
fnins-16-1012812 September 30, 2022 Time: 10:10 # 1

TYPE Original Research
PUBLISHED 04 October 2022
DOI 10.3389/fnins.2022.1012812

OPEN ACCESS

EDITED BY

Ashok Kumar,
University of Florida, United States

REVIEWED BY

Kathiresh Kumar,
Texas A&M University, United States
Jiao Deng,
Fourth Military Medical University,
China
Aditya Panta,
University of Maryland, Baltimore,
United States

*CORRESPONDENCE

Krishna Kumar Veeravalli
krishnav@uic.edu

†These authors have contributed
equally to this work and share first
authorship

SPECIALTY SECTION

This article was submitted to
Neuropharmacology,
a section of the journal
Frontiers in Neuroscience

RECEIVED 05 August 2022
ACCEPTED 02 September 2022
PUBLISHED 04 October 2022

CITATION

Challa SR, Nalamolu KR, Fornal CA,
Wang BC, Martin RC, Olson EA,
Ujjainwala AL, Pinson DM,
Klopfenstein JD and Veeravalli KK
(2022) Therapeutic efficacy of matrix
metalloproteinase-12 suppression on
neurological recovery after ischemic
stroke: Optimal treatment timing
and duration.
Front. Neurosci. 16:1012812.
doi: 10.3389/fnins.2022.1012812

COPYRIGHT

© 2022 Challa, Nalamolu, Fornal,
Wang, Martin, Olson, Ujjainwala,
Pinson, Klopfenstein and Veeravalli.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Therapeutic efficacy of matrix
metalloproteinase-12
suppression on neurological
recovery after ischemic stroke:
Optimal treatment timing and
duration
Siva Reddy Challa1,2†, Koteswara Rao Nalamolu1†,
Casimir A. Fornal1, Billy C. Wang1,3,4, Ryan C. Martin1,
Elsa A. Olson1, Ammar L. Ujjainwala1, David M. Pinson5,
Jeffrey D. Klopfenstein1,6,7 and Krishna Kumar Veeravalli1,3,6,8*
1Department of Cancer Biology and Pharmacology, University of Illinois College of Medicine
at Peoria, Peoria, IL, United States, 2Department of Pharmacology, KVSR Siddhartha College
of Pharmaceutical Sciences, Vijayawada, India, 3Department of Pediatrics, University of Illinois
College of Medicine at Peoria, Peoria, IL, United States, 4Children’s Hospital of Illinois, OSF
HealthCare Saint Francis Medical Center, Peoria, IL, United States, 5Department of Health Sciences
Education and Pathology, University of Illinois College of Medicine at Peoria, Peoria, IL,
United States, 6Department of Neurosurgery, University of Illinois College of Medicine at Peoria,
Peoria, IL, United States, 7OSF HealthCare Saint Francis Medical Center, Illinois Neurological
Institute, Peoria, IL, United States, 8Department of Neurology, University of Illinois College
of Medicine at Peoria, Peoria, IL, United States

We recently showed that the post-ischemic induction of matrix

metalloproteinase-12 (MMP-12) in the brain degrades tight junction

proteins, increases MMP-9 and TNFα expression, and contributes to the

blood-brain barrier (BBB) disruption, apoptosis, demyelination, and infarct

volume development. The objectives of this study were to (1) determine

the effect of MMP-12 suppression by shRNA-mediated gene silencing on

neurological/functional recovery, (2) establish the optimal timing of MMP-

12shRNA treatment that provides maximum therapeutic benefit, (3) compare

the effectiveness of acute versus chronic MMP-12 suppression, and (4)

evaluate potential sex-related differences in treatment outcomes. Young

male and female Sprague-Dawley rats were subjected to transient middle

cerebral artery occlusion and reperfusion. Cohorts of rats were administered

either MMP-12shRNA or scrambled shRNA sequence (control) expressing

plasmids (1 mg/kg; i.v.) formulated as nanoparticles. At designated time

points after reperfusion, rats from various groups were subjected to a battery

of neurological tests to assess their reflex, balance, sensory, and motor

functions. Suppression of MMP-12 promoted the neurological recovery of

stroke-induced male and female rats, although the effect was less apparent in

females. Immediate treatment after reperfusion resulted in a better recovery
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of sensory and motor function than delayed treatments. Chronic MMP-12

suppression neither enhanced nor diminished the therapeutic effects of

acute MMP-12 suppression, indicating that a single dose of plasmid may

be sufficient. We conclude that suppressing MMP-12 after an ischemic

stroke is a promising therapeutic strategy for promoting the recovery of

neurological function.
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ischemia, reperfusion, matrix metalloproteinase-12, sensory, motor, recovery

Introduction

Ischemic stroke remains the most prevalent form,
accounting for about 87% of all strokes. The only two
FDA-approved recanalization treatments for ischemic stroke
are thrombolysis drug therapy with tissue-type plasminogen
activator and endovascular thrombectomy. Following the
recanalization treatments, blood flow is restored, ending
ischemia. Nonetheless, both the residual brain damage
and that resulting from recanalization (reperfusion injury)
contribute to the development of severe and long-lasting
secondary effects, including brain injury and neurologic
functional deficits. Consequently, it is of utmost clinical
importance to discover new treatments that prevent brain
damage and promote the recovery of sensory and motor
function. Despite years of intensive research, drug treatments
are not available to alleviate progressive brain damage
or enhance neurologic functional recovery after an acute
ischemic stroke.

Recently, we demonstrated the upregulation of matrix
metalloproteinase-12 (MMP-12) in the ischemic brain of young
rodents during both the acute and chronic phases following
an ischemic stroke (Chelluboina et al., 2015b; Nalamolu et al.,
2018). We discovered that the upregulation of MMP-12 in the
ischemic brain was approximately 8–200 times greater than any
other MMP. MMP-12 expression increased gradually during
the first week following transient focal cerebral ischemia and
reperfusion, and remained elevated for 14 days, the longest
post-reperfusion duration tested in our study (Chelluboina
et al., 2015b). MMP-12 possesses autoproteolytic properties
and can activate other MMPs (Chen, 2004). It can activate
pro-MMP-2 and pro-MMP-3, which can then activate pro-
MMP-1 and pro-MMP-9 (Matsumoto et al., 1998). MMP-2 and
MMP-9 are the primary mediators of blood-brain barrier (BBB)
disruption because they degrade various components of the
microvascular basal lamina and BBB tight junction proteins
(Rosenberg, 2002; Zhao et al., 2006; Yang et al., 2007; del
Zoppo, 2009). In addition, there is evidence that MMP-9 plays
a significant role in vasogenic brain edema and secondary
brain damage (Montaner et al., 2001). MMP-12 activation

has been reported to induce myelin basic protein degradation
(Chandler et al., 1996). Demyelination is a major component
of white matter injury. It significantly contributes to long-
term sensorimotor and cognitive deficits. MMP-12 can induce
the release of TNFα from macrophages, thereby initiating the
inflammatory cascade (Churg et al., 2003). Animals lacking
MMP-12 have defective TNFα release, and MMP-12 can act
as a converting enzyme to convert pro-TNFα to active TNFα

(Chandler et al., 1996; Churg et al., 2003). The intracellular
levels of MMP-12 contribute to the secretion of IFN-α, a master
cytokine capable of boosting the production of other pro-
inflammatory cytokines, such as IL-1, IL-2, IL-6, TNFα, and
IFN-γ, whereas the extracellular MMP-12 cleaves the IFN-α
receptor 2–binding site of systemic IFN-α (Marchant et al.,
2014). Progranulin (PGRN) is a growth factor and a source of
various inflammatory mediators after undergoing proteolysis
to granulins. MMP-12 has been identified as a proteolytic
enzyme of PGRN, which is widely expressed in mammalian
tissues (Bhandari et al., 1992; Daniel et al., 2000, 2003;
Mackenzie et al., 2006; Matsubara et al., 2012). In conclusion, the
plausible molecular interactions discussed above in relation to
elevated MMP-12 levels in the brain may significantly contribute
to the pathophysiology of ischemic stroke and poor stroke
recovery.

Reducing MMP-12 expression in the brain via shRNA-
mediated gene silencing mitigated ischemic brain damage, at
least in part, by reducing the degradation of tight junction
proteins, MMP-9 elevation, BBB disruption, apoptosis, myelin
basic protein degradation, TNFα upregulation, and infarct
volume (Chelluboina et al., 2015a,b). In light of these promising
findings, we investigated whether suppressing MMP-12 in the
brain after an ischemic stroke might have a beneficial effect on
stroke recovery and therefore be a potential stroke treatment.

This study had the following objectives: (1) determine the
effect of MMP-12 suppression on neurological and functional
recovery in stroke-induced male and female animals; (2)
determine the optimal timing of MMP-12shRNA treatment
for maximum therapeutic benefit; (3) compare the therapeutic
efficacy of acute versus chronic MMP-12 suppression; and (4)
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identify any treatment-related sex differences on functional
outcomes.

Materials and methods

Design, construction, and synthesis of
matrix metalloproteinase-12 shRNA
plasmids

We designed, constructed, and synthesized plasmids
expressing MMP-12 shRNA (M12sh) specifically to silence
the gene expression of MMP-12. We utilized pSilencerTM

4.1-CMV neo vector obtained from Ambion (Austin, TX,
USA) to construct M12sh along with a scrambled sequence
shRNA (SVsh or control shRNA), which served as a control.
The target MMP-12 mRNA sequence (actccaggaaatgcagcagttc)
was chosen and used to design the inverted repeat MMP-12
shRNA sequences (Figure 1A). The inverted repeat sequences
synthesized for MMP-12 were laterally symmetrical, causing
them to be self-complementary with a nine base pair mismatch
in the loop region. The oligonucleotides/ultramers were
annealed, and the annealed product was ligated to the vector
at the BamHI and HindIII sites in accordance with the
manufacturer’s instructions. Scrambled sequence shRNAs were
also prepared in a similar manner. The resultant vectors were
transformed into chemically competent E. coli cells (JM109
competent cells) and cultured overnight. Plasmids expressing
M12sh or SVsh were synthesized from the overnight bacterial
culture by using QIAGEN plasmid mini kit (Qiagen, USA) in
accordance with the manufacturer’s protocol. Positive clones
confirmed by gene sequencing analysis at the University of
Illinois at Urbana-Champaign were used in this study.

The Institutional Biosafety Committee (IBC) of the
University of Illinois College of Medicine Peoria approved the
synthesis and isolation of plasmids containing shRNAs (control
shRNA and MMP-12 shRNA) inserted in pSilencerTM 4.1-CMV
neo vector (Ambion, Austin, TX, USA) from bacterial cultures
and their use for several in vitro and in vivo experiments in our
laboratory. The development and production of plasmids and
their handling by research personnel were in compliance with
the IBC-approved protocol.

Induction of cerebral ischemia and
reperfusion in animals

A total of 226 healthy young Sprague-Dawley rats (2–
3 months old) were used in this study. Animals were procured
(Envigo Laboratories, Indianapolis, IN, USA) and housed in
the Laboratory Animal Care Facility at the University of
Illinois College of Medicine Peoria. The housing conditions
included a 12 h light/dark cycle, controlled temperature and
humidity, and free access to food and water. Animals were

randomly assigned to the different experimental groups [Sham,
Untreated, SVsh-treated (SVsh-IAR/SVsh-SD and SVsh-RD),
M12sh-treated (M12sh-IAR/M12sh-SD, M12sh-3hAR, M12sh-
6hAR, and M12sh-RD)] as described in Table 1. To induce
transient focal cerebral ischemia, 9–12 weeks-old rats were
subjected to a suture model right middle cerebral artery
occlusion (MCAO) as previously described by our group
(Chelluboina et al., 2017). Rats in the sham group underwent
the same surgical procedure as MCAO rats, but no sutures were
inserted. Removal of the monofilament suture 2 h after MCAO
constituted reperfusion. Animals from various cohorts were
subjected to several testing procedures and/or drug treatments,
before being euthanized at different time points following
ischemia and reperfusion (Figure 1B).

As stated in the Guide for the Care and Use of Laboratory
Animals (Publication no. 86–23 revised, National Institutes
of Health, U.S. Department of Health and Human Services),
all animal experiments were planned and conducted in
accordance with the scientific, humane, and ethical principles.
The Institutional Animal Care and Use Committee (IACUC) of
the University of Illinois College of Medicine Peoria approved
all surgical procedures and pre- and post-operative animal care.
All animal experiments were conducted in accordance with the
IACUC-approved animal protocol.

Plasmid synthesis, formulation
preparation, and treatment

The positive clones of M12sh and SVsh were inoculated
into the sterilized Luria-Bertani media and cultured overnight
at 37◦C using an orbital shaker. After 16 h, the culture
was centrifuged at 6000 × g for 15 min at 4◦C to collect
the pellet. The plasmid from the pellet was extracted using
QIAGEN plasmid maxi kit (Qiagen, USA) in accordance
with the manufacturer’s protocol. The obtained plasmids
were stored at −20◦C until use in nanoparticle formulation
preparation. The M12sh or SVsh plasmids were formulated
into nanoparticles, which are small enough to diffuse into
tissues and enter cells by endocytosis. The nanoparticle
formulation was prepared using the in vivo-jetPEI reagent
(Polyplus transfection, Illkirch, France) in accordance with
the manufacturer’s instructions. Nanoparticle formulations
of M12sh or SVsh plasmids (1 mg/kg) were administered
intravenously via the tail vein to rats in the respective groups at
designated time points, including immediately (within 30 min),
3, and 6 h after reperfusion, as well as on post-reperfusion days
7 and 14 as described in Table 1.

Real-time PCR analysis

Total RNA was extracted from the whole contralateral
and ipsilateral brains of male rats from appropriate cohorts
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FIGURE 1

Schematic representation of the MMP-12 shRNA plasmid construct and mechanism of target gene silencing, experimental design, and timing of
the main experimental procedures. (A) The construct consists of the annealed invert repeat MMP-12 shRNA sequences ligated between BamHI
and HindIII sites of the pSilencer 4.1-CMV neo expression vector. Following the entry of plasmids into the nucleus of a cell, the CMV promoter
drives the formation of the MMP-12 pre-shRNA, a short hairpin molecule specific to MMP-12. The Dicer processes MMP-12 pre-shRNA
molecules and the resulting MMP-12 siRNA molecules interact with the target MMP-12 mRNA. This interaction leads to the degradation of
MMP-12 mRNA and suppression of MMP-12 gene expression. (B) Rats from both sexes were subjected to transient focal cerebral ischemia for
2 h, followed by reperfusion and various treatments. Rats from the appropriate cohorts were euthanized on various post-reperfusion days, and
their brains were processed for real-time PCR analysis. Additional animals from the appropriate cohorts were assessed in various neurological
and functional tests at baseline and at regular intervals (post-reperfusion days 1, 3, 5, 7, 14, and 21) after a 2-h focal cerebral ischemia.

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). One
microgram of total RNA from each sample was reverse
transcribed to cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA, USA) in accordance
with the manufacturer’s instructions. Real-time PCR
analysis was performed using the SYBR Green method.
The reaction setup for each diluted cDNA sample (1:10)
was assembled using the iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
per the manufacturer’s instructions. The oligonucleotides
(MMP-12: Forward primer-5′gctagaagtaactgggcaact3′,
Reverse primer-5′gagataccgcttcatccatctt3′; 18S rRNA:
Forward primer-5′acgtctgccctatcaactttc3′, Reverse primer-
5′ttggatgtggtagccgtttc3′) used for the reaction were obtained
from the Integrated DNA Technologies (IDT). Samples were
subjected to the following PCR cycle: [95◦C for 5 min, (95◦C
for 30 s, 59–60◦C for 30 s, 72◦C for 30 s) × 40 cycles, and
72◦C for 5 min] in an iCycler IQ (Multi-Color Real-Time
PCR Detection System; Bio-Rad Laboratories, Hercules, CA,
USA). Data was collected and recorded using the iCycler
IQ software (Bio-Rad Laboratories, Hercules, CA, USA) and
expressed as a function of the threshold cycle (Ct), representing

the number of cycles at which the fluorescent intensity of
the SYBR Green dye is significantly above the background
fluorescence. 18S rRNA served as the internal standard. Relative
quantification of gene expression was normalized to 18S rRNA.
The fold change in target gene expression in the test sample
relative to the control sample was computed using the formula
21Ct(control)/21Ct (test).

Neurobehavioral evaluations

Trained researchers who were blind to treatments
conducted all neurological evaluations and data collection
for ischemia-induced rats. Following 2-h of transient focal
ischemia, rats from experimental groups treated with M12sh or
SVsh were submitted to a battery of standard neurobehavioral
tests, including the modified Neurological Severity Score
assessment (mNSS), adhesive tape removal test (commonly
referred to as sticky-tape test), beam walk test, and accelerating
rotarod test as previously described by our group (Nalamolu
et al., 2021a). The mNSS assessment is a composite of reflex,
balance, sensory (tactile, visual, and proprioception), and
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TABLE 1 Experimental groups, description, and the number of animals used for each experiment.

Group name Group description Number of animals

PCR Neurological studies Mortality and exclusion Total

Sham Rats subjected to surgical procedure as MCAO rats, but
no sutures were inserted.

6| – – 6|

Untreated Rats subjected to MCAO but received no treatment 18| – 7| 25|

SVsh treated
SVsh-IAR/
SVsh-SD

Rats subjected to MCAO and received SVsh treatment
immediately (within 30 min) after reperfusion.

– 18| + 13~ 12| + 7~ 30| + 20~

SVsh-RD Rats subjected to MCAO and received SVsh treatment
immediately (within 30 min) after reperfusion and on

post-reperfusion days 7 and 14.

– 8| 4| 12|

M12sh treated
M12sh-IAR/
M12sh-SD

Rats subjected to MCAO and received M12sh
treatment immediately (within 30 min) after

reperfusion.

18| 18| + 12~ 15| + 5~ 51| + 17~

M12sh-3hAR Rats subjected to MCAO and received M12sh
treatment 3h after reperfusion.

– 12| 5| 17|

M12sh-6hAR Rats subjected to MCAO and received M12sh
treatment 6h after reperfusion.

– 12| 6| 18|

M12sh-RD Rats subjected to MCAO and received M12sh
treatment immediately (within 30 min) after

reperfusion and on post-reperfusion days 7 and 14.

– 10| + 10~ 4| + 6~ 14| + 16~

|, Male; ~, female; MCAO, middle cerebral artery occlusion; PCR, polymerase chain reaction; AR, after reperfusion; SD, single dose; RD, repeated dose.

motor (abnormal movement and muscle status) functions.
The sticky-tape test provides an assessment of somatosensory
dysfunction. The beam walk test evaluates motor coordination
and integration. The rotarod test evaluates motor coordination,
balance, and grip strength. Rats were trained to traverse a
narrow raised beam and walk on a rotating rotarod for 2 or
3 days before ischemia induction. By the end of the training
period, all rats had learned the tasks to a satisfactory level.
The tests were administered prior to ischemia (baseline) and
at regular intervals (on reperfusion days 1, 3, 5, 7, 14, and 21)
after ischemia to determine the time course of neurological and
functional recovery following various treatments.

Exclusion criteria

Rats that did not perform or meet the required standards on
the accelerating rotarod test (the rotarod latency of minimum
50 s) after the training period and before the induction of
ischemia were not included in the study. Animals that did not
exhibit a neurological score of 8 or above after ischemia and
reperfusion and/or a body weight loss of more than 5% relative
to baseline on day 1 after reperfusion were excluded from
the study. Additionally, animals with postmortem evidence
of hemorrhage around the MCA were excluded from the
study. Data obtained from animals that died during the
study period, data from animals that did not demonstrate
specific post-ischemic neurological deficits, and data identified
as outliers by the Grubbs test were excluded from analysis.

Statistics and data analysis

Statistical analysis of the data was performed using
GraphPad Prism 8.4.3 for Windows. For each experiment,
the quantitative data was tested for normality and equality of
variances. On the basis of the number of groups present in each
experiment and the outcome of the normality and variance tests,
the appropriate statistical tests (described in the figure legends)
were selected to analyze the data. Differences between groups
were considered significant at p < 0.05. All data are expressed
as mean± SEM.

Results

Matrix metalloproteinase-12
expression increases in the brain after
ischemic stroke and M12sh treatment
prevents this

Real-time PCR was performed to evaluate MMP-12 mRNA
expression in the ipsilateral/ischemic and contralateral brains
of male rats from sham and untreated/M12sh treated ischemia-
induced animals on days 1 and 3 following reperfusion. On post-
reperfusion day 1, MMP-12 expression was markedly increased
in the ipsilateral/ischemic brains of untreated (43-fold over
sham) and to a lesser extent in M12sh-treated (20-fold over
sham) ischemia-induced rats (Figure 2). Statistical analysis
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FIGURE 2

M12sh treatment is effective in reducing MMP-12 expression in vivo. The column scatter plots show the quantified mRNA expression of MMP-12
(expressed as fold change over sham) on post-reperfusion days 1 and 3 in the contralateral (Contra) and ipsilateral (Ipsi) brain hemispheres of
male rats subjected to 2-h transient focal cerebral ischemia. Statistical analysis: Two-way ANOVA followed by Sidak’s/Tukey’s multiple
comparisons tests. +p < 0.05 vs. Contralateral brain hemisphere (same experimental group). *p < 0.05 vs. Sham (same brain hemisphere). δ

p < 0.05 vs. Ischemia (Untreated) group (same brain hemisphere).

revealed significant effects of brain region, treatment, and brain
region × treatment interaction. These results indicate that the
level of MMP-12 expression varied between brain regions and
was affected by treatments. A subsequent post-hoc test revealed
that MMP-12 expression in the ipsilateral/ischemic hemisphere
was significantly higher in the untreated (p < 0.0001)
and M12sh-treated (p = 0.0076) groups compared to the
contralateral hemisphere. In addition post-hoc testing revealed
no significant differences between experimental groups in the
expression of MMP-12 in the contralateral brain; however, in the
ipsilateral/ischemic brain, MMP-12 expression was significantly
increased in both the untreated (p < 0.0001) and M12sh-treated
(p = 0.0002) groups compared to the sham group. These findings
suggest that the effects of acute ischemia on MMP-12 expression
in the brain are restricted to the ischemic hemisphere only. In
addition, this test demonstrated that MMP-12 expression in the
ipsilateral/ischemic brain was significantly reduced (p< 0.0001)
by about 53% in the M12sh-treated group compared to the
untreated group.

In animals euthanized three days after reperfusion, we
observed a marked increase in the expression of MMP-12 in
the ipsilateral/ischemic brain of untreated rats (117-fold over
sham) and a relatively smaller increase in M12sh-treated (28-
fold over sham) ischemic rats (Figure 2). Statistical analysis
revealed a significant effect of brain region, treatment, and brain
region × treatment interaction. Subsequent post-hoc testing
revealed that MMP-12 expression in the ipsilateral/ischemic
brain relative to the contralateral brain was significantly elevated
only in the untreated group (p < 0.0001) and not in the
M12sh and sham groups. In addition, post-hoc testing revealed
no significant differences among experimental groups in the
expression of MMP-12 in the contralateral brain; however, in
the ipsilateral/ischemic brain, MMP-12 expression relative to the
sham group was significantly elevated in the untreated group
(p < 0.0001) but not in the M12sh group. Furthermore, this
test showed that MMP-12 expression in the ipsilateral/ischemic
brain was significantly reduced in the M12sh group (p< 0.0001)
compared to the untreated group.
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Overall, our results indicate that MMP-12 expression
increases in the brain following an ischemic stroke, and that
M12sh treatment immediately following acute ischemia is
effective in preventing this increase.

The earlier the matrix
metalloproteinase-12 suppression, the
better the post-stroke neurological
recovery in male rats

The mNSS score evaluates balance, sensory, and motor
functions, and a number of reflexes; the greater the score
the more severe the neurological deficits. As expected, the
neurological scores of the male rats in all experimental groups
dramatically increased after transient focal cerebral ischemia
and reperfusion, and gradually declined over the course of the
study in all the groups (Figure 3A). Statistical analysis revealed
a significant effect of treatment. Post–hoc testing indicated that
neurological scores were significantly lower in the M12sh-IAR
group (p = 0.0254 on day 1, p = 0.0001 on day 3, p = 0.0002 on
day 5, and p = 0.0003 on day 7), M12sh-3hAR group (p = 0.0003
on day 1, p = 0.0286 on day 3, p = 0.0488 on day 5, and
p = 0.0398 on day 7), and M12sh-6hAR group (p = 0.0405 on
day 3) compared to the SVsh group. In addition, the results
of this test revealed that the decrease in neurological scores on
post-reperfusion days 3, 5, and 7 relative to the SVsh group was
statistically more significant in the M12sh-IAR group than in the
other M12sh treated groups.

The rotarod test evaluates the animal’s ability to maintain
movement on a rotating spindle; the shorter the latency to fall,
the greater the impairment of motor function and grip strength.
Following transient focal cerebral ischemia and reperfusion,
the rotarod latency of male rats significantly decreased in all
experimental groups, albeit to a lesser extent in the M12sh-IAR
group, and gradually increased over the course of the study
in all the groups, as expected (Figure 3A). Statistical analysis
demonstrated a highly significant treatment effect. A subsequent
post-hoc test revealed that rotarod latencies were significantly
increased only in the M12sh-IAR group (p = 0.0005 on days 1,
3, and 5 and p = 0.0014 on day 7) compared to the SVsh group.
These results indicate that the sooner M12sh is administered, the
better the recovery of motor function.

The sticky-tape test evaluates somatosensory function; the
lower the sticky-tape ratio (animal’s interaction time between
affected and unaffected forelimbs), the worse the somatosensory
function. The sticky-tape ratio of male rats dramatically
decreased in all experimental groups, although to a lesser
extent in M12sh-IAR, after transient focal cerebral ischemia and
reperfusion, and gradually increased over time in all the groups,
as expected (Figure 3A). Statistical analysis revealed a significant
effect of treatment and a subsequent post-hoc test revealed that
the sticky-tape ratio was significantly increased in the M12sh-
IAR group (p = 0.026 on day 1 and p = 0.0316 on day 7),

M12sh-3hAR group (p = 0.0211 on day 5 and p = 0.0038 on
day 7), and M12sh-6hAR group (p = 0.0164 on day 7) compared
to the SVsh group. Thus, all M12sh treated groups showed
significantly higher sticky-tape ratios on post-reperfusion day
7 compared to the SVsh group irrespective of the timing of the
treatment. Further analyses of the animal sticky-tape interaction
time with the contralateral (left) forelimb revealed a significant
and sustained increase only in the M12sh-IAR group compared
to the SVsh group (Supplementary Figure 1). This indicates
that M12sh treatment greatly improved somatosensory function
in the affected forelimbs of stroke-induced rats in the M12sh-
IAR group.

Overall, these results show that M12sh administration
after transient focal cerebral ischemia and reperfusion in male
rats promotes recovery of sensory and motor function. In
addition, we found that treatment with M12sh immediately after
reperfusion results in a greater recovery of sensory and motor
function than delayed treatments.

The effect of matrix
metalloproteinase-12 suppression
immediately after reperfusion on
post-stroke neurological recovery in
female rats

As we observed significant improvements in the recovery
of sensory and motor function following ischemic stroke in
male rats treated with M12sh immediately after reperfusion, we
tested the effect of this treatment under similar experimental
conditions in stroke-induced female rats to determine whether
they also demonstrate significant improvements in stroke
outcomes. A secondary objective was to determine if there are
sex differences in treatment results. As expected, the M12sh-
IAR had a higher reduction in neurological score and a greater
improvement in rotarod latency and sticky-tape ratio than
the SVsh group (Figure 3B). Statistical analysis revealed a
significant effect of treatment only for the sticky-tape ratio.
A subsequent post-hoc test revealed that the increase in sticky-
tape ratio was statistically significant (p = 0.0159 on day 7) in
the M12sh-IAR group compared to the SVsh group. In addition,
the increase in sticky-tape interaction time of the contralateral
(left) forelimb was statistically significant in the M12sh-IAR
group compared to the SVsh group (Supplementary Figure 1).
The absence of statistically significant changes in many of
these neurological tests, despite the higher degree of recovery
in M12sh-treated female rats may be related to the well-
known milder impairments and faster recovery in young females
compared to males after an ischemic stroke. For example, in
this study, the rotarod latency of control shRNA (SVsh) treated
females on post-reperfusion day 7 was improved to 73% of
baseline versus 46% in males. Similarly, on post-reperfusion day
7, the rotarod latency of M12sh treated females, but not males,
reached almost baseline value.
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FIGURE 3

The effect of a single-dose M12sh treatment given at different times after reperfusion on post-stroke neurological and functional recovery.
Following 2-h focal cerebral ischemia, both male (A) and female (B) rats subjected to treatments with either SVsh (immediately after
reperfusion) or M12sh (immediately after reperfusion, 3-h after reperfusion, or 6-h after reperfusion) were evaluated for assessment of various
neurological and functional tests at baseline (bl) and at regular intervals (days 1, 3, 5, and 7). Post-ischemic neurological and functional deficits
were assessed by the mNSS assessment, the accelerating Rotarod performance, and the modified adhesive removal tests. n = 23–28 males and
11–13 females (SVsh group), 26–28 males and 20–22 females (M12sh-IAR group), 10-12 males (M12sh-3hAR group), and 12 males (M12sh-6hAR
group) for the various tests. Statistical analysis: Two-way repeated-measures ANOVA followed by Dunnett’s/Sidak’s multiple comparisons tests.
*p < 0.05 vs. SVsh (respective post-reperfusion day).

Duration of M12sh mediated
suppression of matrix
metalloproteinase-12 expression in the
brain after administration of a single
dose of M12sh

Matrix metalloproteinase-12 mRNA expression was

determined in the ipsilateral/ischemic and contralateral

brain of rats from sham, and untreated/M12sh treated

ischemia-induced animals euthanized 7-days after reperfusion.
We observed a dramatic increase in MMP-12 expression in
the ipsilateral/ischemic brains of both untreated (281-fold
over sham) and M12sh-treated (197-fold over sham) ischemia-
induced rats on post-reperfusion day 7 relative to days 1 and
3 (Figure 4). Statistical analysis revealed a significant effect
of brain region, treatment, and brain region × treatment
interaction. Post-hoc testing showed that MMP-12 expression in
the ipsilateral/ischemic brain relative to the contralateral brain
was significantly increased in both the untreated (p = 0.0002)

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2022.1012812
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1012812 September 30, 2022 Time: 10:10 # 9

Challa et al. 10.3389/fnins.2022.1012812

and M12sh (p = 0.0051) groups. In addition, post-hoc test
revealed that there were no significant differences among
experimental groups in the expression of MMP-12 in the
contralateral brain; however, in the ipsilateral/ischemic brain,
MMP-12 expression relative to the sham group was significantly
elevated in both the untreated (p < 0.0001) and M12sh
(p = 0.0018) groups. Furthermore, this test indicated no
significant difference in the expression of MMP-12 between
the untreated and M12sh groups (p = 0.2442). Overall, these
results indicate that M12sh treatment immediately after
transient ischemia was no longer effective in reducing MMP-12
expression in the brain seven days after reperfusion.

The effects of acute versus chronic
matrix metalloproteinase-12
suppression on post-stroke
neurological outcomes

While acute MMP-12 suppression was achieved by
administering a single dose of M12sh immediately after
reperfusion (M12sh-SD), chronic MMP-12 suppression
was achieved by administering repeated doses of M12sh
(immediately after reperfusion, seven days after reperfusion,
and 14 days after reperfusion) (M12sh-RD). As we did not
observe any statistically significant changes in neurological
outcomes in the SVsh repeated-dose group relative to the SVsh
single-dose group (Supplementary Figure 2), we compared the
effects of M12sh-SD and M12sh-RD groups with the SVsh-SD
(SVsh) group. Following transient focal cerebral ischemia, the
body weight of male and female rats in all experimental groups
decreased and remained below baseline levels until about day
7 post-reperfusion, and then steadily increased to levels above
baseline (Supplementary Figure 3). Statistical analysis revealed
no significant effect of treatment on the body weight of male
or female rats any time points after reperfusion during the
21-day study period.

Statistical analysis of neurological scores obtained from the
mNSS assessment revealed a significant effect of treatment in
males but not in females (Figures 5A,B). A subsequent post-hoc
test in males revealed that neurological scores were significantly
lower in the M12sh-SD group (p = 0.0357 on day 7, p = 0.0426
on day 14, and p = 0.0175 on day 21) and the M12sh-RD
group (p = 0.0384 on day 14) compared to the SVsh group. The
difference in neurological scores between the M12sh-SD and
M12sh-RD groups was not statistically significant at any of the
time points examined.

The beam walk test was performed to determine if it can
differentiate between the effects of single/repeated doses of
M12sh and SVsh treatments on motor improvements. Statistical
analysis revealed a significant effect of treatment in males
but not in females (Figures 5A,B). Post-hoc testing in males
indicated that beam walk scores were significantly increased

in the M12sh-SD group (p = 0.004 on day 14 and p = 0.0043
on day 21) and the M12sh-RD group (p = 0.0415 on day 21)
compared to the SVsh group. The differences in beam walk
scores between M12sh-SD and M12sh-RD groups in both males
and females were not statistically significant at any of the time
points examined.

The rotarod latency was substantially decreased in both
males and females after transient ischemia and reperfusion,
and gradually increased over time (Figures 5A,B). Statistical
analysis revealed a significant effect of treatment in both
males and females. Post-hoc testing in males showed that the
rotarod latency was significantly increased in the M12sh-SD
group (p = 0.0233 on day 7, p = 0.0282 on day 14, and
p = 0.0266 on day 21) and the M12sh-RD group (p = 0.0342
on day 14 and p = 0.0207 on day 21) compared to the SVsh
group. Although the degree of recovery was greater in the
M12sh-SD group compared to the SVsh group in females, the
post-hoc test indicated that the treatment effects across the
different experimental groups were not statistically significant.
The rotarod latency was not statistically different between the
M12sh-SD and M12sh-RD groups at any of the examined time
points in both males and females.

As expected, the sticky-tape ratio was substantially
decreased in both male and female rats after transient focal
cerebral ischemia and reperfusion and gradually increased
over time in all experimental groups (Figures 5A,B). Statistical
analysis revealed a significant effect of treatment in females but
not in males. A subsequent post–hoc test in females showed that
the sticky-tape ratio was significantly increased in the M12sh-
SD group (p = 0.0149 on day 21) and the M12sh-RD group
(p = 0.0332 on day 7 and p = 0.0029 on day 21) compared to the
SVsh group. Analysis of the sticky-tape interaction time with
the contralateral (left) forelimb in males and females showed
similar findings to those obtained with the sticky-tape ratio
(Supplementary Figure 4). In addition, neither the sticky-tape
ratio nor the interaction time with the affected forelimb differed
significantly between the M12sh-SD and M12sh-RD groups at
any of the time periods examined.

Overall, these results demonstrate that both the single
and the repeated (once per week) doses of M12sh promote
neurological recovery in both males and females after an
ischemic stroke. However, the degree of improvement in females
treated with M12sh relative to those treated with control shRNA
was not always significant. This could be because females treated
with control shRNA exhibited less neurological impairment
and better recovery than males, at least in the motor tests
(Supplementary Figure 5). In addition, these results indicate
that continued MMP-12 suppression neither enhanced nor
diminished the benefits of acute MMP-12 suppression. The
improved post-stroke neurological and functional outcomes
observed in this study may be attributed to the immediate
MMP-12 suppression after reperfusion.
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FIGURE 4

Duration of the effect of a single-dose M12sh treatment on MMP-12 expression in the brain. The column scatter plot shows the quantified
mRNA expression of MMP-12 (expressed as fold change over sham) on post-reperfusion days 7 in the contralateral (Contra) and ipsilateral (Ipsi)
brain hemispheres of male rats subjected to 2-h transient focal cerebral ischemia. Statistical analysis: Two-way ANOVA followed by
Sidak’s/Tukey’s multiple comparisons tests. +p < 0.05 vs. Contralateral brain hemisphere (same experimental group). *p < 0.05 vs. Sham group
(same brain hemisphere).

Discussion

The Stroke Therapy Academic Industry Roundtable
(STAIR) recommends that the initial evaluation of potential
new stroke therapeutics be performed on young, healthy
animals as was the case in our research. In this study,
we showed that a gene-silencing treatment (M12sh) that
blocks MMP-12 elevation in the ischemic brain promotes
neurological and functional recovery in young male and
female rats following an ischemic stroke. In addition, our
research revealed that initiating this treatment immediately
after reperfusion results in a better recovery of sensory and
motor function than delayed treatments. We also found that
chronic MMP-12 suppression neither enhanced nor diminished
the beneficial effects of acute MMP-12 suppression, suggesting
that a single-dose treatment may be sufficient for maximal
therapeutic effect.

The pathologic role of MMP-12 has been demonstrated
in a variety of neurologic diseases, including hemorrhagic
stroke, spinal cord injury (SCI), and other pathologies
(Power et al., 2003; Wells et al., 2003, 2005; Veeravalli
et al., 2009; Chelluboina et al., 2018). Suppression of
MMP-12 with non-specific inhibitors or genetic deletion
of MMP-12 led to enhanced recovery after SCI and
intracerebral hemorrhage (ICH) (Wells et al., 2003, 2005;
Lee et al., 2012). Previously, our group demonstrated the
deleterious role of MMP-12 in mediating BBB disruption
neuroinflammation, apoptosis, and infarct development
following ischemic stroke (Chelluboina et al., 2015a,b). This
study highlights the enhanced neurological and functional

recovery after an ischemic stroke when MMP-12 expression is
suppressed.

In contrast to our previous studies, MMP-12 expression
was determined in both the ipsilateral and contralateral brains
of stroke-induced rats on post-reperfusion days 1, 3, and 7.
As expected, MMP-12 expression was significantly increased
in the ipsilateral brain but not the contralateral brain. The
level of expression in the ipsilateral brain gradually increased
from day 1 to day 7. These results confirm and extend
our previous report on the elevated expression of MMP-
12 in the ipsilateral rat brain (Chelluboina et al., 2015b).
Similar time-dependent increases in MMP-12 expression were
observed earlier in animal models of SCI and ICH by our
group and others (Power et al., 2003; Wells et al., 2003,
2005; Lee et al., 2006; Veeravalli et al., 2009). Although
various brain cells (neurons, oligodendrocytes, and microglia)
express MMP-12 in the brain following an ischemic stroke,
the primary source of MMP-12 is the monocytes/macrophages
that have infiltrated into the ischemic brain (Wu et al.,
2000; Svedin et al., 2009; Chelluboina et al., 2015b). Since the
targets of M12sh treatment in this study are both the
brain cells and peripheral monocytes/macrophages, M12sh
was administered intravenously (rather than brain-specifically),
in order to transfect both circulating blood and brain
cells.

A single dose of M12sh significantly decreased brain
MMP-12 mRNA expression on days 1 and 3 compared to
the relative expression observed on those days in untreated
rats. On day 7, the expression of MMP-12 in the ischemic
brain did not differ significantly between untreated and
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FIGURE 5

Effect of acute vs. chronic suppression of MMP-12 on long-term neurological recovery after an ischemic stroke. Following 2-h focal cerebral
ischemia, male (A) and female (B) rats subjected to treatments with either single-dose (SD) SVsh/M12sh (immediately after reperfusion) or
repeated-dose (RD) M12sh (immediately after reperfusion and on post-reperfusion days 7 and 14) were evaluated for assessment of
neurological and functional tests at baseline (bl) and at regular intervals (days 1, 7, 14, and 21). Post-ischemic neurological and functional deficits
were assessed by the mNSS assessment, the beam walk, the accelerating Rotarod performance, and the modified adhesive removal tests.
n = 8–12 males and 10–12 females (SVsh group), 10–12 males and 9–12 females (M12sh-SD group), and 9–10 males and 10 females (M12sh-RD
group) for the different tests. Statistical analysis: Two-way repeated-measures ANOVA followed by Tukey’s multiple comparisons tests.
*p < 0.05 vs. SVsh (respective post-reperfusion day).

M12sh-treated rats. These results indicated that a single-
dose of M12sh administered to rats immediately after
transient ischemia was no longer effective in reducing
MMP-12 mRNA expression after 7 days. Our previous

research showed a significant decrease in MMP-12 protein
expression on day 7 following a single intravenous
administration of the same dose of M12sh one day after
reperfusion (Chelluboina et al., 2015b). Since we previously

Frontiers in Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnins.2022.1012812
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1012812 September 30, 2022 Time: 10:10 # 12

Challa et al. 10.3389/fnins.2022.1012812

determined that a single dose of M12sh administered one
day after reperfusion reduced MMP-12 protein expression
by approximately 50% on day 7, the second and third doses
of M12sh in the repeated-dose study were administered
at intervals of seven days in order to achieve chronic
MMP-12 suppression. Thus, stroke-induced rats in the
repeated-dose group (M12sh-RD) were administered
M12sh immediately after reperfusion and on days 7 and
14.

In male rats, treatment with M12sh (M12sh-IAR) led
to a significant reduction in injury severity and deficits
in gross motor function and sensory function during the
first week following reperfusion. Furthermore, neurological
scores remained significantly lower, and beam walk scores
and rotarod latencies were higher in the M12sh-IAR/M12sh-
SD group compared to the SVsh group on days 14 and
21 in males. In female rats treated with M12sh (M12sh-
IAR), there was only a significant improvement in sensory
function on days 7 and 21. Although changes in other
functional tests were minimal in females, the magnitude of
the reduction in neurological score, improvement in the
beam walk score, and reduction in rotarod latency was
greater in the M12sh-IAR group than in the SVsh group.
The absence of statistical significance in the neurological
and motor function outcomes between M12sh and SVsh
treated females may be attributable to the intrinsically milder
post-ischemic neurological deficits and better recovery in
females. We recently reported that despite having similar
pathological stroke lesions, the clinical manifestations of
ischemic stroke were less severe in females than in males
(Nalamolu et al., 2021b). We attribute this difference to
the neuroprotective effects of estrogen in young females
(Koellhoffer and McCullough, 2013). With a larger sample
size of females, it may be possible to detect statistically
significant effects in these neurological tests. Although the
effects of M12sh treatment, especially on neurological and
motor function recovery, were not statistically significant in
females (for the reasons stated earlier), we believe that M12sh
treatment is effective in both sexes. The overall findings of
this study strongly support the hypothesis that suppressing
MMP-12 after an ischemic stroke improves neurological
and functional recovery. Using animal models of SCI and
ICH, Wells et al. (2003, 2005) demonstrated a similar
improvement in long-term neurological recovery in MMP-12
knockout mice compared to wild type, further supporting a
predominantly pathologic role of the proteolytic enzyme in CNS
injury.

Matrix metalloproteinase-12 suppression may facilitate
recovery of neurological function following ischemic stroke by
reducing BBB disruption, infarct volume, and brain cell death
(Chelluboina et al., 2015a,b). In addition, MMP-12 suppression
may improve recovery by reducing neuroinflammation after
injury (Chelluboina et al., 2015b). Hohjoh et al. (2020)

observed co-localization of MMP-12 with activated microglia
and upregulation of MMP-12 on day 3 in a photothrombotic
model of ischemic stroke. Liu et al. (2013) reported increased
expression of MMP-12 in the aging brain, which correlated
with decreased pro-inflammatory cytokine expression in MMP-
12 knockouts. Furthermore, MMP-12 converts PGRN, a potent
neurotrophic molecule produced by neurons and microglia,
into granulin, a pro-inflammatory molecule (Suh et al.,
2012). MMP-12 also likely contributes both directly and
indirectly to demyelination, as reported by our group in the
ischemic stroke model and another group in the murine
encephalitis model (Noble et al., 2002; Hansmann et al.,
2012).

When M12sh was administered 3 h after reperfusion,
significant improvements in neurological scores were observed
throughout the entire first week following reperfusion. There
were also delayed improvements in sensory function on
days 5 and 7. When M12sh was administered 6 h after
reperfusion, the level of statistical significance decreased and
largely disappeared. Compared to the control shRNA-treated
rats, the changes in beam walk score and rotarod latency
in animals treated with delayed M12sh were not statistically
significant at any time points examined. Our investigation
indicates that increasing the interval between the onset of
reperfusion and M12sh delivery by three or more hours
has a significant impact on M12sh’s therapeutic efficacy in
males. This is probably due to ongoing BBB disruption
during ischemia and the early period of reperfusion, as
we have previously shown (Chelluboina et al., 2015a). As
the BBB degrades, a growing number of monocytes enter
the brain and differentiate into macrophages, the primary
source of MMP-12 in the ischemic brain. The invading
macrophages raise MMP-12 levels and exacerbate brain damage,
thereby partially offsetting or obscuring the therapeutic effects
of M12sh treatment. This may explain why the delayed
shRNA treatments (3 and 6 h post-reperfusion in males)
appear less effective and why administering shRNA treatment
to females immediately following ischemia was optimal to
evaluate its effects on females in this study. Overall, our
results indicate that the degree of improvement depends
on how quickly MMP-12 suppression is achieved after
reperfusion. In addition, these findings suggest that the
beneficial administration window can occur within a clinically
feasible timespan after chemical thrombolysis or endovascular
thrombectomy.

The long-term use of MMP inhibitors can compromise the
beneficial effects of MMPs during the repair process in certain
neurodegenerative diseases. For example, pharmacological
blockade of MMPs by non-specific MMP inhibitors during the
first three days following SCI is neuroprotective and promotes
long-term recovery of hind limb function (Noble et al., 2002).
However, the functional improvement was lost when MMP
inhibition was continued for 7 days after SCI (Trivedi et al.,
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2005). The adverse effects of long-term suppression of MMPs
may be attributed to the elevated expression and activity
of MMP-2, which plays a role in tissue repair and nerve
regeneration during the recovery or repair phase following CNS
insults (Montaner et al., 2001; Goussev et al., 2003). During the
acute phase of injuries such as SCI, ICH, and ischemic stroke,
elevated MMP-12 is detrimental, but it aids in the recovery
from experimental autoimmune encephalomyelitis (Wells et al.,
2003, 2005; Weaver et al., 2005; Chelluboina et al., 2015a,b).
In the present study, continued MMP-12 suppression neither
enhanced nor diminished the neurologic functional benefits of
acute MMP-12 suppression, suggesting that chronic suppression
of MMP-12 after ischemic stroke is not detrimental to recovery.
The improved neurological and functional outcomes following
ischemic stroke observed in this study may be attributable to
acute MMP-12 suppression. Unlike other MMPs, the benefits
of MMP-12 suppression may not be temporally limited to
a specific time frame and because MMP-12 may only have
a pathological function during ischemic stroke and recovery
(Montaner et al., 2001; Goussev et al., 2003; Lee et al., 2006; Zhao
et al., 2006).

Age and sex hormones are well-known risk factors for
stroke in both humans and animals. In accordance with STAIR
recommendations, young male and female rats were used in
this study as opposed to older animals. The therapeutic benefits
of MMP-12 shRNA treatment, especially on neurological and
motor function recovery, were more apparent in young males
than in young females, presumably because high estrogen levels
in females are associated with stroke neuroprotection. We
hypothesize that the therapeutic effects of suppressing MMP-
12 using shRNA will be significantly greater in stroke-induced
aged animals, especially in postmenopausal females with low
estrogen levels. This is because older animals, in general, are
more susceptible to stroke and recover more slowly, making
it easier to observe favorable treatment outcomes. Our future
studies will examine the effects of suppressing MMP-12 on
post-stroke brain damage and neurological recovery in aged
animals as well as in animals with co-morbidities, such as
hypertension and diabetes.

One of the drawbacks of our current study is a lack
of neurocognitive testing to evaluate learning and complex
task management, which we would like to implement in
the near future. This may entail extending the experimental
timeframe in order to prevent the confounding influence of
neurological deficits, as almost all memory tests (such as the
Morris water maze and novel object recognition/location) have
a significant motor component. Due to the lack of data on
MMP-12 protein expression on days 14 and 21 following
reperfusion, it is unclear whether additional suppression by
our vector has a substantial effect on the continued production
of this protein.

In conclusion, we have demonstrated the efficacy of
our plasmid vector delivery as evidenced by reduced

MMP-12 expression in the ischemic brain, quantified a
lasting suppression of transcript, demonstrated improved
neurological, sensory, and motor functions in both male
and female rats (albeit treatment effects were less apparent
in females except for the sensory function), identified the
optimal timing of treatment that provides the greatest
therapeutic benefit, and validated the safety profile of
chronic MMP-12 suppression in an animal model of
ischemic stroke.

Data availability statement

The original contributions presented in this
study are included in the article/Supplementary
material, further inquiries can be directed to the
corresponding author.

Ethics statement

The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of the University
of Illinois College of Medicine at Peoria.

Author contributions

KV: conceptualization. KV, JK, and DP: funding
acquisition and supervision. KV, SC, CF, KN, and BW:
animal surgeries and care. SC, CF, KN, BW, RM, EO,
and AU: methodology, investigation, and acquisition of
data. KV, CF, and SC: data analysis and interpretation.
KV and BW: writing-original draft of the manuscript.
CF: manuscript editing. DP, JK, SC, BW, KN, RM, EO,
and AU: manuscript review. All authors approved the
final manuscript.

Funding

This work was supported by a research grant from
the National Institute of Neurological Disorders and Stroke
of the National Institutes of Health under Award Number
R01NS102573. The funders had no role in study design, data
collection, analysis, data interpretation, publication decision, or
manuscript preparation.

Acknowledgments

We thank the National Institutes of Health for the financial
support. Additionally, we thank Erika Sung for her assistance
with the formatting of the manuscript.

Frontiers in Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnins.2022.1012812
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1012812 September 30, 2022 Time: 10:10 # 14

Challa et al. 10.3389/fnins.2022.1012812

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made

by its manufacturer, is not guaranteed or endorsed by
the publisher.

Author disclaimer

The content in this study was the sole responsibility of the
authors and does not necessarily reflect the official position of
the funders.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnins.2022.1012812/full#supplementary-material

References

Bhandari, V., Palfree, R. G., and Bateman, A. (1992). Isolation and sequence of
the granulin precursor cDNA from human bone marrow reveals tandem cysteine-
rich granulin domains. Proc. Natl. Acad. Sci. U.S.A. 89, 1715–1719. doi: 10.1073/
pnas.89.5.1715

Chandler, S., Cossins, J., Lury, J., and Wells, G. (1996). Macrophage
metalloelastase degrades matrix and myelin proteins and processes a tumour
necrosis factor-alpha fusion protein. Biochem. Biophys. Res. Commun. 228, 421–
429. doi: 10.1006/bbrc.1996.1677

Chelluboina, B., Warhekar, A., Dillard, M., Klopfenstein, J. D., Pinson,
D. M., Wang, D. Z., et al. (2015b). Post-transcriptional inactivation of matrix
metalloproteinase-12 after focal cerebral ischemia attenuates brain damage. Sci.
Rep. 5:9504. doi: 10.1038/srep09504

Chelluboina, B., Klopfenstein, J. D., Pinson, D. M., Wang, D. Z., Vemuganti,
R., and Veeravalli, K. K. (2015a). Matrix metalloproteinase-12 induces blood-
brain barrier damage after focal cerebral ischemia. Stroke 46, 3523–3531. doi:
10.1161/STROKEAHA.115.011031

Chelluboina, B., Nalamolu, K. R., Mendez, G. G., Klopfenstein, J. D., Pinson,
D. M., Wang, D. Z., et al. (2017). Mesenchymal stem cell treatment prevents
post-stroke dysregulation of matrix metalloproteinases and tissue inhibitors of
metalloproteinases.Cell. Physiol. Biochem. 44, 1360–1369. doi: 10.1159/000485533

Chelluboina, B., Nalamolu, K. R., Klopfenstein, J. D., Pinson, D. M., Wang,
D. Z., Vemuganti, R., et al. (2018). MMP-12, a promising therapeutic target for
neurological diseases. Mol. Neurobiol. 55, 1405–1409. doi: 10.1007/s12035-017-
0418-5

Chen, Y. E. (2004). MMP-12, an old enzyme plays a new role in the pathogenesis
of rheumatoid arthritis? Am. J. Pathol. 165, 1069–1070. doi: 10.1016/S0002-
9440(10)63368-8

Churg, A., Wang, R. D., Tai, H., Wang, X., Xie, C., Dai, J., et al.
(2003). Macrophage metalloelastase mediates acute cigarette smoke-induced
inflammation via tumor necrosis factor-alpha release. Am. J. Respir. Crit. Care
Med. 167, 1083–1089. doi: 10.1164/rccm.200212-1396OC

Daniel, R., Daniels, E., He, Z., and Bateman, A. (2003). Progranulin
(acrogranin/PC cell-derived growth factor/granulin-epithelin precursor) is
expressed in the placenta, epidermis, microvasculature, and brain during murine
development. Dev. Dyn. 227, 593–599. doi: 10.1002/dvdy.10341

Daniel, R., He, Z., Carmichael, K. P., Halper, J., and Bateman, A. (2000).
Cellular localization of gene expression for progranulin. J. Histochem. Cytochem.
48, 999–1009. doi: 10.1177/002215540004800713

del Zoppo, G. J. (2009). Inflammation and the neurovascular unit in the setting
of focal cerebral ischemia. Neuroscience 158, 972–982. doi: 10.1016/j.neuroscience.
2008.08.028

Goussev, S., Hsu, J. Y., Lin, Y., Tjoa, T., Maida, N., Werb, Z., et al. (2003).
Differential temporal expression of matrix metalloproteinases after spinal cord

injury: Relationship to revascularization and wound healing. J. Neurosurg. 99,
188–197. doi: 10.3171/spi.2003.99.2.0188

Hansmann, F., Herder, V., Kalkuhl, A., Haist, V., Zhang, N., Schaudien, D., et al.
(2012). Matrix metalloproteinase-12 deficiency ameliorates the clinical course
and demyelination in theiler’s murine encephalomyelitis. Acta Neuropathol. 124,
127–142. doi: 10.1007/s00401-012-0942-3

Hohjoh, H., Horikawa, I., Nakagawa, K., Segi-Nishida, E., and Hasegawa, H.
(2020). Induced mRNA expression of matrix metalloproteinases mmp-3, mmp-
12, and mmp-13 in the infarct cerebral cortex of photothrombosis model mice.
Neurosci. Lett. 739:135406. doi: 10.1016/j.neulet.2020.135406

Koellhoffer, E. C., and McCullough, L. D. (2013). The effects of estrogen in
ischemic stroke. Transl. Stroke Res. 4, 390–401. doi: 10.1007/s12975-012-0230-5

Lee, J. Y., Kim, H. S., Choi, H. Y., Oh, T. H., and Yune, T. Y. (2012). Fluoxetine
inhibits matrix metalloprotease activation and prevents disruption of blood-spinal
cord barrier after spinal cord injury. Brain 135, 2375–2389. doi: 10.1093/brain/
aws171

Lee, S. R., Kim, H. Y., Rogowska, J., Zhao, B. Q., Bhide, P., Parent, J. M., et al.
(2006). Involvement of matrix metalloproteinase in neuroblast cell migration from
the subventricular zone after stroke. J. Neurosci. 26, 3491–3495. doi: 10.1523/
JNEUROSCI.4085-05.2006

Liu, Y., Zhang, M., Hao, W., Mihaljevic, I., Liu, X., Xie, K., et al. (2013).
Matrix metalloproteinase-12 contributes to neuroinflammation in the aged
brain. Neurobiol. Aging 34, 1231–1239. doi: 10.1016/j.neurobiolaging.2012.10.
015

Mackenzie, I. R., Baker, M., Pickering-Brown, S., Hsiung, G. Y., Lindholm, C.,
Dwosh, E., et al. (2006). The neuropathology of frontotemporal lobar degeneration
caused by mutations in the progranulin gene. Brain 129, 3081–3090. doi: 10.1093/
brain/awl271

Marchant, D. J., Bellac, C. L., Moraes, T. J., Wadsworth, S. J., Dufour, A., Butler,
G. S., et al. (2014). A new transcriptional role for matrix metalloproteinase-12 in
antiviral immunity. Nat. Med. 20, 493–502. doi: 10.1038/nm.3508

Matsubara, T., Mita, A., Minami, K., Hosooka, T., Kitazawa, S., Takahashi, K.,
et al. (2012). PGRN is a key adipokine mediating high fat diet-induced insulin
resistance and obesity through IL-6 in adipose tissue. Cell Metab. 15, 38–50.
doi: 10.1016/j.cmet.2011.12.002

Matsumoto, S., Kobayashi, T., Katoh, M., Saito, S., Ikeda, Y., Kobori, M., et al.
(1998). Expression and localization of matrix metalloproteinase-12 in the aorta
of cholesterol-fed rabbits: Relationship to lesion development. Am. J. Pathol. 153,
109–119. doi: 10.1016/S0002-9440(10)65551-4

Montaner, J., Alvarez-Sabin, J., Molina, C., Angles, A., Abilleira, S., Arenillas,
J., et al. (2001). Matrix metalloproteinase expression after human cardioembolic
stroke: Temporal profile and relation to neurological impairment. Stroke 32,
1759–1766. doi: 10.1161/01.STR.32.8.1759

Frontiers in Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnins.2022.1012812
https://www.frontiersin.org/articles/10.3389/fnins.2022.1012812/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2022.1012812/full#supplementary-material
https://doi.org/10.1073/pnas.89.5.1715
https://doi.org/10.1073/pnas.89.5.1715
https://doi.org/10.1006/bbrc.1996.1677
https://doi.org/10.1038/srep09504
https://doi.org/10.1161/STROKEAHA.115.011031
https://doi.org/10.1161/STROKEAHA.115.011031
https://doi.org/10.1159/000485533
https://doi.org/10.1007/s12035-017-0418-5
https://doi.org/10.1007/s12035-017-0418-5
https://doi.org/10.1016/S0002-9440(10)63368-8
https://doi.org/10.1016/S0002-9440(10)63368-8
https://doi.org/10.1164/rccm.200212-1396OC
https://doi.org/10.1002/dvdy.10341
https://doi.org/10.1177/002215540004800713
https://doi.org/10.1016/j.neuroscience.2008.08.028
https://doi.org/10.1016/j.neuroscience.2008.08.028
https://doi.org/10.3171/spi.2003.99.2.0188
https://doi.org/10.1007/s00401-012-0942-3
https://doi.org/10.1016/j.neulet.2020.135406
https://doi.org/10.1007/s12975-012-0230-5
https://doi.org/10.1093/brain/aws171
https://doi.org/10.1093/brain/aws171
https://doi.org/10.1523/JNEUROSCI.4085-05.2006
https://doi.org/10.1523/JNEUROSCI.4085-05.2006
https://doi.org/10.1016/j.neurobiolaging.2012.10.015
https://doi.org/10.1016/j.neurobiolaging.2012.10.015
https://doi.org/10.1093/brain/awl271
https://doi.org/10.1093/brain/awl271
https://doi.org/10.1038/nm.3508
https://doi.org/10.1016/j.cmet.2011.12.002
https://doi.org/10.1016/S0002-9440(10)65551-4
https://doi.org/10.1161/01.STR.32.8.1759
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1012812 September 30, 2022 Time: 10:10 # 15

Challa et al. 10.3389/fnins.2022.1012812

Nalamolu, K. R., Challa, S. R., Fornal, C. A., Grudzien, N. A., Jorgenson, L. C.,
Choudry, M. M., et al. (2021a). Attenuation of the induction of TLRs 2 and 4
mitigates inflammation and promotes neurological recovery after focal cerebral
ischemia. Transl. Stroke Res. 12, 923–936. doi: 10.1007/s12975-020-00884-z

Nalamolu, K. R., Chelluboina, B., Fornal, C. A., Challa, S. R., Pinson, D. M.,
Wang, D. Z., et al. (2021b). Stem cell treatment improves post stroke neurological
outcomes: A comparative study in male and female rats. Stroke Vasc. Neurol. 6,
519–527. doi: 10.1136/svn-2020-000834

Nalamolu, K. R., Chelluboina, B., Magruder, I. B., Fru, D. N., Mohandass, A.,
Venkatesh, I., et al. (2018). Post-stroke mRNA expression profile of MMPs: Effect
of genetic deletion of MMP-12. Stroke Vasc. Neurol. 3, 153–159. doi: 10.1136/svn-
2018-000142

Noble, L. J., Donovan, F., Igarashi, T., Goussev, S., and Werb, Z. (2002).
Matrix metalloproteinases limit functional recovery after spinal cord injury by
modulation of early vascular events. J. Neurosci. 22, 7526–7535. doi: 10.1523/
JNEUROSCI.22-17-07526.2002

Power, C., Henry, S., Del Bigio, M. R., Larsen, P. H., Corbett, D., Imai,
Y., et al. (2003). Intracerebral hemorrhage induces macrophage activation
and matrix metalloproteinases. Ann. Neurol. 53, 731–742. doi: 10.1002/ana.
10553

Rosenberg, G. A. (2002). Matrix metalloproteinases in neuroinflammation. Glia
39, 279–291. doi: 10.1002/glia.10108

Suh, H. S., Choi, N., Tarassishin, L., and Lee, S. C. (2012). Regulation of
progranulin expression in human microglia and proteolysis of progranulin by
matrix metalloproteinase-12 (MMP-12). PLoS One 7:e35115. doi: 10.1371/journal.
pone.0035115

Svedin, P., Hagberg, H., and Mallard, C. (2009). Expression of MMP-12 after
neonatal hypoxic-ischemic brain injury in mice. Dev. Neurosci. 31, 427–436. doi:
10.1159/000232561

Trivedi, A., Hsu, J. Y., Lin, Y., Goussev, S., Gan, J., Topp, K. S., et al.
(2005). The effects of acute and extended inhibition of matrix metalloproteinases

on demyelination and functional recovery after spinal cord injury. Int. J.
Neuroprotect. Neuroregen. 2, 30–38.

Veeravalli, K. K., Dasari, V. R., Tsung, A. J., Dinh, D. H., Gujrati, M., Fassett,
D., et al. (2009). Human umbilical cord blood stem cells upregulate matrix
metalloproteinase-2 in rats after spinal cord injury. Neurobiol. Dis. 36, 200–212.
doi: 10.1016/j.nbd.2009.07.012

Weaver, A., Goncalves da Silva, A., Nuttall, R. K., Edwards, D. R., Shapiro, S. D.,
Rivest, S., et al. (2005). An elevated matrix metalloproteinase (MMP) in an animal
model of multiple sclerosis is protective by affecting Th1/Th2 polarization. FASEB
J. 19, 1668–1670. doi: 10.1096/fj.04-2030fje

Wells, J. E., Biernaskie, J., Szymanska, A., Larsen, P. H., Yong, V. W.,
and Corbett, D. (2005). Matrix metalloproteinase (MMP)-12 expression has a
negative impact on sensorimotor function following intracerebral haemorrhage
in mice. Eur. J. Neurosci. 21, 187–196. doi: 10.1111/j.1460-9568.2004.03
829.x

Wells, J. E., Rice, T. K., Nuttall, R. K., Edwards, D. R., Zekki, H., Rivest, S., et al.
(2003). An adverse role for matrix metalloproteinase 12 after spinal cord injury
in mice. J. Neurosci. 23, 10107–10115. doi: 10.1523/JNEUROSCI.23-31-10107.
2003

Wu, L., Fan, J., Matsumoto, S., and Watanabe, T. (2000). Induction and
regulation of matrix metalloproteinase-12 by cytokines and CD40 signaling in
monocyte/macrophages. Biochem. Biophys. Res. Commun. 269, 808–815. doi: 10.
1006/bbrc.2000.2368

Yang, Y., Estrada, E. Y., Thompson, J. F., Liu, W., and Rosenberg, G. A.
(2007). Matrix metalloproteinase-mediated disruption of tight junction proteins in
cerebral vessels is reversed by synthetic matrix metalloproteinase inhibitor in focal
ischemia in rat. J. Cereb. Blood Flow Metab. 27, 697–709. doi: 10.1038/sj.jcbfm.
9600375

Zhao, B. Q., Wang, S., Kim, H. Y., Storrie, H., Rosen, B. R., Mooney, D. J.,
et al. (2006). Role of matrix metalloproteinases in delayed cortical responses after
stroke. Nat. Med. 12, 441–445. doi: 10.1038/nm1387

Frontiers in Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnins.2022.1012812
https://doi.org/10.1007/s12975-020-00884-z
https://doi.org/10.1136/svn-2020-000834
https://doi.org/10.1136/svn-2018-000142
https://doi.org/10.1136/svn-2018-000142
https://doi.org/10.1523/JNEUROSCI.22-17-07526.2002
https://doi.org/10.1523/JNEUROSCI.22-17-07526.2002
https://doi.org/10.1002/ana.10553
https://doi.org/10.1002/ana.10553
https://doi.org/10.1002/glia.10108
https://doi.org/10.1371/journal.pone.0035115
https://doi.org/10.1371/journal.pone.0035115
https://doi.org/10.1159/000232561
https://doi.org/10.1159/000232561
https://doi.org/10.1016/j.nbd.2009.07.012
https://doi.org/10.1096/fj.04-2030fje
https://doi.org/10.1111/j.1460-9568.2004.03829.x
https://doi.org/10.1111/j.1460-9568.2004.03829.x
https://doi.org/10.1523/JNEUROSCI.23-31-10107.2003
https://doi.org/10.1523/JNEUROSCI.23-31-10107.2003
https://doi.org/10.1006/bbrc.2000.2368
https://doi.org/10.1006/bbrc.2000.2368
https://doi.org/10.1038/sj.jcbfm.9600375
https://doi.org/10.1038/sj.jcbfm.9600375
https://doi.org/10.1038/nm1387
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Therapeutic efficacy of matrix metalloproteinase-12 suppression on neurological recovery after ischemic stroke: Optimal treatment timing and duration
	Introduction
	Materials and methods
	Design, construction, and synthesis of matrix metalloproteinase-12 shRNA plasmids
	Induction of cerebral ischemia and reperfusion in animals
	Plasmid synthesis, formulation preparation, and treatment
	Real-time PCR analysis
	Neurobehavioral evaluations
	Exclusion criteria
	Statistics and data analysis

	Results
	Matrix metalloproteinase-12 expression increases in the brain after ischemic stroke and M12sh treatment prevents this
	The earlier the matrix metalloproteinase-12 suppression, the better the post-stroke neurological recovery in male rats
	The effect of matrix metalloproteinase-12 suppression immediately after reperfusion on post-stroke neurological recovery in female rats
	Duration of M12sh mediated suppression of matrix metalloproteinase-12 expression in the brain after administration of a single dose of M12sh
	The effects of acute versus chronic matrix metalloproteinase-12 suppression on post-stroke neurological outcomes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Author disclaimer
	Supplementary material
	References


