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Abstract

Objective—The blood-brain barrier (BBB) plays a critical role in central nervous system
homeostasis, and the integrity of BBB is disrupted in many neurodegenerative diseases. Matrix
metalloproteinases (MMPs) degrade the tight junctions (TJs) of endothelial cells and basement
membrane components essential to BBB integrity, which leads to increased BBB permeability
and allows inflammatory cells and neurotoxic substances to enter the brain. Tissue inhibitors

of metalloproteinases (TIMPs), endogenous inhibitors of MMPs, regulate MMP activity, thereby
maintaining BBB integrity.

Methods—The disruptive impacts of MMP-3 and MMP-9 on BBB and protective effect of
TIMP-1 were investigated in a simplified /n vitro model of the BBB, which was generated

using rat brain microvascular endothelial cells (RBMEC). The main features of BBB formation,
including permeability and the trans-endothelial electrical resistance (TEER), were monitored over
time after the addition of MMP-3 and MMP-9 and their complexes with TIMP-1 inhibitor.

Results—Our results indicated that MMP-3 and MMP-9 caused a dose-dependent disruption

of the BBB, with 1.5 uM MMPs resulting in an over threefold increase in permeability, while
TIMP-1 inhibition protected the integrity of the BBB model and recovered TEER and permeability
of RBMECs. The disruption and recovery of tight junction proteins of RBMECs after MMP and
TIMP treatment were also detected using fluorescent microscopy.

Conclusion—MMP-9 and MMP-3 disrupt the BBB by degrading tight junctions in endothelial
cells, and TIMP-1 could inhibit the disruptive effect of MMP-3 and MMP-9 by showing potential
as therapeutic protein against MMP-related diseases where BBB disruption plays a role.
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Introduction

Enzymes of the matrix metalloproteinase (MMP) family are proteases responsible for
the remodeling of the extra-cellular matrix (ECM). Additionally, they contribute to the
disruption of the BBB [1-3] by degrading tight junctions (TJs) between endothelial cells.
MMPs can also cause BBB disruption by targeting proteins in the basal lamina, such

as laminin, heparan sulfate proteoglycans, and fibronectin [4-8]. MMPs play a role in
the common pathways involved in the neuroinflammatory response in many neurological
disorders. In neuroinflammatory conditions, such as Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, and traumatic brain injury, MMPs are activated in response to
inflammation. They break down components of the ECM, including those that maintain
the integrity of the BBB [4, 5]. This leads to increased permeability of the BBB and
allows inflammatory cells and neurotoxic substances to enter the brain, exacerbating
neuroinflammation and neurodegeneration [9]. The regulation of the permeability and
systemic filtration of the BBB is controlled by TJ protein complexes by sealing the
intercellular space between adjacent brain microvascular endothelial cells [10-12].

Among MMPs, studies have indicated that MMP-3 and MMP-9 are involved directly in
disruption of BBB. Initial /77 vivo evidence suggests that MMP-3 targets basal lamina and
TJ proteins, which results in BBB disruption and allows neutrophils to penetrate the brain.
Independent of other factors, pericytes and microglia release MMP-3, leading to cerebral
blood vessel injury [9]. MMP-3 is also co-localized to human cerebral endothelial cells
(HCEC) and is involved in the processing of other MMPs [13, 14]. MMP-3 is known to
target numerous proteins within the ECM and can activate MMP-9 /n vitro. As a result,
MMP-3 plays a role in the proteolytic breakdown of the BBB by targeting key components
of the basal lamina and TJs [9]. MMP-9 is associated with BBB disruption and increased
permeability in conditions such as stroke, traumatic brain injury, and multiple sclerosis [1,
15]. MMP-9 can cleave TJ proteins and ECM components that are crucial for maintaining
BBB integrity [16, 17]. In addition to its effects on the BBB, MMP-9 has been shown

to directly contribute to neuronal damage by cleaving synaptic proteins and promoting
neuroinflammatory signaling pathways. MMP-9 is thus considered a promising target

for therapeutic intervention in neurological disorders, and there is interest in developing
drugs that can selectively inhibit MMP-9 activity and protect against BBB disruption and
neurodegeneration.

MMPs are expressed as zymogens and their activity can be modulated through the formation
of complexes with naturally occurring endogenous inhibitor proteins, tissue inhibitors of
metalloproteinases (TIMPs) [18-23]. When metalloproteinase activity is dysregulated, it
results in uncontrolled degradation of the ECM, disruption of intercellular junctions, and

the propagation of a proinflammatory microenvironment, which are all linked to several
pathologies. TIMPs are essential regulators of ECM turnover, intercellular junction stability,
and endothelial signaling [24, 25]. TIMP-1 is a known inhibitor of both MMP-3 and MMP-9
with pM affinity inhibition [26], making it a great candidate to protect MMP-mediated BBB
disruption. Treatment with TIMP-1 attenuated BBB disruption and improved neurological
outcomes in a mouse model of intracerebral hemorrhage [27]. The protective effect of
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Methods

TIMP-1 was attributed to the inhibition of MMP-9, which is known to contribute to BBB
disruption and cerebral edema in ischemic stroke [28]. Overall, the available evidence
suggests that TIMP-1 can protect the BBB by inhibiting the activity of MMP-3 and MMP-9,
thereby preventing the degradation of endothelial cell tight junctions that are critical in
maintaining the integrity of the BBB.

In this study, an /n vitro model of the BBB was made using rat brain microvascular
endothelial cells (RBMEC), with a trans-endothelial electrical resistance (TEER) of more
than 150 Q-cm?. The disruption and protection of BBB was then analyzed by permeability,
TEER, and immunocytochemistry (ICC) after treating with MMP-3, and MMP-9 or their
protein complexes with TIMP-1.

TEER and permeability analysis are important measures of the integrity of the BBB.

TEER measures the resistance of electrical current across endothelial cells that form the
lining of blood vessels, which correlates with the tightness of the cell junctions critical

for maintaining selective permeability [29-34]. High TEER values indicate strong tight
junctions and low permeability, while low TEER values indicate weak tight junctions

and high permeability. Permeability measures the ability of substances to cross the BBB.
Changes in BBB permeability can occur due to injury, inflammation, or disease. Both TEER
and permeability measurements are used to evaluate BBB integrity, and changes in either

of these parameters can indicate disruption or dysfunction of the BBB. ICC also can be a
useful tool for investigating the expression and distribution of BBB-related proteins, such as
TJ proteins.

Protein expression, purification

The catalytic domains of MMP-3 (MMP-3 cd) and MMP-9 (MMP-9 cd), were expressed

as recombinant proteins in Rosetta™ (DE3) pLysS cells (Sigma Aldrich, MO, USA) and
resolubilized from the inclusion bodies and purified using either affinity chromatography

or anionic exchange as previously described [35, 36]. Recombinant full-length TIMP-1
protein was expressed in human FreeStyle™ 293-F cells (ThermoFisher Scientific, Waltham,
MA, USA), and purified by ion exchange and size-exclusion chromatography as previously
reported. To measure TIMP-1 protein concentration, titration against MMP-3 cd protein
stock of known concentration was used [37, 38].

RBMEC culture

RBMEC isolated from adult CD® IGS rat brains were obtained from ScienCell (Carlsbad,
CA, USA). RBMEC cultures were maintained at 37°C in a humidified atmosphere with
5% CO, on fibronectin-coated culture vessels (2 pg/cm?2) according to manufacturer’s
recommendations in endothelial cell media (ScienCell #1021). RBMEC were passaged up
to three times when the cultures reached 80%-90% confluency, with brief treatment with
0.25% Trypsin/EDTA (ThermoFisher Scientific, Waltham, MA, USA) to passage cells.
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Establishment of in vitro BBB model

RBMECs (50,000 cells/cm?2) were seeded on the upper side of 0.4 um pore size 12- or
24-well (with surface areas of 1.12 cm? or 0.33 cm?, respectively) Corning Transwell®
polyester inserts (Corning, NY, USA) coated with 0.4 mg/mL type 1V collagen (Sigma-
Aldrich, CA, USA) and 0.1 mg/mL fibronectin (Sigma-Aldrich, CA, USA) in Dulbecco’s
phosphate buffered saline (DPBS, ThermoFisher Scientific, Waltham, MA, USA) for at least
4 h prior to adding cells. Transwells containing cells and either 100 pL (24 well) or 500

pL (12 well) endothelial cell media were then placed in the wells of the companion plates
containing 600 pL (24 well) or 1500 pL (12 well) media (Fig. 1) and incubated at 37°C and
5% CO» until cells reached confluence, whereupon the media was changed to serum free
endothelial cell media (SFECM) supplemented with 0.55 nM hydrocortisone and the cells
incubated overnight.

Permeability assays

The sfECM in both Transwell® chambers was changed at least 1 h prior to addition of
proteins. MMP-3 cd, MMP-9 cd, TIMP-1 were mixed and incubated at 37°C for 1 h before
adding proteins to SfECM containing 10 kDa fluorescein isothiocyanate (FITC) dextran (1
UM final, Sigma, St. Louis, MO, USA). At t = 0, the protein/FITC-dextran mixtures were
added to apical chambers and 60 uL (24 well) or 150 pL (12 well) samples (i.e., 10% of
the volume of the basolateral chamber) were taken with replacement from the basolateral
chamber at 15 to 30 min intervals for 120 to 150 min. Fluorescence was measured using a
Synergy microplate reader with excitation at 485/20 and emission at 528/20 and a gain of
84.

Background fluorescence from FITC-dextran free SSECM medium was subtracted from each
sample. The signal was corrected for sampling due to the replacement of the removed
volume for each timepoint after the first by multiplying the background subtracted reading
by 1.1. The clearance volume (V) at each time point was calculated by dividing the
corrected reading by S, the reading in its apical chamber, and multiplying by the volume
of media in the Transwell’s basolateral chamber (600 pL in 24 well or 1500 pL in 12

well). Linear regression in GraphPad Prism 9 was used to calculate the slope m of clearance
volume versustime. Permeability (Pe) was calculated by subtracting the reciprocal of the
slope of the blank (no cells) from the reciprocal of the slope of each sample. Pe’s % error
was calculated by dividing the standard error of the slope by the slope then the % error was
multiplied by the Pe. The p value was calculated by GraphPad Prism 9 through ordinary
one-way ANOVA.

TEER measurements

After one day after changing the media on Transwell® to serum-free media, the TEER was
measured with an EVOMS3 resistance meter (World Precision Instruments, Sarasota, FL,
USA) by placing one electrode inside the Transwell apical chamber and the other outside in
the well following the manufacture protocol; then the media removed from both Transwell®
chambers and replaced with pre-warmed fresh media and returned to incubator for 60 min.
TEER was rechecked to verify that the TEER had recovered to more than 150 Q x cm?, then
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the endothelial monolayers were treated with MMPs and TIMPs that already incubated for 1
h and then the TEER was measured at 30 min intervals for 2 h.

The resistance measurements of collagen/fibronectin-coated Transwells without cells (blank)
were subtracted from those with cells to determine the final TEER value, which was
calculated using the formula: TEER = (sample TEER value — background TEER value)

x area of the insert membrane. The results are reported in units of Q x cm? and reflect the
change in TEER relative to the control.

ICC of RBMEC

Results

To verify the presence of TJs, 50,000 RBMEC were plated on 35 mm glass base dishes
(Thermo Scientific, Rochester, NY, USA) coated with 2 pg/cm? fibronectin. After reaching
90% confluency, the cells were treated or not 1.5 pyM MMP-3 cd and/or 1.5 yM TIMP-1
for 1 h before washing once with DPBS and fixation with 4% paraformaldehyde for 15 min
at room temperature. Cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
CA, USA) and blocked with 5% bovine serum albumin (BSA) in DPBS. To perform
immunofluorescent staining of TJ proteins, the cells were incubated overnight at 4°C

with a 1/50 dilution of polyclonal rabbit antibody against ZO-1 (ThermoFisher Scientific,
Waltham, MA, USA, cat # 40-2200) in 1% BSA. After washing in 3 times DPBS, a 1/1000
dilution of an Alexa Fluor 488-conjugated secondary anti-rabbit antibody (Invitrogen, Life
Technologies) in 1% BSA in DPBS was applied for one hour at room temperature. Cells
were imaged using a confocal laser-scanning microscope at 60X magnification (FV1000
microscope, Olympus Corporation, Shinjuku City, Tokyo, Japan). The images were analyzed
by using FV10-ASW 4.2 Viewer software.

RBMEC exhibit indicators of BBB formation

Several previous studies have used RBMEC as an /n vitro model to study the BBB,
although it lacks other important cell types present in the BBB /n vivo, such as pericytes
and astrocytes [32, 39, 40]. TEER was measured using an EVOM3 meter and represents
resistance formed between the cells grown in the apical chamber of a Transwell insert
and the media in the well, which is an indicator of TJ formation in RBMEC cells. TEER
values were increased from 17 Q-cm? right after plating RBMEC (time 0) to 150 Q-cm?
after 24 h (Fig. 2a) consistent with previous /in vitro BBB studies [41-43]. The RBMEC
cells grown to confluency on Transwells after 24 h were shown using an inverted bright
field microscope where the blank represents the collagen/fibronectin-coated Transwell only
with no cells grown on it. After confluency was reached, cells were transferred to SfFECM
supplemented with 0.55 nM hydrocortisone overnight and experiments were performed
when TEER exceeded 150 Q-cm?Z,

Permeability of the RBMECs were measured by the rates of diffusion of FITC-dextran
(MW = 10 kDa) between RBMEC that form TJs were compared with 3T3 cells that do

not, with or without treatment of recombinant purified MMP-3 cd protein by taking samples
from the well and reading the fluorescent level using a microplate reader (Fig. 1). TJ
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formation results in a decrease in the permeability of FITC-dextran as it diffuses from the
apical to the basolateral chamber, but MMP-3-mediated disruption of TJs increases the rate
of permeability [32]. Our results indicated that dextran diffused the most rapidly through
blank (collagen/fibronectin-coated Transwell, no cells), then 3T3 cells, and slowest through
RBMEC (Fig. 3a) which suggests TJ formation in RBMEC. The permeability of control
3T3 cells was approximately 2.5-fold higher than RBMEC (Fig. 3b). The TEER values for
RBMECs were more than 150 Q x cm? compared to less than 10 Q x cm? for the 3T3 cells
(Fig. 3c) further indicating increased resistance resulting from TJ formation. FITC-dextran
molecules diffused more rapidly through RBMEC treated with MMP-3 cd protein in a
dose-dependent manner (Fig. 4b), leading to a 2.26-fold increase over baseline permeability
at 0.5 uM of MMP-3 cd (Fig. 4b); while, in the case of 3T3, addition of MMP-3 cd did not
result in any observable change in permeability (Fig. 4a). The decrease in permeability and
increase in TEER values in RBMEC indicate TJ formation, which is characteristic of the
intact BBB.

Effects of MMPs and TIMPs on permeability of the in vitro BBB model

The effect of MMP-mediated degradation of TJ and the MMP inhibitory effect of TIMPs
on TJ integrity was studied by measuring the rate of FITC-dextran diffusion (permeability
assay) and TEER over time after the RBMECs on Transwells were treated with different
concentrations of MMP-3 cd, MMP-9 cd and/or a complex of TIMP-1 with MMP-3 cd or
MMP-9 cd. All experiments were performed when the RBMEC reached to 90% confluency
confirmed by microscopy of RBMEC on 24 insert wells. After 24 h of RBMEC growth,
the average TEER value of 17 different RBMECSs on Transwell inserts was shown to be
more than 150 Q x cm? (Fig. 2). Each culture condition was replicated independently five
times. Treatment of RBMECs with MMP-3 cd protein showed a dose-dependent increase
in permeability similar to previous studies [27, 44] suggesting MMP-3 cd disrupted the TJs
between RBMECs, which resulted in a nearly 18-fold increase over baseline permeability
at 1.5 uM of MMP-3 cd (Fig. 5a). TIMP-1, an endogenous inhibitor of MMP-3 and
MMP-9 with pM affinity [26, 45], was used to inhibit MMP-mediated disruption of TJs in
RBMECs. In the presence of 1.5 uM of TIMP-1/MMP-3 cd protein complex, permeability
was decreased, and TJs were protected, as identified by decreasing permeability value to
around 2.5-fold over vehicle-treated RBMECs (Fig. 5a).

MMP-9 showed a similar effect in increasing the permeability of RBMEC by disruption

the TJs in a dose-dependent manner, although lower than MMP-3 cd, to a nearly 2.5-fold
increase over baseline at 1.5 pM of MMP-9 cd consistent with other observation for MMP-9
degradation of BBB in previous studies [46-49]. In the presence of 1.5 uM of both TIMP-1
and MMP-9 cd, permeability was slightly over 1.5-fold over baseline (Fig. 5b), indicating
partial inhibition the detrimental effect of TJ disruption. Studies have indicated that TIMP-1
treatment reduced BBB permeability that was disrupted by MMPs [50, 51]. According to
our findings, the disruption of BBB was dependent of dosage of MMP-3 cd and MMP-9 cd,
whereas administering TIMP-1 led to protection of BBB by inhibiting MMP-3 cd or MMP-9
cd (Fig. 5).
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Effects of MMPs and TIMPs on TEER of RBMECs

The effect of MMP-3 or MMP-9 disruption of TJ, or TIMP-1 restoration of TJ integrity was
evaluated by measuring TEER values on a monolayer of RBMEC after forming the BBB
using an EVOMS3 volt/ohm meter equipped. TEER resistance measurements are inversely
correlated with membrane permeability. Significantly lower TEER values were observed
when treated with MMP-3 cd and MMP-9 cd, and higher values measurements when MMPs
were preincubated with TIMP-1 (Fig. 6). These results indicates that MMPs decreased the
TEER values and TIMPs provided some protection from MMP-mediated drop in TEER
measurements. Consistent with previous studies, the high TEER values indicate strong TJs
and low permeability, while low TEER values indicate weak TJs and high permeability [52,
53], our results confirmed the formation of TJs in RBMECs and disruption of TJs by MMPs
and protection by TIMP-1.

TJ formation in RBMECs and MMP-mediated disruption and TIMP-mediated protection of

TJs

To investigate the presence of TJs within RBMECs, immunofluorescent staining of RBMEC
with an antibody to the TJ protein ZO-1 was used. ZO-1 is one of the most abundant
intracellular proteins found in TJs, and it plays a crucial role in the assembly of functional
TJs by binding to a variety of TJ proteins and linking them to the actin cytoskeleton. It is
regarded as essential for the assembly of TJs, and it also plays a critical role in maintaining
the integrity and permeability of the BBB [54, 55]. TJ proteins, such as ZO-1, form a
physical barrier between adjacent endothelial cells in the BBB and regulate the movement
of molecules across this barrier. This fact is supported by numerous scientific studies and
research articles in the field of neuroscience and physiology [56] that discuss the critical role
of tight junction proteins in regulating BBB permeability and maintaining brain homeostasis
or [57] that provide a comprehensive overview of the molecular mechanisms underlying
BBB function, with a particular emphasis on the role of TJ proteins such as ZO-1. RBMEC
have been shown to express TJ protein ZO-1 in monocultures [58-60].

After RBMEC reached 90% confluency on fibronectin-coated 35 mm glass base dishes,
cells treated with 1.5 yM MMP-3 cd and/or 1.5 uM MMP-3 cd/TIMP-1 proteins for 1 h
before fixation., the cells were checked under an inverted bright field microscope at 10X
magnification (Fig. 7a). Immunofluorescent staining of TJ proteins was then performed after
fixing and blocking the RBMEC and incubation with a primary polyclonal rabbit antibody
against ZO-1, and secondary Alexa Fluor-488 by confocal microscopy (Fig. 7b). Our results
illustrate that ZO-1 was clearly stained in the cell margins, indicating well-organized TJ
that is characteristic of the BBB (Fig. 7b). In cells treated with 1.5 uM of MMP-3 cd

for 1 h at 37°C, a lack of and rearrangement of ZO-1 staining was observed (Fig. 7b).
Pretreatment with a TIMP-1 attenuated MMP-3 cd-induced disruption and reorganization of
Z0O-1 proteins and maintained baseline TJ integrity (Fig. 7b). These results confirmed the
formation of TJs in RBMEC, disruption of TJs with MMP-3 cd, and protection of TJs from
disruption using TIMP-1.
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Conclusions

Disruption of the BBB occurs in neurological disorders, stroke, and other brain
abnormalities, such as glioblastoma multiforme. BBB is known for its restrictive interface
formed by brain microvascular endothelial cells (BMECs) that prevent most drugs from
penetrating the brain. To evaluate the effect of MMP-mediated TJ degradation/BBB
disruption and TIMP protection of BBB, an /7 vitro model of the BBB with rat BMECs were
used [61, 62]. The unique TJs between neighboring BMECs are one of their characteristic
properties, which makes them an ideal choice for studying the BBB [56, 63, 64]. BBB
permeability of RBMECs has been extensively studied in the context of the BBB [32,
65-67]. To evaluate BBB permeability in RBMEC, we used various /n vitro techniques such
as permeability, TEER measurements, and ICC.

Our results indicated that the permeability of RBMEC can be modulated by the activity of
MMPs and their inhibitors, TIMPs. MMPs protein disrupts the tight junctions of RBMEC in
a dose-dependent manner and TIMP-1 protected tight junctions against MMP degradation.
Based on our results, using the 1.5 uM of MMP-3 cd and TIMP-1 shows highest effect
(Supplemental Fig. S1). Also, our results confirmed that the MMP-3 has more effect on

the permeability of RBMEC by degrading TJ proteins compared to MMP-9, but TIMP-1’s
protective effect was greater for MMP-3 than MMP-9. We conclude that the MMPs can
increase the permeability of RBMEC by degrading TJ proteins, leading to compromised
BBB function. On the other hand, TIMPs can protect RBMEC by inhibiting MMP activity
and preserving the integrity of TJs. Therefore, the balance between MMPs and TIMPs

is critical for maintaining the BBB integrity and a healthy central nervous system. The

in vitro BBB model mimics many key features of the in vivo BBB, such as TJs and
transporters, and provide a more controlled setting for studying the effects of specific
molecules and can be used for future experiments to evaluate effect and delivery of potential
therapeutics across BBB. These therapeutics could be modified to carry cell penetrating
peptides which facilitates transport across BBB [68]. The findings of this study contribute to
the growing body of knowledge about the complex interactions between MMPs, TIMPs, and
TJs in the BBB and highlight the potential of targeting these pathways for the treatment of
neurological diseases that involve BBB dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Apical
chamber

RBMECs

Basolateral
chamber

A schematic of the blood-brain barrier model. The simplified /n vitroblood brain barrier
(BBB) model uses rat brain endothelial cell (RBMEC). RBMECs were grown on the
Transwell® inserts to form a confluent monolayer. The permeability was measured after
adding FITC-conjugated dextran (MW: 10 kDa) to the apical chamber while samples were
taken from the basolateral chamber at 30- or 15-min time intervals for 2 h.
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Fig. 2.
Confirming the RBMEC growth by TEER and microscopy. (a) The TEER value was
measured immediately after transferring the cells (n = 17) into 24-well Transwells (time
= 0) and after 24 h. (b) The bright field microscopy images (Fisherbrand™ Entry Level
Research Grade Inverted Microscope, Fisher Scientific, USA, at 10X magnification) of
RBMEC on Transwells, are shown after 24 h incubation at 37°C incubator when the TEER

value exceeded 150 Q x cm?2. The top image is blank (no cells, collagen/fibronectin-coated
Transwell only) and the bottom is the RBMECs grown after 24 h incubation.
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Fig. 3.

Tr?e permeability level of RBMEC and 3T3 cells was compared over time. (a) Comparison
between blank (no cells, collagen/fibronectin-coated Transwell only), RBMEC, and 3T3
cells. Time points were taken every 30 min. (b) Permeability value for 3T3 cells vs.
RBMEC, (c) The RBMEC TEER value exceeded 150 Q x cm? but the TEER value of

3T3 cells was less than 10 Q x cm2. Experiment was performed in duplicate with the 12-well
Transwell (V; ;= 1500 pl x Sp ¢/ Sy).
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The permeability of RBMEC and 3T3 cells after treating with different concentration of
MMP-3 cd was compared in time dependence manner. (a) Time point value (left) and Pe
value bar graphs (right) for permeability of 3T3 cells before and after MMP-3 cd (M-3)
treatment, (b) Time point value (left) and Pe value bar graphs (right) for permeability
RBMEC before and after MMP-3 cd (M-3) treatment. Experiment was performed with
12-well Transwells (V; ;= 1500 pl x Sy / Sy) and repeated at least three times. The error
bars represent standard deviation.
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Fig. 5.

Effect of MMP-3 cd and MMP-9 cd and their complex with TIMP-1 on permeability

of RBMEC. (a) MMP-3 cd disrupts the tight junctions of RBMECs in a dose-dependent
manner based on 5 replicate experiments from 3 different groups of RBMEC leading to a
nearly 18-fold increase over baseline permeability at 1.5 uM of MMP-3 cd. In the presence
of 1.5 uM of both TIMP-1 and MMP-3 cd, permeability was slightly over two and half
of baseline (p-value: **** < 0.0001). Experiment was performed in 24-well Transwells
(V=600 ul x Syt /Sy). (b) MMP-9 cd disrupts the tight junctions of RBMEC in a
dose-dependent manner based on an average of 5 different wells from 3 different groups
of RBMEC leading to a nearly 2.5-fold increase over baseline permeability at 1.5 uM of
MMP-9 cd. In the presence of 1.5 uM of both TIMP-1 and MMP-9 cd, permeability was
slightly over one and half of baseline (p-value: **** < 0.0001). (M-3: MMP-3 cd, M-9:

MMP-9 cd, T-1: TIMP-1). Experiment was performed in 24-well Transwells (V= 600 pl x
Sb’t / Sa).
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TEER of MMP-3 cd and MMP-9 cd alone or with TIMP-1 on RBMEC. (a) The TEER

value of RBMEC after treating with MMP-3 cd alone or with MMP-3 cd in complex with
TIMP-1, and (b) with MMP-9 cd alone or in complex with TIMP-1 was compared at
60-min intervals for 2 h. (M-3: MMP-3 cd, M-9: MMP-9 cd, T1: TIMP-1). Each experiment
repeated three times, and the error bar shows the standard deviation.
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Fig. 7.
Confirming the effect of MMP-3 cd alone or with TIMP-1 on RBMEC by ICC. (a) RBMEC

on 35 glass base dishes without treatment, after 1 h treatment with 1.5 yM MMP-3 cd

and after 1 h treatment with preincubated 1.5 uM MMP-3 c¢d and 1.5 uM TIMP-1 by
inverted bright field microscope at 10X magnification (b) ICC image of RBMEC, as
primary antibody 1/50 Zo-1 used and as secondary antibody AlexaFluor 488 (rabbit) used
by confocal fluorescent microscope at 60X magnification (M-3: MMP-3 cd, T-1: TIMP-1).
The arrows highlight some of the observations for disruption (white, MMP-3 treated), or
protection (yellow, TIMP-1 in complex with MMP-3 treated).
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