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Abstract
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are defined by impairment of the
pulmonary endothelial barrier, resulting in vascular permeability and pulmonary edema. Toxins such as
lipopolysaccharide (LPS) from Gram positive bacteria and pneumolysin (PLY) from Gram negative
bacteria contribute to endothelial injury by impairing the glycocalyx and intercellular connections. This
study investigated the protective effects of sulodexide (SDX), a glycocalyx-preserving agent, against
LPS- and PLY-induced endothelial barrier dysfunction in human lung microvascular endothelial cells
(HLMVECs) and murine ALI models. Endothelial barrier integrity was evaluated using transendothelial
electrical resistance (TER), junctional integrity by immunofluorescence staining for VE-cadherin and F-
actin, and lung vascular leak by Evans Blue Dye (EBD) assay, and protein content by bronchoalveolar
lavage fluid (BALF). Pretreatment with SDX mitigated PLY's effects on TER, junctional integrity, and in
vivo vascular leak, and post-treatment with SDX restored TER after PLY insult. SDX's effects on LPS-
induced TER decline and lung permeability, while significant, were less pronounced. These findings
suggest SDX protects lung endothelial barrier integrity in vitro and in vivo in a toxin-specific manner, with
more evident protection against pore-forming toxins like PLY than against receptor-mediated toxins like
LPS. SDX may represent a therapeutic strategy for preventing vascular leakage and lung injury in Gram-
positive bacterial infections and inflammatory lung disease.

Introduction
Acute lung injury, along with its more severe form, acute respiratory distress syndrome, endure as one of
the leading contributors to illness and death in the US [1,2] [3]. ALI/ARDS are characterized by diffuse
pulmonary endothelial barrier disruption, which drives increased vascular permeability, protein-rich
alveolar edema, impaired gas exchange, and severe hypoxemia, contributing to high mortality despite
improvements in supportive care [4,5]; [1,6]. The pulmonary endothelium forms the primary interface
between circulating inflammatory mediators and the lung parenchyma, and its integrity plays a critical
role in determining disease severity and clinical outcome [4,7]. Toxins derived from Gram positive G + 
and G- bacteria are potential triggers of ALI [8]. They directly or indirectly damage the endothelial
glycocalyx and thereby compromise vascular integrity [9]. We hypothesized that preservation of the
endothelial glycocalyx with sulodexide can protect the pulmonary endothelial barrier against bacterial
toxin–induced injury and that its efficacy depends on the mechanism of endothelial disruption.

Endothelial barrier integrity is maintained through coordinated interactions among inter endothelial
junctions, the actin cytoskeleton and the endothelial glycocalyx [10]; [11]. The glycocalyx is a dynamic,
carbohydrate-rich layer composed of proteoglycans, glycoproteins, and glycosaminoglycans that covers
the luminal surface of endothelial cells and regulates vascular homeostasis [12,7,10]. It restricts plasma
protein leakage, maintains oncotic balance in accordance with the revised Starling principle, senses
shear stress, and limits inappropriate endothelial activation [12] [13]. Heparan sulfate proteoglycans,
particularly syndecan-1, represent major structural components essential for glycocalyx stability and
barrier function [7,14].
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During ALI/ARDS, the glycocalyx is rapidly degraded through enzymatic and inflammatory processes.
Heparinase-mediated shedding of heparan sulfate chains and shedding of syndecan-1 ectodomains
result in progressive glycocalyx loss [12,14]. This degradation is associated with disruption of inter
endothelial junctions, including reduced expression and disorganization of VE-cadherin and zonula
occludens-1, driving increased permeability across the paracellular space [14]. Importantly, circulating
markers of glycocalyx degradation, including heparan sulfate and syndecan-1, are increased in patients
with sepsis and ARDS and correlate with disease severity and mortality, including pediatric ARDS [14]
[15]. These findings highlight the glycocalyx as both a biomarker and a driver of endothelial dysfunction.

ALI is commonly triggered by bacterial pneumonia and sepsis induced by both Gram-positive (G+) and
Gram-negative (G-) organisms; however, G + and G- bacterial products disrupt endothelial integrity
through distinct mechanisms. LPS, the prototypical G+ endotoxin, signals through a receptor-mediated
pathway involving Toll-like receptor 4 (TLR4) and CD14 [16]. This activates NF-κB–mediated transcription
of inflammatory genes and downstream signaling cascades involving RhoA/Rho-kinase activation, GEF-
H1–mediated microtubule destabilization, and TRPC6-dependent calcium influx, ultimately resulting in
cytoskeletal contraction and inter endothelial gap formation [5] [16] [17].

In contrast, the G+ toxin and key virulence factor of Streptococcus pneumoniae, PLY, induces endothelial
injury through direct membrane disruption rather than receptor activation. PLY is a cholesterol-
dependent pore-forming cytolysin that inserts into the plasma membrane and forms transmembrane
pores. Sub-lytic pore formation leads to excessive calcium influx, activation of protein kinase C-α,
imbalance of RhoA/Rac1 signaling, increased phosphorylation of myosin light chain, and cytoskeletal
destabilization, culminating in VE-cadherin disassembly and barrier failure [18] [19]. Clinically, this
mechanism contributes to persistent pulmonary edema even after bacterial clearance, highlighting the
direct membrane-toxic nature of PLY.

Considering the central role played by the endothelial glycocalyx in barrier regulation, therapeutic
strategies aimed at its restoration have gained increasing attention. Sulodexide, a glycosaminoglycan-
based compound made up of roughly 80% heparin-like/heparan sulfate fractions and 20% dermatan
sulfate, represents a glycocalyx-targeted therapy [20] [21]. SDX restores glycocalyx integrity by supplying
glycosaminoglycan precursors and inhibiting heparanase activity, thereby limiting glycocalyx degradation
[16] [20].

In addition to structural effects, SDX exerts anti-inflammatory actions by suppressing NF-κB signaling
and reducing cytokine and chemokine release from endothelial cells and macrophages [22] [23]. It also
inhibits PLA2/COX-2/VEGF signaling pathways and endothelial activation [24]. Experimentally and
clinically, SDX has been demonstrated to preserve glycocalyx integrity, decrease vascular permeability,
and improve endothelial function in diabetes and sepsis [20] [16] [14].

Despite these findings, it remains unclear whether glycocalyx-targeted therapy provides equivalent
protection against endothelial injury induced through distinct mechanisms. Specifically, whether SDX
confers similar protection against receptor-mediated inflammatory injury (LPS) and direct membrane-
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disruptive injury (PLY) is unknown. Therefore, we assessed the impact of SDX on pulmonary endothelial
barrier integrity in response to LPS and PLY using human lung microvascular endothelial cells, as well as
in-vivo murine models of ALI. Our data suggested that SDX conferred greater protection against PLY-
induced barrier dysfunction than LPS-induced injury, likely due to differences in the underlying
mechanisms of endothelial disruption.

Methodology

Materials
Sulodexide was kindly provided by ALFA WASSERMANN S.p.A., Bologna, Italy

Pneumolysin toxin was kindly provided by Dr. Chakraborty (Justus Liebig University Giessen, Germany). It
was purified from a recombinant strain Listeria innocua 6a expressing PLY in his laboratory [18]. The PLY
preparation used in this study exhibited a specific activity of 1.25 × 10⁷ hemolytic units/mg.hu.

Lipopolysaccharide obtained from Escherichia coli O111:B4 purified by phenol extraction, endotoxin level
3,000,0000 endotoxin units/mg was purchased from Sigma-Aldrich (Saint Lois, MO, USA).

All other chemicals were purchased from Sigma-Aldrich (St. Louis), unless otherwise indicated

Cell Culture
Human Lung Microvascular Endothelial Cells obtained from Lonza Bioscience (Allandale, NJ, USA) were
cultured in endothelial growth medium (EBM-2, Lonza and HPMEC-c Lot number: 1 x 480Z008.1
500,000) under standard conditions (37°C, 5% CO₂, humidified atmosphere). Cells were thawed and
seeded at a density of 2,500 viable cells/cm² in T25 flasks. Media was changed at 24 h after seeding and
later every 48 h thereafter. Cells were sub-cultured at around 85% confluency using Trypsin/EDTA and re-
seeded into 6-well plates at a density of cells/well.

Transendothelial Electrical Resistance (TER)
Endothelial barrier integrity was reviewed in real time by measuring TER, an inverse EC permeability
index [25]. TER was assessed using the ECIS-Zeta system (Electric Cell-substrate Impedance Sensing;
Applied Biophysics, Troy, NY, USA). HLMVECs were plated at a density of 6 × 10⁴ cells per well onto
electrode-embedded 8W10E ECIS arrays and cultured until reaching confluence. Baseline resistance
values were recorded prior to treatment. Confluent monolayers of cells received one of the following
treatments: untreated, PLY (150 ng/ml) or 100 e.u./mL of LPS, SDX (100 µg/ml) from few minutes to an
hour prior/after.

0.3 × 10
6
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Changes in TER following PLY and LPS stimulation were monitored at indicated time points to evaluate
endothelial permeability and barrier dysfunction.

Immunofluorescent staining
HLMVECs were cultured on sterile glass coverslips until reaching confluence. After exposure to LPS or
PLY, cells were rinsed with phosphate-buffered saline (PBS) and fixed using 4% paraformaldehyde for 15
minutes at room temperature (RT). Membrane permeabilization was achieved with 0.1% Triton X-100 for
10 minutes, followed by a 1-hour blocking step at RT using 5% bovine serum albumin (BSA). Cells were
then incubated overnight at 4°C with a primary antibody targeting VE-cadherin, diluted in blocking buffer.
After washing with PBS, cells were exposed to a fluorescently labeled secondary antibody (Alexa Fluor
488-conjugated goat anti-rabbit IgG, A11034, 1:200, Invitrogen, USA) for 1 hour at RT, protected from
light. Nuclear staining was performed using DAPI, while actin filaments were visualized with Texas red-
conjugated phalloidin (T7471, 1:200, Invitrogen, USA) applied for 1 hour at RT.

Slides were prepared by mounting coverslips with antifade mounting medium, and imaging was
performed on a fluorescence microscope (Axiolab; Carl Zeiss, using Zeiss Axiolab software). Endothelial
barrier disruption following PLY and LPS exposure was evaluated by examining VE-cadherin distribution
patterns and the integrity of cell-cell junctions.

Animal experiments
Male C57BL/6 mice (19–25 g) were obtained from Envigo RMS, Inc. (Indianapolis, IN). Both LPS and PLY
were diluted in saline (LPS-1mg/ml & PLY- 4µg/ml) before dosing. Prior to any injection, animals were
anesthetized using a combination of ketamine (150 mg/kg body weight) and acetopromazine (15 mg/kg
body weight). Intratracheal (IT) delivery of both toxins, LPS (1 mg/kg body weight) and PLY (2.7 µg/kg
body weight) was performed using a 20-gauge catheter. One hour prior to toxin administration, mice
received either SDX (10 mg/kg body weight) or 0.9% saline via tail vein injection. To evaluate vascular
permeability, Evans blue dye-albumin (30 mg/kg body weight) was administered by tail vein injection 2
hours before the study's endpoint, allowing assessment of extravasation. For protein quantification and
cell counting, bronchoalveolar lavage (BAL) was performed by lavaging the lungs with 1 mL of 10% HBSS
to obtain the bronchoalveolar lavage fluid (BALF). All procedures adhered to NIH guidelines and received
prior approval from the Augusta University Institutional Animal Care and Use Committee.

Measurement of lung permeability (Evans Blue Dye (EBD) albumin extravasation) into lung tissue.

Following anesthesia, EBD-albumin was injected into the tail vein 2hrs before the termination of the
experiment to assess vascular leak [26]. For assessment of Evans blue dye extravasation, the left lungs
were weighed and homogenized, incubated with formamide (18 hours at 60° C) and spun at 5000g for
30 minutes. The optical density of supernatant was measured spectrophotometrically at 620 nm and
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750 nm. EBD concentration in lung homogenate was then determined against standard curve (mgs of
Evans Blue dye per gram lung) and expressed relative to lung weight.

Bronchoalveolar lavage fluid (BALF) for protein estimation
To separate cells from the fluid fraction, BALF samples were first centrifuged at 500 × g for 15 min at 4°C
first and then supernatant was then centrifuged at 2500 × g for 10 min at 4°C to eliminate any remaining
debris, yielding clarified BALF suitable for subsequent total protein quantification. The cell pellet
generated after the initial centrifugation was treated with ACK lysis buffer to eliminate red blood cells,
with gentle mixing maintained throughout a 15-minute incubation period. Cells were then pelleted again
via centrifugation (500 × g, 15 minutes, 4°C), after which the cells were resuspended in Hank’s solution
and examined for total number white blood cells using a hemocytometer.

Results

Sulodexide modulates changes in TER and
cytoskeletal/junctional remodeling induced by PLY and LPS
in HLMVECs
To determine whether SDX protects endothelial barrier function against G+ bacterial toxin induced EC
injury, we first investigated the effect of SDX on microvascular endothelial permeability using ECIS
measurements. HLMVEC monolayers were challenged with SDX either before or after PLY treatment
(Fig. 1. A, B). PLY markedly reduced transendothelial resistance, indicating disruption of endothelial
barrier integrity. These findings are consistent with previous reports on the role of PLY in EC barrier
compromise [27] [28] and ALI induced by pneumococcal pneumonia [29]. Importantly that SDX
significantly attenuated the PLY-induced decrease in TER when administered either as a pretreatment or
following PLY exposure, demonstrating both protective and restorative effects on endothelial barrier
function in PLY EC injury model.

To determine whether SDX protects endothelial barrier function against G- (LPS)-induced inflammatory
injury, HLMVEC monolayers were initially pretreated with SDX prior to LPS challenge (Fig. 1C).
Consistently with our previous reports [30–32], LPS markedly decreased TER, indicating disruption of
endothelial barrier integrity. Pretreatment with SDX significantly attenuated the LPS-induced reduction in
TER, demonstrating a protective effect on endothelial barrier function. However, post-treatment of SDX
exposure did not affect the LPS induced decrease in TER, indicating that SDX is more effective when
present before inflammatory injury occurs (Fig. 1D). Apparently, the effects of SDX on LPS-induced TER
decline were less pronounced as compared to the effects on PLY-induced EC permeability suggesting
different protective mechanisms.

Sulodexide preserves endothelial barrier integrity by preventing PLY- and LPS-induced cytoskeletal
remodeling and by maintaining VE-cadherin expression at cell junctions
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To further evaluate whether SDX protects pulmonary endothelial barrier integrity, immunofluorescence
staining was performed to define changes in expression and subcellular distribution of the adherens
junction protein VE-cadherin and the actin cytoskeleton (F-actin) in HLMVECs in response to PLY and
LPS exposure (Fig. 2A, B). demonstrated that quiescent control cells exhibited continuous VE-cadherin
staining along cell-cell borders together with well-organized cortical F-actin, indicating intact endothelial
junctions and preserved barrier integrity [33].

Exposure to PLY caused marked disruption of endothelial junctions, characterized by fragmented and
discontinuous VE-cadherin staining, and prominent F-actin stress fiber formation suggesting the loss of
EC monolayer integrity consistently with endothelial hyperpermeability (Fig. 2A). These observations are
in agreement with previous studies demonstrating that PLY disrupts endothelial adherens junctions and
promotes cytoskeletal remodeling, leading to barrier dysfunction [34].

Similarly, LPS exposure leads to marked disruption of endothelial junctions, characterized by fragmented
and discontinuous VE-cadherin staining and prominent F-actin stress fiber formation indicating the loss
of EC barrier integrity, which is consistent with endothelial hyperpermeability (TER decline, Fig. 2B).
These observations are in agreement with previous studies demonstrating that LPS induces endothelial
barrier dysfunction through adherens junction disruption and actin cytoskeletal remodeling [35] [36].

Pretreatment with SDX markedly attenuates these toxin-induced alterations in endothelial morphology,
as evidenced by preservation of continuous VE-cadherin localization at intercellular junctions, reduced F-
actin stress fiber formation, and maintenance of endothelial monolayer continuity compared with treated
cells. Collectively, these findings demonstrate that SDX protects against both PLY and LPS-induced
endothelial barrier injury by stabilizing adherens junctions and limiting cytoskeletal remodeling, thereby
preserving pulmonary endothelial barrier function.

Collectively, these findings demonstrate that SDX efficiently protects and restores EC barrier in PLY-
induced (G+) lung EC injury model. However, the SDX protective effects against LPS (G-)-induced EC are
less pronounced. SDX effects on EC barrier integrity are likely associated with maintaining EC adherens
junctions (VE-cadherin) and limiting F-actin cytoskeletal rearrangement induced by bacterial toxins.

Sulodexide attenuates LPS- and PLY-induced pulmonary vascular permeability in vivo

To determine whether SDX protects against acute lung vascular barrier dysfunction In-vivo, mice
received an intravenous injection of SDX 1 h prior to intratracheal administration of LPS or PLY.
Pulmonary vascular permeability was assessed by Evans Blue dye extravasation.

Consistent with the previous reports [37,30,38–40], LPS and PLY challenge significantly increased Evans
Blue dye accumulation in lung tissue compared with the vehicle (control) group, reflecting disruption of
the pulmonary microvascular barrier [41]. Pretreatment with SDX significantly reduced Evans Blue dye
extravasation in both the LPS- and PLY-treated groups, demonstrating that SDX efficiently protects
pulmonary microvascular barrier integrity against edemagenic toxins, PLY and LPS (Fig. 3. A, B).
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To further characterize the effect of SDX on the alveolar-capillary barrier in ALI, total protein
concentration in BALF was measured as an indicator of protein extravasation into the lung airspaces.
PLY administration significantly increased BALF protein concentration compared with vehicle (control)
animals, consistent with increased alveolar-capillary permeability. Pretreatment with SDX significantly
reduced PLY-induced protein extravasation into the lung airspace (Fig. 3. C). This observation is
consistent with the previous findings demonstrating that therapies that stabilize endothelial junctions
and the glycocalyx may be effective against PLY-induced lung injury [34].

In contrast, while LPS significantly increases BALF protein concentration compared with the vehicle
(control) group, pretreatment with SDX does not significantly reduce LPS-induced BALF protein
accumulation (Fig. 3. D). These findings suggest that while SDX effectively prevents LPS-induced
vascular permeability within the pulmonary microvasculature, it does not significantly attenuate LPS-
mediated protein extravasation into the alveolar airspace under the present experimental conditions.
Protein accumulation in BALF is broader parameter of lung injury as compared to Evans Blue Dye flux
and aside microvascular permeability it reflects damage of alveolar epithelium and protein release from
inflammatory and lung epithelial cells [41]. It is possible that intravenous SDX administration is less
effective against ALI induced by intratracheal LPS, known by severe epithelial damage and inflammation
[42,43]. Collectively, these data demonstrate that prophylactic SDX administration provides robust
protection against lung microvascular leakage induced by both LPS and PLY, whereas its protective
effect on alveolar protein leakage is more pronounced following PLY challenge than LPS exposure.

Discussion
The present study demonstrates that LPS and PLY, the G- and G+ bacterial toxins, respectively, induce
significant endothelial disruption of barrier function in HLMVECs and in mice whereas pretreatment with
glycocalyx-stabilizing agent, SDX, efficiently preserves endothelial integrity and attenuates toxin-induced
ALI. However, the magnitude of SDX-induced EC barrier protection is toxin-specific. To our knowledge,
this is the first report directly comparing the effect of SDX on PLY and LPS-induced loss of EC barrier
integrity in HLMVEC and in mice. These findings highlight the critical contribution of the endothelial
glycocalyx to pulmonary vascular homeostasis and support glycocalyx-targeted therapy as a promising
therapeutic strategy for the treating ALI/ARDS.

The pulmonary endothelial barrier is a key regulator of vascular permeability and maintaining fluid
balance within the lung. Disruption of this barrier integrity is a hallmark of ALI and ARDS and results in
pulmonary edema, inflammatory cell infiltration, and compromised gas exchange [44]. In the present
study, both LPS and PLY markedly reduce transendothelial electrical resistance of HLMVEC monolayers,
disrupt EC junctions and increase lung vascular permeability in mice. These findings are consistent with
numerous previous reports demonstrating that bacterial toxins are potent mediators of endothelial injury
and vascular leak [8].
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LPS, a principal constituent of G- bacterial membranes, activates TLR4-dependent signaling pathways
that trigger inflammatory responses within endothelial cells. Activation of NF-κB, MAPKs, and
downstream cytokine production promotes endothelial activation, while RhoA/ROCK-mediated
cytoskeletal contraction induces intercellular gap formation and barrier disruption [36]. These
mechanisms are likely to cause the reduction in TER observed following LPS exposure in our study.
Furthermore, inflammatory signaling initiated by LPS is known to promote glycocalyx shedding [45,46],
contractile responses and destabilization of endothelial junctions, thereby amplifying vascular
permeability [47,48].

PLY, a pore-forming, cholesterol-dependent cytotoxin produced by Streptococcus pneumoniae,
represents another major mediator of pulmonary endothelial dysfunction and a key driver of permeability
edema during pneumococcal pneumonia [49]. Consistently, PLY treatment in our study resulted in
disruption of the EC barrier function In-vitro and vascular leak in the lungs of mice.

Mechanistically, PLY forms transmembrane pores that cause rapid calcium influx and disruption of
intracellular ion homeostasis [50,51]. Elevated intracellular calcium activates signaling pathways that
promote actomyosin contraction, stress fiber formation, and adherens junction disassembly [18] [29]. In
particular, PLY induces endothelial hyperpermeability through activation of PKC-α, arginase-1, and RhoA-
dependent signaling pathways [18]. Recent studies have further expanded this model by demonstrating
that PLY-induced endothelial injury is amplified by generation of reactive oxygen species (ROS) as well as
redox-sensitive signaling pathways. It was shown that Nox1-derived ROS plays a role in PLY-mediated
barrier dysfunction, suggesting that oxidative stress acts synergistically with calcium signaling to
promote vascular leak [19]. Collectively, these findings suggest that endothelial injury caused by PLY
results from multiple interacting mechanisms, including pore formation, oxidative stress, inflammatory
signaling, and cytoskeletal remodeling.

An important aspect of PLY- and LPS-induced injury involves degradation of the endothelial glycocalyx.
This structure functions as the first line of defense against circulating inflammatory mediators and
mechanical stress [12] [52]. Compromised glycocalyx integrity increases the susceptibility of endothelial
cells to inflammatory activation and permeability responses [53] [54] [55]. Recent reviews of pulmonary
endothelial dysfunction have highlighted glycocalyx degradation as a central mechanism contributing to
vascular leak in ALI and ARDS [56] [57] [58]. Therefore, preservation of glycocalyx structure has emerged
as an attractive therapeutic target in the management of inflammatory lung diseases [59] [60].

This study demonstrates that sulodexide, efficiently protects endothelial cells against both LPS- and PLY-
induced injury. SDX is a glycosaminoglycan compound made up mainly of low-molecular-weight heparin
and dermatan sulfate [61] and is widely recognized for its endothelial-protective, anti-inflammatory, and
glycocalyx-restorative properties [21,20]. Our findings suggest that maintenance of glycocalyx integrity
plays a crucial role in limiting endothelial responses to bacterial toxins and consistent with previous
studies demonstrating that preservation of the endothelial glycocalyx decreases vascular permeability
[62] [63] [59,54].
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Several mechanisms may be responsible for the protective effects of SDX. Previous studies have shown
that SDX inhibits glycocalyx shedding by suppressing heparanase activity, matrix metalloproteinases,
and oxidative stress pathways. Preservation of the glycocalyx likely reduces direct exposure of
endothelial receptors to inflammatory mediators and restricts activation of permeability-inducing
signaling cascades. Furthermore, glycocalyx preservation may improve mechanotransduction and
stabilize membrane microdomains involved in endothelial barrier regulation [16].

In addition to its glycocalyx-preserving properties, SDX has been shown to directly modulate
inflammatory signaling pathways associated with endothelial barrier dysfunction. Giurdanella et al. [24]
demonstrated that SDX protected human retinal endothelial cells from injury induced by high glucose
and AGEs, by suppressing activation of the ERK/cPLA₂/COX-2/PGE₂ inflammatory pathway and
suppressing NF-κB signaling. SDX preserved endothelial junctional proteins, including VE-cadherin,
occludin, and claudin-5, improved transendothelial electrical resistance, and reduced endothelial
permeability. Importantly, these protective effects were attributed to the suppression of AGE/RAGE-
mediated signaling, suggesting that SDX not only restores glycocalyx integrity but also mitigates
downstream inflammatory pathways that promote endothelial barrier disruption [56] [20,21]. SDX not
only prevents inflammatory injury but may also strengthen endothelial barrier properties [20] [23] [16].
Improved glycocalyx integrity, enhanced junctional stability, and reduced basal inflammatory signaling
may collectively contribute to this effect. Such barrier-enhancing properties may be particularly valuable
in clinical trials where endothelial dysfunction predisposes patients to severe inflammatory responses
[52,12]. These findings are highly relevant to the present study and support the concept that SDX exerts
broad endothelial-protective effects across different vascular beds by limiting inflammatory activation
and preserving intercellular junctional integrity.

In our ECIS experiments, SDX significantly attenuates the decrease in TER induced by LPS and PLY.
Further, SDX post-treatment restores TER after PLY insult. It consistent with the data from literature
indicating that preservation of glycocalyx integrity directly contributes to maintenance of the endothelial
barrier [54] [64]. Our immunofluorescence findings further support this protective mechanism. Exposure
to LPS or PLY causes marked disruption of VE-cadherin localization at cell-cell junctions and induces
F=actin stress fiber formation. As a key component of endothelial adherens junctions, VE-cadherin
disruption is closely associated with elevated vascular permeability [65,66]. Simultaneously, formation of
actin stress fibers reflects activation of contractile pathways that generate tension within endothelial
cells and promote intercellular gap formation. In contrast, SDX-treated cells exhibited more continuous
VE-cadherin staining and reduced F-actin stress fiber formation, indicating preservation of junctional
stability and cytoskeletal organization [33]. These structural observations correlate closely with the TER
experiments and suggest that SDX maintains endothelial barrier integrity at both functional and
molecular levels and also found similar findings where SDX attenuates the effect of LPS and PLY
induced ALI [67] [21] [20] [23].

Notably, that SDX is less efficient against LPS as compared to PLY. The reason for this is not clear, but
may be explained, at least in part, by the fact that SDX may directly (or via strengthening glycocalyx)
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affect membrane pore formation induced by PLY, thereby inhibiting downstream signaling events. In
contrast, to PLY, LPS signaling entirely depends upon receptor activation, therefore, is less susceptible to
SDX-mediated glycocalyx strengthening. However, this hypothesis requires further investigation. Another
possibility is that SDX directly neutralized PLY. Novel PLY inhibitors capable of neutralizing toxin activity
have shown promising in reducing cellular injury and preserving endothelial function[68] [69]. However, it
is unlikely in the case of SDX, since it reserves the effect of PLY on EC permeability.

In-vitro findings on EC barrier protective effects of SDX were supported by the In-vivo Evans Blue Dye
permeability studies, where SDX significantly reduced LPS- and PLY-induced vascular leakage into lung
tissue, demonstrating its ability to preserve pulmonary vascular integrity under inflammatory conditions.
Interestingly, despite the reduction in vascular permeability, SDX treatment does not significantly alter
LPS-induced incrreas4e in total protein concentration within bronchoalveolar lavage fluid. This
observation suggests that while SDX efficiently protects the endothelial layer thus limiting vascular leak,
BALF protein accumulation may additionally reflect epithelial barrier injury, inflammatory exudation, and
impaired alveolar fluid clearance, processes that may not be fully corrected by intravenous SDX
instillation. It well established that intratracheal LPS caused epithelial damage [70].

Taken together, these findings suggest that maintaining glycocalyx integrity represents a crucial
mechanism by which SDX limits endothelial responses to bacterial toxins and preserves pulmonary
vascular barrier function.

The clinical implications of these findings are significant. Endothelial dysfunction and glycocalyx
degradation are increasingly recognized as major contributors to sepsis, bacterial pneumonia, ALI, and
ARDS [12] [64]. Current treatments for these diseases are largely supportive and do not directly address
endothelial barrier failure. The ability of SDX to preserve glycocalyx integrity, maintain VE-cadherin-
dependent junctions, reduce cytoskeletal remodeling, and improve endothelial barrier function suggests
considerable therapeutic potential [20] [21].

Conclusion
In conclusion, the present study demonstrates that bacterial toxins, LPS and PLY, induce profound
pulmonary endothelial barrier dysfunction through mechanisms involving VE-cadherin downregulation,
cytoskeletal remodeling, and increased endothelial permeability In-vitro and pulmonary vascular leak in
mice. Pretreatment with SDX efficiently attenuates these detrimental effects likely by preserving
glycocalyx integrity resulting in maintaining adherens junction organization, reducing stress fiber
formation, and improving endothelial barrier function. Notably, that protective effects of SDX are more
prominent against pore-forming toxins (PLY) as compared to receptor-mediated counterparts (LPS).
Overall, our results support the concept that glycocalyx preservation represents a promising therapeutic
strategy for preventing vascular leak and mitigating lung injury associated with bacterial pneumonia, ALI,
and ARDS.

Statistical Analysis 
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Values are expressed as mean +/- SEM of at least 3-5 independent experiments and statistical analyses
were performed using GraphPad Software (San Diego, CA). Analysis of variance (ANOVA) or Student’s t
test was used, as appropriate. A P value of < 0.05 and <0.0001 was considered statistically significant.
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Figure 1

The effect of SDX on HLMVEC permeability induced by bacterial toxins, PLY and LPS. Real-time
transendothelial electrical resistance (TER) measurements in HLMVEC monolayers treated with vehicle
(PBS), PLY (60 ng/ml), LPS (100 e.u.) in serum-free media, +/- SDX (150 µg/ml), or SDX alone. (A)TER in
HLMVECs pretreated with SDX for 1 hour prior to PLY. Arrows indicate time of SDX and PLY addition. (B)
SDX administered 6 minutes after PLY addition. Arrows indicate time of PLY and SDX addition. (C)TER in
HLMVECs pretreated with SDX for 1hr prior to LPS. Arrows indicate time of each addition. (D) TER in
HLMVECs treated with SDX 1 hour after LPS addition. Arrows indicate time of SDX and LPS addition;
n=4; Mean ± SEM. ****P<0.0001 and ***P<0.0001 considered significant by two-way ANOVA with Tukey's
multiple comparisons test.
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Figure 2

The effect of SDX on HLMVEC barrier integrity and cytoskeletal remodeling induced by PLY and LPS. (A)
Representative (n=3) immunofluorescence images of HLMVECs stained for VE-cadherin (green), F-actin
(red), and nuclei (DAPI; blue) following treatment with PLY (60 ng/ml) ± SDX (150 µg/ml). Cells were
fixed in 4% PFA and stained with WGA (4 µg/ml) in Ca²⁺/Mg²⁺-supplemented HBSS for 30 minutes. Scale
bar, 50 µm. (B) Representative (n=3) immunofluorescence images of HLMVECs stained for VE-cadherin
(green), F-actin (red), and nuclei (DAPI; blue) following treatment with LPS (660 EU/ml, 6 hours) ± SDX
(150 µg/ml).  Yellow arrows indicates discontinuous, punctate VE-cadherin staining and gaps in
junctional continuity at cell-cell borders, reflecting disruption of adherens junctions by LPS/PLY. Orange
arrows indicates continuous, linear VE-cadherin staining along cell-cell borders at comparable positions,
indicating preservation of junctional integrity in presence of SDX over LPS/PLY challenge.
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Figure 3

The effect of SDX on lung vascular dysfunction induced by PLY and LPS in mice. A, B: Bar graphs
demonstrated EBD-albumin accumulation in the lung tissue. (A) Mice were subjected to intravenous
administration of vehicle (PBS) or SDX (10 mg/kg body weight), 1hr prior to PLY (intratracheally, 2.7
µg/kg body weight) and were analyzed for EBD albumin. (B) Mice subjected to intravenous
administration of vehicle (PBS) or SDX, (10 mg/kg body weight) 1hr prior to LPS (1mg/kg body weight)
were analyzed for EBD-albumin accumulation in the lung tissue. Shown are mean ± SEM, n=4-5. *p<0.05
are considered significantly different. C, D: Bar graphs show protein levels in BALF (an index of lung
inflammation and capillary leak).  (C) Mice were injected with SDX (10 mg/kg body weight.) 1 hr through
tail vein prior to PLY (2.7 µg/kg body weight.) i.t. (D) Mice were injected with SDX for 1hr through tail vein
prior to LPS (1 mg/kg body weight.) i.t. Mean +/_ SEM; n=4; *P < 0.05. *P < 0.05, considered significant to
control, significant to LPS and PLY.
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