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ABSTRACT

Poloxamer 188 (P188), a membrane sealing triblock copolymer approved by the FDA, has
shown potential in tissue repair. Although mechanisms mediating P188 induced repair are
increasingly better understood, its intracellular effects remain elusive. This study investigated
whether P188 influences cytoskeletal remodeling and mitochondrial recovery in a brain endo-
thelium model. Primary mouse brain microvascular endothelial cells (nBECs) were subjected
to a scratch wound assay. P188 uptake was tracked with a fluorophore conjugated analog, and
actin dependence was tested with pharmacological disruption. Actin remodeling was assessed
by phalloidin staining, mitochondrial integrity by BioTracker 488 following injury, and cellu-
lar ATP content by luminescence assay. P188 was internalized by mBECs in an actin dependent
manner, with uptake abolished by cytoskeletal disruption. Treatment enhanced lamellipodia
and stress fiber formation during wound closure. P188 preserved mitochondrial mass and pro-
moted redistribution toward the wound edge in response to injury. ATP assays confirmed im-
proved recovery of cellular energy levels 24 h post injury compared to controls. P188 enhances
endothelial wound closure not only by stabilizing membranes but also by modulating intracel-
lular processes. By supporting cytoskeletal organization, mitochondrial redistribution, and
ATP recovery, P188 facilitates coordinated structural and metabolic repair mechanisms of the
brain endothelium.

1. INTRODUCTION

The blood brain barrier (BBB) is a tightly regulated vascular interface that preserves central nervous
system (CNS) homeostasis by restricting the passage of potentially harmful substances while supporting
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controlled nutrient exchange and signaling [1, 2]. Brain microvascular endothelial cells (BMECs), which
form the cerebral endothelium, are the cellular backbone of the brain’s microvasculature, where it serves as
a dynamic barrier and regulatory interface between the bloodstream and neural tissue [3, 4]. Although these
endothelial cells contribute to the architecture of the BBB, they also possess intrinsic reparative functions
that are critical to vascular stability following injury [5, 6]. Disruption of the endothelial monolayer, whether
from mechanical trauma, oxidative stress, or metabolic insult, compromises vascular continuity and leads
to increased permeability, inflammatory infiltration, and tissue damage [5, 7, 8]. Prompt and efficient re-
covery of the endothelium is therefore essential to restoring barrier integrity and preserving local homeo-
stasis.

To model these behaviors in vitro, we employed the scratch wound assay, a reproducible and widely
used method for investigating collective endothelial migration and monolayer restitution [9, 10]. Disruption
of the endothelial monolayer triggers directed migration of cells at the wound edge into the denuded area.
These edge-localized cells, termed leader or pioneer cells, polarize in response to chemical and mechanical
cues and coordinate the collective migration of follower cells [11]. Leader cells probe the extracellular envi-
ronment, respond to gradients of chemoattractants, and generate protrusive force for migration. The for-
mation of these structures is tightly regulated and depends on remodeling of both the actin and microtubule
cytoskeletons [12, 13].

Directed migration is powered by dynamic remodeling of the actin cytoskeleton [14]. At the leading
edge, actin polymerization drives the extension of lamellipodia and filopodia, which form new adhesions to
the extracellular matrix and generate traction [15, 16]. This is accompanied by actomyosin contractility and
focal adhesion disassembly at the trailing edge, allowing cells to retract and advance forward [17]. Actin
polymerization is an ATP dependent process by which globular actin (G-actin) assembles into filamentous
actin (F-actin), enabling rapid structural turnover and spatial control [18]. These actin based structures are
orchestrated by small GTPases, Racl, CDC42, and RhoA, and their downstream effectors including the
Arp2slash3 complex, formins, and Rho associated kinase (ROCK), which coordinate filament branching,
bundling, and contraction to drive migration and monolayer cohesion [19-21].

The energetic cost of cytoskeletal remodeling is high. Branching of actin filaments, focal adhesion turn-
over, and membrane reorganization at the leading edge all consume ATP [22]. This localized energy demand
has been increasingly attributed to mitochondria, which serve as the primary source of cellular ATP, buffer
intracellular calcium, and modulate reactive oxygen species (ROS) levels [23, 24]. Mitochondrial morphol-
ogy and subcellular distribution are dynamically regulated by bioenergetic cues, with fission, fusion, and
transport processes remodeling the mitochondrial network to meet cellular demands [25-27].

Although mitochondrial localization is considered less relevant in endothelial cells compared to highly
motile cells, recent work has shown that active mitochondrial positioning is critical for cell migration [28].
Mitochondria accumulate at the leading edge where energy is most required, supplying localized ATP to
support protrusion formation, adhesion dynamics, and polarity signaling [27, 29]. Schuler et al (2017)
demonstrated that Mirol mediated mitochondrial trafficking to the cell periphery enhances migration by
facilitating focal adhesion maturation and membrane extension [30].

The relationship between mitochondria and the cytoskeleton is bidirectional and highly coordinated,
with each system influencing the structure and function of the other [31, 32]. Disruption of cytoskeletal
integrity impairs mitochondrial positioning and dynamics, while mitochondrial dysfunction can hinder ac-
tin polymerization and protrusive activity [28]. This mutual dependency is especially critical during endo-
thelial repair, when both structural remodeling and localized energy production are required for migration.
Further investigation into how these systems interact during BBB endothelial wound healing is still war-
ranted.

Poloxamer 188, a synthetic triblock copolymer consisting of a central hydrophobic chain of polyoxy-
propylene flanked by two hydrophilic chains of polyoxyethylene, has been widely used in pharmaceutical
formulations and medical applications due to its amphiphilic structure [33]. P188 was approved by the FDA
as a therapeutic reagent to reduce viscosity in the blood before transfusions [34], but since has been applied
in various applications with notable potential in cellular membrane sealing with demonstrated efficacy in
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models of tissue injury [35-39].

Due to its amphiphilic structure, P188 has the ability to interact with both hydrophobic and hydrophilic
environments, allowing it to integrate into lipid membranes and stabilize sites of disruption [40]. While
traditionally characterized as a membrane sealant acting at the plasma membrane, it has also been observed
to enter cells [41]. Internalization is thought to occur through actin dependent mechanisms such as endo-
cytosis. Once inside the cell, P188 has been shown to associate with intracellular organelles, including lyso-
somes and mitochondria. In these compartments, it has been reported to stabilize membrane integrity, lim-
iting lysosomal enzyme release and preserving mitochondrial membrane potential, thereby supporting cel-
lular recovery [42, 43]. These findings suggest that P188 may exert protective effects not only at the cell
surface but also within subcellular domains essential for survival and repair.

Given the interconnected roles of the cytoskeleton and mitochondria in orchestrating endothelial mi-
gration, along with emerging evidence that P188 may influence both membrane stability and intracellular
organization, we investigated its potential role in promoting endothelial repair. Using a scratch wound assay
in primary mouse brain microvascular endothelial cells (mBECs), we examined whether P188 enhances
wound closure by modulating cytoskeletal dynamics and supporting mitochondrial remodeling at the
wound edge. This study aims to broaden our understanding of P188’s intracellular effects and to evaluate its
potential as a therapeutic agent for accelerating vascular recovery following injury.

Using a scratch wound assay in primary mouse brain microvascular endothelial cells, we examined
whether P188 treatment enhances endothelial repair by modulating cytoskeletal dynamics and mitochon-
drial remodeling. Specifically, we assessed changes in actin organization at the wound edge, mitochondrial
redistribution to regions of high energy demand, and overall monolayer restitution. This study aims to
deepen our understanding of P188’s intracellular effects and to evaluate its potential as a therapeutic agent
for accelerating vascular recovery following injury.

2. MATERIALS AND METHODS
2.1. Cell Culture

BALB/c primary brain microvascular endothelial cells (mBECs) from Cell Biologics Inc (BALB-5023)
were cultured in complete mouse endothelial cell medium with supplement kit (Cell Biologics Inc, M1168).
Culture surfaces were precoated with gelatin coating solution (Cell Biologics Inc, 6950) according to the
manufacturer’s protocol. Cells were grown to 90% - 100% confluency and maintained at 37°C in a humidi-
fied incubator with 5% CO..

2.2. Scratch Wound Model

Cells were seeded onto 35 mm glass bottom imaging dishes (Cellvis, D35-14-1.5-N) with a total of
50,000 cells per dish and incubated overnight. A sterile 100 pL pipette tip was used to create a linear scratch
across the monolayer, and detached cells were removed by rinsing with PBS. Fresh complete medium con-
taining 0, 10 uM, or 100 uM Poloxamer 188 (P188; Maroon Biotech, Sigma-Aldrich) was then added. Wound
closure was imaged periodically using phase contrast microscopy (Nikon Eclipse Ti). For quantification,
wound area at each time point was measured using FIJI Image] by manually tracing the cell-free region. The
area was expressed as a percentage of the initial wound area at time 0, and plotted over time to calculate the
rate of wound closure.

2.3.P188-Rh110 Uptake

For uptake analysis, mBECs were seeded and cultured as described above. After an overnight incuba-
tion, cells were washed with warm PBS and complete medium containing 10 uM fluorescently conjugated
Poloxamer 188 (P188-Rh110) was added at the start of imaging. To disrupt actin filaments, a subset of cul-
tures were treated with 2 pM Cytochalasin D (CyD; Sigma-Aldrich, C2618) in complete medium for 1 hour
prior to P188-Rh110 addition. Live-cell fluorescence images were acquired every 1 minute for 30 minutes.
Fluorescence intensity for each frame was normalized to the first frame, and mean intensity over time was
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used to generate uptake curves.

2.4. Actin Cytoskeleton Imaging

To examine actin remodeling during migration, confluent mBEC monolayers were scratched as de-
scribed in 2.2. At the indicated time points, cells were fixed with Image-iT Fixative Solution (4% formalde-
hyde; Invitrogen, FB002) for 10 minutes, permeabilized with ice cold methanol for 10 minutes, and blocked
in 1% BSA/PBS for 1 hour at room temperature. Actin architecture was visualized with Texas Red™ Phal-
loidin (Invitrogen, T7471), and nuclei were counterstained with NucBlue (Invitrogen, R37605). For actin
disruption, cells were treated immediately post-scratch with 2 uM CyD in complete medium for 1 hour and
kept at 37°C. Then all samples were rinsed and incubated in fresh complete medium with or without 10 pM
P188 for the designated post scratch treatment period before fixation. Cells were imaged using an inverted
fluorescence microscope (Nikon Eclipse Ti).

2.5. Live Cell Mitochondrial Imaging

Live cell mitochondria were visualized using BioTracker 488 Green Mitochondria Dye (Sigma-Aldrich,
SCT110). To induce mitochondrial depolarization, cells were treated with 5 uM Carbonyl Cyanide 3-Chlo-
rophenylhydrazone (CCCP; Sigma-Aldrich, C2759) in complete medium for 1 hour at 37°C, rinsed with
PBS, and incubated in fresh complete medium with or without 10 uM P188. Cells were then incubated with
200 nM BioTracker dye for 30 minutes at 37°C and imaged live. Mitochondrial fluorescence intensity was
measured for individual leading-edge cells in FIJI Image]J, and mean values were compared between treat-
ment groups, the leading edge was defined as the first row of intact cells adjacent to the wound margin.

2.6. ATP Luminescence Assay

Cellular ATP content was measured using the ATP Determination Kit (Invitrogen, A22066) according
to the manufacturer’s instructions. mBECs were seeded in 96-well plates with 7500 cells per well and treated
with CCCP (5 or 50 uM) for 1 hour to induce mitochondrial depolarization. After treatment, cells were
rinsed and incubated in fresh complete medium with or without 10 pM P188. At the indicated time points
(immediately post treatment and 24 hours later), cells were lysed with Pierce Luciferase Cell Lysis Buffer
(Thermo Scientific, 16189), and luminescence was measured using a FLUOstar Omega microplate reader
(BMG Labtech). Values were normalized to untreated controls, and results are expressed as fold change in
luminescence intensity.

2.7. Statistical Analysis

All experiments were independently repeated three times per condition. Data were compiled in Mi-
crosoft Excel (Microsoft Corp., Redmond, WA, USA). Results are presented as mean + SEM. Statistical sig-
nificance between groups was assessed using two-tailed Student’s t-tests, with p < 0.05 considered signifi-
cant.

3. RESULTS
3.1. Validation of Monolayer Integrity Prior to Wounding

Prior to evaluating the effects of P188 on wound repair, uniform endothelial monolayer formation was
confirmed, as barrier integrity and intercellular contacts are prerequisites for modeling physiologically rel-
evant injury responses. Confluence was verified by phase contrast microscopy, with cultures consistently
reaching >95% coverage by 24 h post seeding (Figure 1(a)). Tight junction formation was assessed by im-
munostaining for the junctional protein zonula occludens-1 (Zo-1). Imaging revealed continuous Zo-1
staining at cell-cell borders, indicative of intact junctional complexes across the monolayer (Figure 1(b)).
These results confirmed that experimental wounding was performed on confluent, contact inhibited cul-
tures, providing a consistent baseline for subsequent wound repair assays.
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Figure 1. Representative images of mBEC monolayer confluency and tight junction formation prior to
wounding. (a) Brightfield image of a confluent monolayer of mouse brain microvascular endothelial
cells (mBECs) showing a uniform, contact inhibited monolayer of cells prior to scratch wounding. Scale
bar = 200 um. (b) Immunofluorescence staining of confluent mBECs using Anti-Zo-1 (green) to label
the tight junction protein and DAPI (blue) to label nuclei. Zo-1 localization at cell-cell borders indicate
the formation of tight junctions. Scale bar = 50 pm.

3.2. Scratch Wound Model with P188 Treatment

To evaluate whether P188 enhances endothelial repair, confluent mBEC monolayers were subjected to
linear wounding and incubated with either control medium, 10 pM P188, or 100 uM P188. Wound closure
was documented at 0, 6, 12, 18, and 24 h post injury using phase contrast microscopy (Figure 2(a)). The cell
free region was traced in FIJI Image], and wound area was expressed as a percentage of the initial area at
time 0. Both P188 treatment groups demonstrated accelerated closure compared to controls. Quantification
of wound area reduction over time revealed significantly faster closure in the presence of P188 (Figure 2(b)).
Linear regression analysis showed closure rates of —3.50% + 0.13%/h for media, —4.23% + 0.20%/h for 10
uM P188, and —4.36% + 0.29%/h for 100 uM P188 (all R* > 0.97). Differences between media and both
treatment groups were statistically significant, while no difference was observed between the two P188 doses
(p > 0.7). At individual time points, P188 treated cultures consistently showed smaller wound areas than
media controls.

These findings demonstrate that P188 enhances collective migration of mBECs during wound repair.
Notably, low micromolar concentrations were sufficient to elicit the maximal effect, suggesting that P188
exerts a threshold response rather than a linear dose dependent effect in this assay.

3.3. Actin Cytoskeletal Integrity Is Required for P188 Uptake

To determine whether P188 internalization depends on an intact actin cytoskeleton, uptake of fluores-
cently conjugated P188 (P188-Rh110) was assessed in live mBECs with or without cytochalasin D (CyD)
pretreatment. Vehicle treated cells showed progressive intracellular accumulation of P188-Rh110 over 30
min, visible as punctate green fluorescence distributed throughout the cytoplasm (Figure 3(a)) and stress
microfilament fibers (Figure 3(b)). In contrast, cells pretreated with 2 uM CyD showed minimal detectable
copolymer signal after 30 min (Figure 3(c)) and exhibited fragmented actin filaments (Figure 3(d)).
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Figure 2. Poloxamer 188 accelerates wound closure in mouse brain endothelial cells (mBECs). (a) Rep-
resentative phase contrast images of mBEC scratch wounds at 0, 6, 12, 18, and 24 hours post-injury in
untreated control (top row) and cells treated with 10 uM P188 (bottom row). Wound margins were
outlined in blue using Image] to quantify closure. Scale bar = 200 pm. (b) Quantification of wound
closure over 24 hours in media control, 10 pM P188 (10P), and 100 pM P188 (100P) treatment groups.
Data represent mean £ SEM (n = 3 per group). Linear regression analysis revealed significantly faster
wound closure in both P188-treated groups compared to media. Differences in slope were significant
between control and both 10P (p < 0.05) and 100P (p < 0.05), but not between 10P and 100P (p = 0.72),
indicating an equally significant response at the lower dose of 10 pM. Asterisks (*) denote individual
time points where wound area media control vs. treated were statistically significant (p < 0.05, two-
tailed t-test).
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Figure 3. Actin filament integrity is required for P188-Rh110 uptake. ((a), (c)) Uptake of P188-Rh110
visualized by fluorescence microscopy, imaged and pseudo colored green to enhance contrast. Nuclei
are counterstained with DAPI (blue). (a) Vehicle treated cells. (c) Cells pretreated with 2 pM Cyto-
chalasin D for 1 hour prior to P188-Rh110 uptake. ((b), (d)) Actin cytoskeleton labeled with Texas Red-
phalloidin (red) to assess filament integrity. (b) Vehicle treated cells. (d) Cells pretreated with 2 uM
Cytochalasin D for 1 hour display disrupted and fragmented actin filaments, with minimal detectable
polymer internalization after 30 minutes. Scale bar = 20 pm. (e) Quantification of P188-Rh110 uptake
over time in mBECs treated with vehicle control (green), or Cytochalasin D (blue). Fluorescence inten-
sity plotted as fold increased over 30 minutes. Data represent mean + SEM, n = 3.
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Quantification of uptake curves was determined by acquiring the labeled P188 images at 1 min inter-
vals. In CyD treated cells, a marked reduction in fluorescence intensity was confirmed compared to controls
(Figure 3(e)). In vehicle treated cells, P188-Rh110 signal increased approximately 2.5-fold over baseline
after 30 min, whereas CyD treated cells showed ~20% increase and remained close to basal levels.

These findings demonstrate that P188 uptake requires intact actin filaments, suggesting that polymer
internalization occurs through an active, cytoskeleton mediated process rather than passive membrane in-
sertion. This dependence implies a functional link between actin remodeling and P188’s intracellular activity
during repair.

3.4. P188 Enhances Formation of Migratory Actin Structures over Time

Because actin remodeling is essential for migration, we examined whether P188 influenced cytoskeletal
structures during wound repair. Confluent mBEC monolayers were scratched and stained for F-actin at 0,
6, and 24 h post injury. In media controls, actin filaments were visible but relatively sparse, with limited
lamellipodia at the wound edge (Figures 4(a)-(c)). By contrast, cells treated with 10 uM P188 displayed
progressively enhanced cytoskeletal remodeling, including broad lamellipodia and well organized stress fi-
bers, particularly at 24 h (Figures 4(d)-(f)).

Figure 4. Actin architecture is reorganized in response to P188 treatment. Representative fluorescence
images of mBECs stained with phalloidin (F-actin, red) and DAPI (nuclei, blue) at 0, 6, and 24 hours
after scratch injury. Cells treated with 10 pM P188 (bottom row, (d)-(f)) exhibit progressively enhanced
actin remodeling compared to media control (top row, (a)-(c)), including increased formation of la-
mellipodia and well defined stress fibers. By 24 hours, P188 treated cells display more pronounced
protrusive structures, consistent with enhanced migratory activity. Yellow arrows indicate the wound
edge in each image. Scale bar = 20 pm.

These qualitative differences in actin structures suggest that P188 supports the formation of protrusive
and contractile elements at the wound margin, consistent with an enhanced migratory phenotype.

3.5. P188-Driven Cytoskeletal Remodeling and Mitochondrial Re-Organization

With emerging evidence suggesting localized energy supply is critical for migration, mitochondrial
morphology and positioning were assessed in scratch wounded monolayers. In control cultures, mitochon-
dria were primarily clustered in perinuclear regions with limited extension toward the wound edge (Figure
5(a) and Figure 5(b)). CCCP treatment induced fragmentation, resulting in a punctate, disorganized distri-
bution (Figure 5(c)). In contrast, cells treated with 10 uM P188 displayed elongated, branched mitochon-
drial structures that extended toward the wound margin (Figure 5(d)).
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Figure 5. P188 enhances mitochondrial organization near the leading edge of migrating mBECs. ((a)-
(d)) Representative fluorescence microscopy images of mBECs stained for mitochondria (green, Bio-
Tracker 488) and nuclei (blue, DAPI). (a) Undamaged control cells (top left) exhibit perinuclear mito-
chondrial organization with healthy structures. (c) Cells pretreated with the mitochondrial uncoupler
CCCP (5 uM, 1 h; bottom left) show fragmented mitochondria (red arrows) with reduced signal inten-
sity. Images on the right show mitochondrial localization at the leading edge of scratch wounded mon-
olayers 24 h post injury. (b) Media treated cells display limited mitochondrial presence at the wound
front, while (d) cells treated with 10 pM P188 exhibit enhanced mitochondrial density and expanded
branched structure near the leading edge (yellow arrows). Scale bar = 10 pm. (e) Quantification of
mitochondrial density at the wound edge 24 h post injury. P188 treated cells show a significant increase
in mitochondrial fluorescence intensity compared to media controls (p < 0.05, unpaired t-test). Data
represent mean £ SEM, n = 3.
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Quantitative analysis was performed specifically on leading edge cells, defined as the first row of intact
cells adjacent to the wound border. P188 treated leading edge cells exhibited significantly higher mitochon-
drial fluorescence intensity compared to media controls (Figure 5(e)), reflecting an increased presence of
mitochondria at sites of active migration.

These findings suggest that P188 promotes redistribution and maintenance of mitochondria in leading-
edge cells, supporting localized energy availability necessary for cytoskeletal remodeling during wound clo-
sure.

Compared to controls, P188 treatment resulted in more elongated and peripheral mitochondrial net-
works, particularly at the leading edge of migrating cells. This redistribution likely supports localized energy
production and cytoskeletal coordination required for wound closure.

3.6. P188 Promotes Cellular ATP Recovery Following CCCP-Induced Mitochondrial Damage

To determine whether the structural improvements observed in mitochondria were accompanied by
functional recovery, intracellular ATP levels were measured after CCCP induced mitochondrial depolariza-
tion. Immediately following treatment, both 5 uM and 50 uM CCCP caused dose dependent ATP depletion,
reducing luminescence to ~50% and ~1% of untreated control, respectively (Figure 6(a)).

Cellular ATP Immediately After CCCP Cellular ATP Recovery 24 Hours After CCCP
Treatment Treatment
2 2 - *
*
o 1.5 1 o 15
= * £
- 0.5 - 0.5
*
[} T T ) 1] T T r \
Control 5uMCCCP 50 uyM CCCP Control P188 CCCP+Media CCCP+P188
(a) (b)

Figure 6. P188 promotes cellular ATP recovery following CCCP-induced mitochondrial damage. (a)
Cellular ATP levels immediately after treatment with CCCP (carbonyl cyanide m-chlorophenyl hydra-
zone) at 5 pM or 50 pM for 1 hour show a dose dependent reduction in luminescence intensity relative
to untreated control (*p < 0.05). (b) Cellular ATP levels measured 24 hours after 5 uM CCCP injury.
P188 treatment alone significantly increased ATP levels com-pared to control (*p < 0.05). Cells treated
with CCCP followed by media (CCCP + Media) or P188 (CCCP + P188) did not significantly differ
from control, but ATP levels in CCCP + P188 were significantly higher than in CCCP + Media (*p <
0.05). Data are shown as fold increase of luminescence intensity (mean + SEM, n = 3).

At 24 h post-injury, cultures maintained in media alone after CCCP damage, remained partially de-
pleted, with ATP levels recovering to ~85% of baseline. In contrast, cells treated with 10 uM P188 demon-
strated substantial restoration, reaching slightly above baseline values (Figure 6(b)). Interestingly, a 1.5-fold
increase was observed with the addition of 10 uM P188 alone in undamaged cells, suggesting that treatment
with the poloxamer to undamaged cells results in significantly higher levels of intracellular ATP.

Overall, treatment with P188 improved ATP recovery 24 hours after CCCP exposure, suggesting that
the copolymer supports restoration of mitochondrial function. These findings indicate a possible role for
P188 in maintaining energy homeostasis during cellular repair.
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4. DISCUSSION

In this study, we used primary mouse brain microvascular endothelial cells (mBECs) to model endo-
thelial injury and repair. mBECs retain key features of the in vivo brain endothelium, including tight
junctions, low transcytotic activity, and polarized transport [3, 4, 12, 13] making them a relevant system
for studying vascular repair. Disruption of the endothelial layer, whether by oxidative stress, trauma, or
metabolic insult, can impair mitochondrial function, destabilize the cytoskeleton, and compromise barrier
integrity [6, 7, 21, 22]. This breakdown facilitates pathological permeability and contributes to neurolog-
ical disease progression [3, 8]. Thus, identifying strategies that enhance endothelial repair is of therapeutic
interest.

To examine cellular recovery, we employed the scratch wound assay, a well-established method for
assessing collective migration. This model simulates localized injury and allows visualization of wound edge
dynamics, where migration, cytoskeletal reorganization, and metabolic demand are highest. Restoration of
the monolayer is essential for reestablishing vascular continuity and maintaining homeostasis [9, 10].

We found that Poloxamer 188 (P188), a nonionic triblock copolymer with established membrane sta-
bilizing properties [40], significantly enhanced wound closure in mBEC monolayers. Both 10 uM and 100
uM P188 accelerated repair, with similar efficacy, suggesting a threshold response rather than a linear dose
dependency. These results align with previous studies showing P188 is effective at low micromolar concen-
trations, while higher doses may lead to micelle formation and membrane disruption [44].

To explore P188’s intracellular effects, we used a fluorescent analog (P188-Rh110) and found that it is
taken up by mBECs in an actin dependent manner. Disruption of actin filaments using Cytochalasin D
markedly reduced the uptake. This is consistent with earlier findings that P188 enters cells through active
transport and can localize to organelles such as lysosomes [41, 42]. Our observations further suggest that
P188 preferentially accumulates in injured cells, possibly due to increased membrane permeability.

Beyond uptake, P188 treatment promoted extensive reorganization of the actin cytoskeleton. Cells
treated with P188 displayed enhanced lamellipodia, more defined stress fibers, and greater protrusive activ-
ity at the wound edge, features indicative of active migration and cytoskeletal readiness for repair. These
structural changes likely depend on intact mitochondrial function. Actin polymerization and myosin driven
contractility are energetically costly, requiring localized ATP production that is often supplied by mitochon-
dria positioned at sites of active remodeling. Blocking oxidative phosphorylation has been shown to decrease
F-actin polymerization, impair lamellipodia formation, and slow migration [28, 45], underscoring the im-
portance of mitochondrial ATP supply in maintaining migratory architecture.

In addition to bioenergetics, mitochondrial positioning at the leading edge is critical for efficient pro-
trusion and adhesion turnover. Mitochondrial trafficking toward sites of actin remodeling is regulated by
adaptors such as Miro-1, and depletion of Miro disrupts mitochondrial coupling to the actin cytoskeleton,
impairs focal adhesion dynamics, and slows both single cell and collective migration [30]. Similarly, loss of
the fission protein Drpl alters mitochondrial distribution and Ca** homeostasis, suppressing Rho/ROCK
signaling and reducing migratory efficiency [46].

Although our current data do not directly demonstrate a physical interaction between P188 and mito-
chondria, the strong coupling between mitochondrial function and actin remodeling raises the possibility
that P188’s effects extend beyond the cytoskeleton. Enhanced mitochondrial localization at the wound edge
in P188 treated cells could simply reflect higher local energy demand during migration, but we cannot rule
out the alternative that P188 modulates mitochondrial behavior more directly, perhaps by influencing mem-
brane properties or signaling pathways that coordinate organelle positioning. Resolving these possibilities
will require targeted experiments to determine whether mitochondrial redistribution is a consequence of
actin driven metabolic demand or an independent effect of P188 on mitochondrial dynamics.

Given this correlation, we next evaluated the effects of mitochondrial depolarization with the uncou-
pler CCCP, allowing us to test whether P188’s pro-migratory activity persists when oxidative phosphory-
lation and organelle positioning are compromised. Using BioTracker 488, we visualized mitochondrial
morphology after injury induced by CCCP, a mitochondrial uncoupler that collapses membrane potential
and inhibits oxidative phosphorylation [47]. As expected, CCCP caused pronounced mitochondrial
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fragmentation and loss of organized network structure. Interestingly, cells treated with P188 following
CCCP exposure displayed increased mitochondrial density and a shift toward elongated morphology at
the wound edge, features consistent with enhanced trafficking and partial restoration of the network.
While we cannot yet determine conclusively whether this reflects a direct action of P188 on mitochondrial
membranes or an indirect effect via cytoskeletal stabilization and migration-associated demand, the lo-
calization pattern suggests improved organelle positioning in regions of active repair. Quantitatively, this
was supported by higher mitochondrial fluorescence intensity in P188 treated cells compared to media
controls.

To explore whether these structural changes were accompanied by functional recovery, we then meas-
ured intracellular ATP levels. As anticipated, CCCP treatment caused a dose-dependent depletion of ATP,
reflecting impaired oxidative phosphorylation [48]. After 24 hours, P188 treated cells exhibited significantly
greater ATP restoration than media controls, indicating that P188 facilitates not only the recovery of mito-
chondrial architecture but also the reestablishment of metabolic capacity following injury. Whether this
improvement stems from direct support of mitochondrial integrity, enhancement of trafficking to energy
demanding regions, or broader effects on cellular repair signaling remains an open question that will require
targeted mechanistic studies.

5. CONCLUSIONS

Taken together, our findings support the hypothesis that Poloxamer 188 enhances endothelial wound
healing not only through its well-established membrane stabilizing properties, but also by influencing intra-
cellular processes that are critical to cellular recovery and migration. P188 treatment accelerated wound
closure in mBECs, coinciding with actin-dependent cytoskeletal remodeling, lamellipodial advancement,
and the redistribution of mitochondria toward the leading edge. These effects occurred in an injury context
where both membrane integrity and energetic capacity are compromised, suggesting that P188’s activity
may extend beyond passive membrane repair to include the preservation or restoration of cellular systems
that coordinate motility and energy production.

The present work cannot yet determine whether the mitochondrial responses we observed improved
morphology, localization, and ATP recovery after CCCP challenge arise solely as a downstream consequence
of enhanced actin mediated migration, or whether P188 also exerts more direct effects on mitochondrial
membranes, trafficking machinery, or signaling pathways. Both scenarios remain plausible and carry dis-
tinct mechanistic implications.

Future studies should therefore focus on dissecting these possibilities, including assessing P188’s influ-
ence on actin regulatory pathways and mitochondrial fission fusion dynamics. Given prior evidence that
P188 localizes to intracellular vesicles, its potential interactions with lysosomes, endosomes, and mitochon-
dria associated membranes warrant further investigation as possible conduits for cross organelle communi-
cation as well. Finally, translating these findings to more physiologically relevant systems, such as 3D mi-
crovascular simulations or in vivo models of blood brain barrier disruption, will be essential to fully define
P188’s therapeutic potential in neurovascular injury and repair.
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