug delivery, such as decreased drug dose, reduced side effects, and
increased drug stability,41 and also eliminates the need for transfection
reagents.13 Our data here corroborates these observations and is consis-
tent with our previous works showing that PLGA-based nanoformula-
tions of brain-derived neurotrophic factor (BDNF)39 and PNA-based
miR inhibitors can efficiently cross the BBB to provide long-term ther-
apeutic benefits after stroke.13

Delivery safety is a big concern for NP-based therapeutics. The size
and zeta potential of PLGA NPs significantly influences resulting
cytotoxicity.42 Our results showed that sgPNA-141 containing NPs
had desirable physical-biochemical properties, including uniform
size, distribution, charge, release profile, and optimum loading effi-
ciency. Furthermore, we did not observe in-vitro cytotoxicity for
sgPNA-141 at all the evaluated doses. This suggests that sgPNA-
141 is biocompatible and well tolerated even at higher doses in the
in vitro settings.

Previously, we tested PS-based and regular PNA-based anti-miR-141-
3p for the inhibition of miR-141-3p and established that regular
PNA-141 reduced miR-141-3p expression more efficiently than
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PS-141. We also confirmed that PNA-141 showed better neuropro-
tection at 3 days after ischemic stroke. Consistent with the high effi-
cacy of sgPNA-based miR inhibitors in inhibiting endogenous miR
levels, a sgPNA-141 inhibited miR-141-3p expression in vitro to a
similar extent as both PS-141 and regular PNA-141 but at a much
lower dose. Previously, we also showed that PNA-141 resulted in sig-
nificant neuroprotective effects when delivered at a dose of 50 mg/kg
b.wt. to mice subjected to ischemic stroke.13 Compared with regular
PNA-141, sgPNA-141 showed similar or better neuroprotective ef-
fects as this PNA-141 treatment but at a much lower in vivo dose
(3-fold lower, 0.015 mg/kg b.wt.), suggesting high potency due to
the efficient binding of sgPNA-141 with its target sequence on its
miRNA. Systemic injection of sgPNA-141 at this low concentration
reduced the infarct damage and miR-141-3p expression in brain tis-
sue of mice subjected to stroke and improved the long-term recovery
measured up to 30 days after stroke. Reduced acute inflammation,
improved sensorimotor deficits, and learning and memory function
during long-term recovery further support the neuroprotective and
neurorehabilitation functions of sgPNA-141 after stroke.

The present data suggest that acute neuroprotection and enhanced
post-stroke functional recovery affected by sgPNA-141 administra-
tion is mediated by miR-141-3p0s downstream target genes, like
Bdnf and Tgfb, or by the indirect effect of sgPNA-141 on growth fac-
tors such as Igf-1 and inflammatory cytokines such as Il-1b, Il-6, and
Tnf-a. The TGF-b family, including members TGF-b1, TGF-b2,
and TGF-b3, plays important roles post-stroke, including regulating
immune responses, cell proliferation, and neuroprotection.43

TargetScan analysis of 30 UTR of Tgfb2, Tgfbr1, and Tfgbr2 showed
each gene has a binding site for miR-141-3p (Figure S5). TGF-b pro-
teins exert their function via a tetrameric receptor complex, which is
composed of two receptors, TGF-bR1 and TGF-bR2 (2 units each),
both of which are highly expressed on microglia.44 In the canonical
TGF-b pathway, the assembly of these receptor complexes leads to
subsequent phosphorylation of downstream Smad proteins
(SMAD2/3), which are transcription regulators for target genes.45

The Tgf-b/Smad2/3 pathway protects from apoptotic neuronal cell
death and promotes tissue regeneration in stroke mice.46 Tgf-b2/
Tgf-br2 axis is also involved in the NG2-mediated inhibition of mi-
croglial activation and protection from inflammation,47 concurrent
with reduced expression of IBA-1 and proinflammatory cytokines.
The TGF-b family is also involved in the regulation and secretion
of many cytokines, including lL-1b, IL-6, and TNF-a and other in-
terleukins,48 suggesting that TGF-b family member proteins might
regulate reduced expression of these proinflammatory cytokines
we observed in sgPNA-141-treated mice. These data bolster our
observation that the neuroprotective effects of sgPNA-141 were
partially mediated via reduced inflammation and other neuropro-
tective effects of TGF-b family proteins. Our finding that miR-
141-3p remains elevated for several months in human stroke subject
further confirm its role in inflammation after stroke which is consis-
tent with prior work from multiple labs who reported chronic sys-
temic inflammation after acute stroke injury.49–51 Our data indicate
that a reduction in miR-141-3p with sgPNA-141 results in
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decreased inflammation, further supporting the notion that
increased expression of miR-141-3p may be responsible for sus-
tained elevated inflammation after stroke. Therefore, its inhibition
can reduce inflammation.

Bdnf and Igf1 are crucial factors for regulating neuronal growth,
repair, and neuroplasticity.52 Interestingly, Igf-1 also regulates Bdnf
expression, influencing genes associated with Bdnf-related neurogen-
esis and contributing to the growth and differentiation of brain
neuron units.52,53 Higher expression of Bdnf and Igf-1 after sgPNA-
141 treatment might be another possible mechanism for improved
motor and memory function. Bdnf showed a binding site for miR-
141-3p, and thus, increased levels of miR-141-3p may be responsible
for downregulation of Bdnf in stroke, which was reversed by its inhi-
bition with sgPNA-141. Despite extensive work on efficacy testing
with sgPNA-141, we acknowledge certain limitations of this study.
We did not report the sexually dimorphic effects of sgPNA-141 on
various post-stroke outcomes, except for infarct size analysis, where
no sex difference in response to sgPNA-141 was observed. In addi-
tion, we did not investigate cell-specific effects or in vivo safety study
at higher doses (beyond the therapeutic dose) of miR-141-3p in this
study.

In conclusion, we have demonstrated novel miR-141-3p inhibitors
sgPNA-141 are efficacious in providing neuroprotective effects and
enhanced recovery after ischemic brain injury. Post-stroke sgPNA-
141 treatment significantly reduced the infarct injury after stroke
and increased the expression of several neuroprotective genes
(Tgfb2, Tgfbr1/r2) and growth factors (Bdnf, Igf-1) and reduced the
responses of proinflammatory cytokines (Il-1b, Il-6, and Tnf-a).
Elevation in Smad2 and Smad3 expression suggests Tgfb/Smad2/3
signaling (Figure 7) is the primary mechanism of neuroprotection af-
ter sgPNA-141 treatment in mice subjected to stroke. sgPNA-141
treatment also improves long-term behavioral recovery, as revealed
by several assays, including a reduction in sensorimotor deficits and
improved learning and memory, demonstrating promising transla-
tional potential for ischemic stroke treatment. Overall, our data sug-
gest miR-141-3p is a potential drug target, and inhibition of miR-141-
3p using sgPNA-141 could be an effective treatment for ischemic
stroke.

MATERIALS AND METHODS
sgPNA synthesis

Boc-protected serine gamma monomers were purchased from ASM
Research Chemicals (Hannover, Germany) and vacuum dried for
at least a week before the synthesis. About 100 mg lysine-loaded resin
was soaked in dichloromethane (DCM) in the reaction vessel. The
DCM was drained off after 5 h, and the resin was deprotected using
trifluoroacetic acid (TFA):m-cresol (95:5) solution for 5 min. The de-
protection step was repeated two additional times. The resin was
thoroughly washed with DCM and N,N, dimethylformamide
(DMF). The monomer was dissolved in coupling solution consisting
of 0.52 mol/L di-isopropylethylamine, and 0.39 mol/L of O-benzo-
triazole-N,N,N0,N0-tetramethyl-uronium-hexafluoro-phosphate and



Figure 7. Schematic of the proposed mechanism by which syPNA-141

exerts its neuroprotective action

Stroke-induced upregulation of miR-141-3p in brain is reduced by sgPNA-141,

which increases the expression of transforming growth factor b (TGF-b) family

proteins. This is followed by the phosphorylation of Smad2/3 proteins to form the

Smad2/3/4 complex, which associates with transcription factors and cofactors to

modulate the expression of its target genes in the nucleus.
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0.2 mol/L N-methyl pyrrolidone (NMP). This coupling reaction was
continued for 1.5 h followed by resin washing with DCM and DMF.
The success of coupling and deprotection steps was confirmed by the
Kaiser test. The capping was performed using a mixture of NMP, ace-
tic anhydride, and pyridine, followed by resin washing with DCM. All
the above steps were repeated until the last monomer was added to
the reaction vessel. The PNAwas cleaved from the resin using a cleav-
age cocktail comprising thioanisole, m-cresol, TMFSA, TFA (1:1:2:6).
The PNA was collected after 1.5 h and precipitated using cold diethyl
ether and then centrifuged at 3,500 rpm for 5 min. This step was
repeated two additional times. The PNA was vacuum dried and pu-
rified by reverse-phase high-performance liquid chromatography
(RP-HPLC, Shimadzu). The concentration of PNA was calculated
by measuring the absorbance at 260 nm on the NanoDrop One
(Thermo Fisher Scientific) using the extinction coefficient of individ-
ual monomers (11,700 M�1 cm�1 (G), 6,600 M�1 cm�1 (C) 13,700
M�1 cm�1 (A), 8,600 M�1 cm�1 (T)).
NP preparation

The NPs were formulated using the double emulsion solvent evapo-
ration technique. About 40 mg of ester-terminated PLGA polymer
was dissolved in 0.5 mL DCM. Forty nanomoles of PNA was intro-
duced dropwise to the PLGA DCM solution with continuous stirring
and then probe sonicated (10 s� 3 cycles) to form oil-in-water (o/w)
primary emulsion. This o/w emulsion was added dropwise to 1 mL of
5%w/v PVA solution with continuous stirring followed by probe son-
ication (10 s� 3 cycles) to form water in oil-in-water (w/o/w) double
emulsion. This double emulsion was then added to 10 mL 0.3% w/v
PVA solution with continuous stirring and left overnight for the
DCM to evaporate. The NPs were washed with cold water by centri-
fuging at 9,500 rpm for 10 min at 4�C to remove the excess PVA. This
washing step was repeated two additional times. The NPs were redis-
persed in 5 mg/mL trehalose solution and then freeze dried.
DLS

The NP samples (n = 3) were dispersed in 1,000 mL of water and sub-
jected to brief vortexing. The NP suspension was then analyzed by the
Zetasizer Nano ZS (Westborough, MA) to assess the zeta potential,
PDI, and hydrodynamic diameter of the NPs.
Loading study

DCM (200 mL) was introduced to the NPs and the mixture was
agitated for 3 h at a speed of 1,000 rpm. Subsequently, 200 mL of
1� TE buffer was incorporated into the NPs, and the agitation
continued for an additional 3 h at 1,000 rpm. Following this, the
NPs were centrifuged at 15,000 rpm at 4�C. The absorbance of the re-
sulting supernatant was assessed at 260 nm using NanoDrop One.
Nucleic acid release profile

About 2mg of NPs were weighed in an Eppendorf tube. The NPs were
dispersed in 0.3 mL PBS and agitated at 300 rpm at 37�C. Samples
were withdrawn at 0.5, 1, 2, 4, 6, 8, 12, and 24 h time points by centri-
fuging the NP tube at 15,000 rpm for 10 min at 4�C. The supernatant
from the centrifuged NP tubes was gently removed without disturb-
ing the sedimented NP pellet, and absorbance of the supernatant so-
lution was measured at 260 nm wavelength using NanoDrop One
(Thermo Fisher Scientific, Waltham, MA). The NP pellet was redis-
persed in 0.3 mL fresh PBS and agitated at 300 rpm at 37�C until
the next time point. NP samples from three different batches were
used for the release study.
Clinical sample procurement and time points

The clinical plasma samples of both de-identified stroke and healthy
control subjects were obtained from the UConn Health Research Bio-
repository. These data consisted of de-identified plasma samples
collected at 3 points (day 1, day 2–5, and day 30+) from total 11 stroke
subjects. We combined time point 1 and time point 2 to represent
acute time points (day 3 ± 2). The demographic details are given in
supplementary file (Table S2).
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Cell culture, NP exposure, cell viability, and cytotoxicity

HEK293 cells obtained from ATCC (Manassas, VA) were maintained
in a DMEM medium containing 1% antibiotic/antimycotic (Ab/Am)
solution and 10% fetal bovine serum. The cells were cultivated at a
temperature of 37�C in an environment consisting of 5% CO2 and
95% relative humidity. Cell viability assay was performed using
MTT reagent (cat. no. 475989, Sigma-Aldrich) per manufacturer pro-
tocol. In brief, an equal number of cells (10,000 cells) were seeded in
96 well plates and cultured overnight. Cells were exposed to scram-
bled control, PS, regular PNA, and sgPNA-141 at various concentra-
tions ranging from 0.015 to 1.5 mg/mL for 24 h. Following a single
wash, the cells were incubated in 100 mL of serum-free media with
0.5 mg/mL MTT at 37�C for 2 h. About 100 mL of HCL was added
to each well. This solution was mixed with a pipette and then incu-
bated for 60 min at 37�C. The absorbance was measured at 570 nm
in a plate reader. A cytotoxicity assay was performed by
CyQUANT LDH Cytotoxicity Assay (cat. no. C20300) as per manu-
facturer protocol. An equal number of cells (10,000 cells) were seeded
in 96-well plates and incubated overnight. In triplicate, one of the
following was added to each well: sterile water (spontaneous LDH ac-
tivity), 10� lysis buffer (maximum LDH activity), and various con-
centrations of sgPNA-141 ranging from 0.015 to 1.5 mg/mL (com-
pound-treated LDH activity) for 24 h. Each solution was incubated
with cells for 45 min in a cell incubator (37�C, 5% CO2). Media
(50 mL) from each well was transferred to new 96-well plates, and
an equal volume of the cytotoxicity reaction mixture was added to
each well. Plates were incubated for 30 min at room temperature.
To stop the reaction, 50 mL of stop solution was added to each well
and absorbance was measured at 490 nm. Percentage cytotoxicity
was calculated by the following formula:

%cytotoxicity = (compound-treated LDH activity
� spontaneous LDH activity/maximum LDH activity
� spontaneous LDH activity) � 100.

Experimental animals

All mice (C57BL/6, male and female, 2–3 months old) were obtained
from Jackson Laboratory (Bar Harbor, ME). All mice were kept at
ambient temperature and humidity with ad libitum pellet diet and
water. All experiments were performed according to protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) at UConn Health. We followed ARRIVE Guidelines in re-
porting animal data.

Experimental design

In this study, we induced ischemic stroke in mice by occluding the
right middle cerebral artery (MCAo) for 60 min, followed by reperfu-
sion periods of either 3 days (to study acute effects) or 30 days (for
chronic outcomes) (Figures 3A and 5A). A total of 73 C57B/6 mice
(38 males and 35 females) were randomly allocated into two groups:
the control group receiving scrambled PNA control, or the treatment
group receiving NP-encapsulated sgPNA-141 (15 mg/kg anti-miR-
141-3p:body weight, administered via i.p. injection 4 h after the onset
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of MCAo). Post-stroke, mice in the acute phase group were eutha-
nized for a range of biochemical and histological examinations.
Meanwhile, those in the chronic phase group underwent neurobeha-
vioral assessments on days 2, 7, 14, 21, and 28, utilizing rotarod and
OFTs, along with a novel object recognition task for memory con-
ducted on day 29. The distribution of mice across these groups and
their specific usage and mortality and exclusion are reported in
Table S3. For further analysis, mice in the chronic group were pre-
pared for brain atrophy evaluation using paraformaldehyde perfusion
fixation. In contrast, mice in the acute group underwent either fixa-
tion or flash freezing for assorted assays, as outlined in Table S3.
Our selection of 3 and 30 days post-stroke as analysis time points
aligns with our focus on acute outcomes, characterized by peak
post-stroke inflammation, and long-term chronic recovery, which
holds translational significance.

MCAo

We induced transient focal cerebral ischemia by occluding the right
MCAo for 60 min, a method consistent with previous studies.10,11

The isofluorane-anesthetized (5% for induction and 1.5% for mainte-
nance) animals underwent a ventral midline incision. We then made
an incision in the right external carotid artery and inserted a 6.0 sil-
icone-coated nylon filament (602134Re and 602234Re, Doccol,
Sharon, MA) through the external carotid artery stump, extending
from the internal carotid artery bifurcation. Throughout the proced-
ure, we maintained mice temperature at approximately 37�C using
heating pads, ensuring stable body temperature. Laser Doppler was
used to assess successful occlusion; occlusion was considered success-
ful if blood flow in the middle cerebral artery region was decreased to
below 15% of baseline. After 60 min of occlusion, reperfusion was
initiated for either 3 days (acute cohort) or 30 days (chronic cohort)
based on the experimental design. Post-surgery, mice were provided
with a Nutra-gel wet complete nutrition diet (Bio-Serve) for 1 week or
until sacrifice (whichever is earlier) to ensure proper nutrition during
chronic recovery. In addition, all mice received daily subcutaneous in-
jections of 1 mL normal saline for hydration. For sham mice, we per-
formed identical surgical procedures but did not insert the suture into
the internal carotid artery.

Preparation of sgPNA for systemic administration

The sgPNA-141 or scr-sgPNA-141 (lyophilized powder provided by
Bahal lab) were reconstituted in 1� PBS by vortexing and sonication.
The solution was freshly prepared just before the i.p. administration.

TTC staining for infarct analysis

2,3,5-Triphenyl tetrazolium chloride (TTC) from Millipore Sigma
(cat. no. T8877, Burlington, MA) was used for the infarct analysis.
Three days after the onset of MCAo (acute cohort), all mice desig-
nated for the analysis of infarct volume were deeply anesthetized us-
ing a single injection of Avertin (250 mg/kg b.wt., i.p.) and underwent
intracardiac perfusion with 40 mL of ice-cold 1� PBS to eliminate
blood from their circulation. The intact whole brain was subsequently
extracted and preserved at �20�C before slicing. Following a brief
warming for approximately 2 min at room temperature, the brain



www.moleculartherapy.org
was cut into 5 coronal slices at 2 mm intervals. Under cold conditions,
a small prelesional brain tissue from slice 3 was isolated for miR and
RNA analyses. These individual brain sections were immersed in a
1.5% TTC solution (in 1� PBS at pH 7.4) for a 20-min duration at
37�C within an incubator kept in darkness. The slices were gently
agitated and flipped to ensure consistent exposure to TTC staining
across all surfaces. Subsequently, after a 20-min period, all the TTC
was removed, and the brain slices were immersed in a 10% formalin
solution until imaging. The determination of the infarct volume in
each brain was carried out in a blinded manner, employing
SigmaScan (version Pro 5) image analysis software. The infarct vol-
ume was computed using Swanson’s method to correct for edema
as described previously.13 The total volumes of both the ipsilateral
and contralateral hemispheres in both brain hemispheres were quan-
tified, and the percentage infarct volume was calculated as a percent-
age of the contralateral hemisphere to prevent any potential errors
due to edema.

Cresyl violet staining for tissue atrophy analysis

Tissue atrophy was measured in brains of mice from the chronic
cohort (30 days after stroke) as described previously.54 In brief, we
euthanized the mice by administering a single overdose of Avertin
(250 mg/kg b.wt.) intraperitoneally. Subsequently, trans-cardiac
perfusion was conducted on the mice using cold PBS, followed by a
4% paraformaldehyde solution. The intact brain was isolated and
fixed overnight at 4�C. The brain was transferred into the cryoprotec-
tant (30% sucrose) for dehydration and stored at 4�C until it sank.
The brains were meticulously sectioned into 30mm-thick free-floating
slices using a freezing microtome. From this collection of slices, every
eighth one was chosen for further processing, which involved
mounting and staining with cresyl violet. These 30 mm sections
were then utilized for tissue atrophy calculations, as described previ-
ously.54 The tissue atrophy in each brain was carried out using
SigmaScan (version Pro 5) image analysis software. An Investigator
blinded to the experimental group analyzed the data.

Immunohistochemical analysis

Immunohistochemical staining was performed in 10 mm brain sec-
tions of acute cohort mice using a standard protocol as described pre-
viously.55 In brief, tissue sections were mounted on Superfrost Plus
charged slides (Thermo Fisher Scientific) and left for 30 min to dry.
The mounted tissue sections were initially rinsed thoroughly in
0.1 M PBS. Subsequently, we conducted antigen retrieval by heating
the tissue in a 10 mM sodium citrate buffer at pH 6.2 following the
rinsing process. The tissue sections were then placed in a blocking so-
lution (0.3% Triton X- and 5% normal donkey serum in 0.1 M PBS)
and were allowed to incubate for 1 h. After the blocking step, the sec-
tions were incubated overnight at 4�C with the primary antibodies
(IBA-1 [cat. no. MA5-27726, Thermo Fisher Scientific] at 1:200 dilu-
tion, TGFBR2 [cat. no. 66636-1-Ig, Proteintech] at a 1:200 dilution).
After primary antibody incubation, tissue sections underwent rinsing
with PBST (0.05% Tween 20 in 1� PBS) and were then incubated
with the Alexa Fluor-conjugated secondary antibody (1:1,000) at
room temperature for 1 h. Following the PBST rinse, the sections
were cover slipped after addition of a drop of UltraCruz Mounting
(Santa Cruz Biotech, cat. no. SC-24941) and used for imaging.

Neurobehavioral tests

We performed ND score to assess gross neurological deficits in mice.
The OFT and rotarod test were used tomeasure spontaneous locomo-
tory activity/anxiety-like behavior and motor activity, respectively.
These neurobehavior tests were performed before the stroke surgery
(baseline) and post-surgery on days 2, 7, 14, 21, and 28 as described
previously.55 To assay depression-like behavior and memory, we used
sociability and NORT, respectively.

ND score

ND scores ranging from 0 to 4 were recorded at 3 and 30 days after
stroke as described previously.56 In brief, the standard scoring system
was followed: 0, no deficit; 1, forelimb weakness and torso turning to
the ipsilateral side when held by the tail; 2, circling to affected side; 3,
unable to bear weight on affected side; and 4, no spontaneous locomo-
tor activity or barrel rolling. Highest score by any given mouse was
plotted on the y axis.

OFT

OFT is a commonly used method for assessing exploratory behavior
and overall activity in rodents. In brief, mice were placed in a corner
of a transparent acrylic chamber (1600 � 1600) and monitored for
10 min. The locomotor activity was calculated as total beam breaks
using the photobeam activity system (San Diego Instruments, CA).
To assess anxiety-like behavior, we calculated the percentage of
beam breaks occurring in the center zone (16/300 � 16/300) relative
to the total beam breaks. OFT testing can be used repeatedly to
observe patterns without being impeded by habituation.57

Rotarod test

Sensorimotor deficits in stroke mice were measured by the rotarod
task. Mice were placed on a rotating rod accelerating from 4 to
40 rpm for a period of 5 min. Each mouse was subjected to two trials,
with at least a 30-min interval between the trials. We recorded the
time it took for each subject to fall from the rotating rod during
each trial and the mean latency was calculated for group
comparisons.58

Sociability test

A three-chambered social interaction test or sociability was used to
study post-stroke depression in mice in this study, as described
earlier.54 In brief, the apparatus consists of a rectangular, three-cham-
bered Plexiglas box with walls that have small openings allowing ac-
cess to each chamber (right, middle, and left). The social interaction
test has two phases: (1) habituation and (2) testing. In the habituation
phase, two wire mesh cages were kept at both ends of the chambers
and a mouse was allowed to explore the chamber for a period of
5 min. Following habituation, the test mouse was returned to his
home cage and a stranger mouse of same sex was placed under a
round wire cage within the right chamber of the testing apparatus.
Subsequently, the test mouse was reintroduced into the middle
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chamber and allowed to explore the apparatus for 10 min. An
observer blinded to the treatment recorded the time the test mouse
spent in the chamber of the stranger mouse (right chamber). Data
are presented as mean ± standard deviation (SD) of the percent of
time spent in the right chamber (the chamber with the stranger
mouse) relative to the total interaction time.54

NORT

NORT is a valuable tool for assessing cognition and recognition
memory in rodent models.39 This test capitalizes on the natural ten-
dency of mice to devote more time to exploring a novel object
compared with a familiar one, indicating intact recognition memory.
In the initial phase, animals were given the opportunity to explore an
empty arena for a minimum of 10 min. Subsequently, 24 h after the
habituation phase, the animals encountered a familiar arena contain-
ing two identical objects that were placed in the bottom left and upper
right corners of the chamber for a duration of 10 min. In the subse-
quent experimental trial, which occurred on the following day, the
mice explored the open field in the presence of both a familiar object
and a novel object. The time spent exploring each object was metic-
ulously recorded, and the discrimination index (DI) was computed
using the formula DI = (TN � TF)/(TN + TF), where TN represents
the time spent exploring the novel object, and TF represents the time
spent exploring the familiar objects.

RNA isolation, cDNA synthesis, and real-time PCR

Total RNA (including small RNA) was isolated from human plasma
samples using miRNeasy Serum/Plasma Kit (cat. no. 217184,
QIAGEN, Germany) as per manufacturer protocol. Total RNA
from the HEK293 cell line used in in vitro experiments and from
perilesional brain tissue from mice subjected to stroke was extracted
using a TRIzol or miRVana miRNA isolation kit (Ambion Life
Technology), respectively, per manufacturer protocol. The cDNA
was synthesized for miRNA and normal gene using TaqMan
MicroRNA Reverse Transcription Kit (cat. no. 4366596, Thermo
Fisher Scientific) and iScript cDNA Synthesis Kit (cat. no.
1708891, Bio-R), respectively, per manufacturer protocol. TaqMan
single-tube assay primers for miR-141-3p (no. 000463), U6 snRNA
(no. 001973), and RNU48 (no. 001006), and other mRNAs such as
Tgfb2 (no. Mm00436955_m1), Tgfbr1 (no. Mm00436964_m1),
Tgfbr2 (no. Mm03024091_m1), Smad2 (no. Mm00487530_m1),
Smad3 (no. Mm01170760_m1), Il-1b (no. 00434228), Il-6 (no.
Mm00446190_m1), Tnf-a (no. Mm00443258_m1), Bdnf (no. Mm04
230607_s1), Igf-1 (no. Mm00439560_m1), Sirt1 (no. Mm01168521_
m1), Cxcl12 (no. Mm00445553_m1), Pdcd4 (no. Mm01266062_
m1), Slc23a2 (no. Mm00497751_m1), Stat5b (no. Mm00839
889_m1), Pten (no. Mm00477208_m1), Tgfb1 (no. Mm01178820_
m1), and Gapdh (no. Mm99999915_g1) were procured from
Thermo Fisher Scientific. TaqMan universal PCR master mix II,
no UNG (cat. no. 4440040) was procured from Thermo Fisher Sci-
entific. Relative quantification of gene expression was done using
the comparative Ct method (2�DDCt) with RNU48/U6 snRNA and
Gapdh as normalization controls for miRNA and mRNA genes,
respectively.
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Target identification of miR-141-3p

miRTarBase 9.0 (https://www.mirtarbase.cuhk.edu.cn/�miRTarBase)
and TargetScan Human release 7.2 web portal (http://www.
targetscan.org/vert_72/) were used to identify the potential targets
of miR-141-3p.59,60

Western blot analysis for protein

After 3 days of post-stroke treatment with sgPNA-141/scr-control,
mice were euthanized with a high dose of Avertin (250 mg/kg b.wt.,
i.p.) followed by trans-cardiac perfusion using cold PBS. The intact
brain was removed and perilesional cortical tissue from the right
(ischemic) hemisphere was isolated. The tissue was homogenized in
RIPA buffer supplemented with protease inhibitor and centrifuged
as described previously.61 The protein concentration was estimated
by Pierce BCA protein assay kit from Thermo Fisher Scientific (cat.
no. 23225). Protein (20 mg) from each sample was loaded into each
well of 4%–15% polyacrylamide gels (Bio-Rad, CA) and transferred
to PVDF membranes (Bio-Rad). Membranes were incubated with
primary antibodies overnight (Anti-TGFbR1 [1:500, cat. no.
SAB570065, Sigma-Aldrich], TGFbR2 [1:2,000, cat. no. 66636-1-Ig,
Proteintech], BDNF [1:1,000, cat. no. 25699-1-AP, Proteintech]) fol-
lowed by incubation with HRP-linked secondary antibody. Chemilu-
minescent HRP substrate was used for developing the blot and
b-actin (1: 3,000, cat. no. MA5-15739, Thermo Fisher Scientific)
was probed as loading control.

Statistical analysis

All data were presented as mean ± SD. GraphPad Prism 9 (San Diego,
CA) was used for the statistical analysis and graph plot. Student’s t
tests were used to calculate statistical significance between two groups
while more than two groups were analyzed by using one-way
ANOVA with a Bonferroni post hoc test to correct for multiple com-
parisons. Owing to the ordinal nature of ND scores, the Mann-
Whitney U test was used for ND score analysis. For survival curve
analysis, we used log rank (Mantel-Cox) analysis to determine statis-
tical significance between the groups. The probability value of p < 0.05
was considered statistically significant. An investigator blinded to the
experimental groups carried out the behavioral experiments and final
data analyses of all the experiments. Experimenters were not blinded
for biochemical experiments.
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