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Abstract

The endothelial barrier regulates interstitial fluid homeostasis by transcellular and paracellular
means. Dysregulation of this semipermeable barrier may lead to vascular leakage, edema,

and accumulation of pro-inflammatory cytokines, inducing microvascular hyperpermeability.
Investigating the molecular pathways involved in those events will most probably provide novel
therapeutic possibilities in pathologies related to endothelial barrier dysfunction. Metformin
(MET) is an anti-diabetic drug, opposes malignancies, inhibits cellular transformation, and
promotes cardiovascular protection. In the current study, we assess the protective effects of MET
in LPS-induced lung endothelial barrier dysfunction and evaluate the role of P53 in mediating the
beneficial effects of MET in the vasculature. We revealed that this biguanide (MET) suppresses
the LPS-induced dysregulation in the lung microvasculature, since it suppressed the formation of
the filamentous actin stress fibers, and deactivated cofilin. To investigate whether P53 is involved
in those phenomena, we employed the fluorescein isothiocyanate (FITC) — dextran permeability
assay, to measure paracellular permeability. Our observations suggest that P53 inhibition increases
paracellular permeability, and MET prevents those effects. Our results contribute towards the
understanding of the lung endothelium and reveal the significant role of P53 in the MET-induced
barrier enhancement.
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Introduction

Endothelial barrier dysfunction (EBD) due to endothelial hyperpermeability is associated
with diabetes, sepsis, and lung injury [1]. Inflammatory factors such as lipopolysaccharides
(LPS), thrombin, and reactive oxygen species (ROS) promote the contraction between
endothelial cells destabilizing the cytoskeleton [2, 3]. The deeper understanding of the
molecular mechanisms governing endothelial barrier homeostasis will contribute to the
development of new medical countermeasures against EBD-related pathologies.

P53 devises cellular responses against extracellular and intracellular stimuli [4], and the
anti-inflammatory activities of this tumor suppressor have been associated with NF-xB
inhibition [5]. P53 counteracts the activation of neutrophils and macrophages, ameliorates
LPS-induced acute lung injury (ALI) [6, 7], and it is induced by glucocorticoids.

Those agents are widely utilized in the treatment of asthma, rheumatoid arthritis, and
acute respiratory distress syndrome [8-10]. Moreover, P53 mediates AMPK activation
[11, 12] and participates in the protective activities of Growth Hormone Releasing
Hormone antagonists (GHRHANt) [13, 14] and heat shock protein 90 (Hsp90) inhibitors
[15] in endothelial inflammation. Those P53 inducers protect against endothelial barrier
dysfunction, and exert protective activities in inflamed human tissues [16, 17]. They can also
activate unfolded protein response by triggering tissue-repairing processes [18-20].

MET is the first-line treatment for type 2 diabetes and opposes gastric, pancreatic, cervical,
and thyroid cancers [21-23]. It protects against lipopolysaccharide (LPS)-induced lung
injury and reduces inflammation [24]. Those events are due to NF-xB inhibition [25],
PI3K-Akt suppression [26], inhibition of leukocyte adhesion, and eNOS uncoupling. MET
also prevents vascular aging, endothelial cell injury, and apoptosis [27-30].

In the present study, we investigated the effects of MET in LPS-induced actin cytoskeleton
reorganization. Moreover, we examined the involvement of P53 in the MET-induced
endothelial barrier enhancement, as measured with the Fluorescein isothiocyanate (FITC)
— dextran permeability assay. Our results support the beneficial effects of MET towards
barrier function, and suggest that P53 is a crucial mediator of the corresponding endothelial
effects.

Materials and Methods

Reagents:

Metformin hydrochloride (TCM2009), RIPA buffer (AAJ63306-AP), anti-mouse 1gG HRP
linked whole antibody from sheep (95017-554), anti-rabbit IgG HRP linked whole antibody
from donkey (95017-556) and nitrocellulose membranes (10063-173) were obtained from
VWR (Radnor, PA).P53 (9282), phospho-Cofilin (Ser3) (3313), Cofilin (3318), phospho-
myosin light chain 2 (Thr18/Ser19) (3674), and myosin light chain 2 (3672) antibodies
were obtained from Cell Signaling (Danvers, MA). The p-actin antibody (A5441),
Lipopolysaccharides (L4130), Corning® Transwell® cell culture inserts (CLS3470), and
FITC-Dextran (46945) were purchased from Sigma-Aldrich (St Louis, MO).
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Bovine pulmonary artery endothelial cells (BPAEC) (PB30205) were purchased from
Genlantis (San Diego, CA). Those cellswere maintained at 37°C in a humidified
atmosphere of 5% C0O2/95% air in Dulbecco’s modified Eagle’s medium (VWRL0101-
0500) supplemented with 10% FBS (89510-186) and 1X penicillin/streptomycin (97063-
708), and were used at an early passage. All reagents were purchased from VWR (Radnor,
PA).

Western Blot Analysis:

Fluorescein

Proteins were isolated from cells using RIPA buffer, and an equal amount of protein
samples were separated by electrophoresis onto 12% sodium dodecyl sulfate (SDS-PAGE)
Tris-HCI gels. Wet transfer was used to transfer the proteins onto nitrocellulose membranes.
After blocking with 5% non-fat dry milk at room temperature, the blots were exposed to
appropriate primary and secondary antibodies to detect protein signals in a ChemiDocTM
Touch Imaging System from Bio-Rad (Hercules, CA). The p-actin was the loading control
unless otherwise stated in the graph of densitometry.

isothiocyanate (FITC) - dextran permeability assay:

Paracellular influx across the BPAEC monolayer was measured using the Transwell assay
system in 24-well culture plates. A total of 200,000 cells were seeded in each insert and
media were changed after 24 h. Cells were treated with either vehicle (PBS) or MET (100
uM) for 24 h, and then exposed to either vehicle (0.1% DMSO) or Pifithrin (30 uM). 24 h
after the addition of Pifithrin, FITC-dextran (70 kDa, 1 mg/ml) was added to the media for
30 minutes. 100 ml of basal media was removed, and fluorescence intensity was measured in
a Synergy H1 Hybrid Multi-Mode Reader from Biotek (Winooski, Vermont). The excitation
and emission wavelengths were 485 nm and 530 nm, respectively.

Densitometry and Statistical Analysis:

RESULTS

Image J software (NIH) was used to perform densitometry of the immunoblots. All values
were expressed as the mean = SEM (standard error of the mean). GraphPad Prism (version
5.01) was used to analyze the data. Student’s t-test was used to determine statistically
significant differences among the groups.

MET induces the expression of P53 in BPAEC.

To investigate the involvement of MET in endothelial P53 expression, we employed
commercially available bovine pulmonary artery endothelial cells (BPAEC). Cells were
seeded on 12-well plates and were treated with either vehicle (PBS) or MET (100uM) for
12, 24, 48, and 72 h. The results shown in Fig. 1A indicate that MET induces P53 expression
levels.
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MET suppresses the activation of MLC2 in BPAEC.

To determine whether MET impacts actin cytoskeleton, bovine lung endothelial cells were
treated with either vehicle (PBS) or MET (100uM) for 12, 24, 48, and 72 h. The results (Fig.
1B) indicate that MET suppresses the phosphorylation of MLC2, as compared to the vehicle
(PBS)- treated cells.

MET induces the deactivation of Cofilin in BPAEC.

To assess the effects of MET in Cofilin, BPAECs were exposed to either vehicle (PBS) or
MET (100uM) for 12, 24, 48, and 72 h. The Western Blot data reveal that MET deactivated
(phosphorylated) Cofilin in all treatments (Fig. 1C). Cofilin severs the actin cytoskeleton,
increasing permeability.

MET inhibits LPS-induced P53 suppression in BPAEC.

To induce /n vitro lung endothelial inflammation, we exposed BPAECs to LPS (endotoxin
from Gram-negative bacteria). The cells were pre-treated with either vehicle (PBS) or MET
(100uM) for 24 h before an 1h treatment with vehicle (PBS) or LPS (10ug/ml). As shown in
Fig. 1D, LPS suppresses the expression levels of P53, while MET pre-treatment counteracts
the LPS-induced P53 reduction.

MET protects against LPS-induced MLC2 phosphorylation in BPAEC.

To examine whether MET inhibits the barrier disruptive effects of LPS, BPAECs were pre-
treated with either vehicle (PBS) or MET (100uM) for 24 h prior to LPS (10ug/ml) exposure
(1 h). LPS induces the activation of MLC2 by phosphorylation. Fig. 1E demonstrates the
ability of MET to prevent the LPS-induced phosphorylation of MLC2.

MET inhibits LPS-induced activation of Cofilin in BPAEC.

Lung cells were treated with either vehicle (PBS) or MET (100uM) for 24 h prior to
exposure to either vehicle (PBS) or LPS (10pg/ml) for 1 h. The data shown in Fig. 1F
suggest that MET suppresses the LPS-triggered activation of cofilin.

P53 mediates the MET-induced endothelial integrity.

To investigate the association of P53 with the barrier enhancing effects of MET in the
context of paracellular permeability, confluent BPAECs were treated with vehicle (PBS)

or MET (100uM) for 24 h in transwell inserts. Those cells were exposed to either vehicle
(0.1% DMSO) or pifithrin (30uM) for 24 h. Then, FITC-dextran (70 kDa, 1 mg/ml) was
added in the media for 30 min. The fluorescence intensity data of Fig. 1G demonstrates that
MET enhances the endothelial barrier function, in line with our previous observations. The
suppression of P53 due to pifithrin increased the paracellular permeability of the endothelial
monolayer and pre-treatment with MET counteracted those events.

Discussion

Endothelial hyperpermeability is the prominent feature of inflammatory lung disease [16].
MET is a widely used hypoglycemic drug that decreases insulin resistance, inhibits hepatic
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glucose production, and lowers blood glucose levels [31]. Diabetes increases the progression
of bacterial lung inflammation by inducing airway glucose [32]. Accumulating evidence
suggests that MET reduces the progression of malignancies and improves the survival of
non-small cell lung cancer patients with type 2 diabetes [33]. MET pre-treatment can also
reduce airway bacterial load in hyperglycemic mice [32]; and stimulates the adenosine
monophosphate-activated protein kinase (AMPK). AMPK suppresses the mammalian target
of rapamycin (mTOR) [34], which is involved in obesity, cancer, type 2 diabetes, and cardiac
hypertrophy [35]. Interestingly, the atypical serine/threonine kinase (mTOR) pathway is
dysregulated during tumor progression through the loss of PTEN and PI3K/AKT activation,
promoting invasion and metastasis [36]. AKT-mTOR signaling can also attenuate IRE1,
which is a conserved unfolded protein response (UPR) transducer [37].

UPR is a signal transduction pathway that orchestrates endoplasmic reticulum (ER)
proteostasis [38, 39]. Perturbation of ER protein folding induces the accumulation of
dysfunctional proteins in the intracellular niche, which in turn triggers ER stress [40]. To
restore ER homeostasis, cells engage UPR [41]. Three major ER membrane-embedded
proteins orchestrate UPR: the inositol-requiring protein-1la (IREla), the activating
transcription factor-6 (ATF6), and the protein kinase RNA (PKR)-like ER kinase (PERK)
[42]. The ER luminal domain of those transducers is bound to the immunoglobulin heavy
chain binding protein/glucose regulated protein 78 (BiP/Grp78) under unstressed conditions
[43]. MET promotes the survival of cardiomyocytes by inducing BiP and stimulates the
PERK-ATF4 axis to upregulate CHOP [44]. Mild induction of UPR induces the expression
of P53 and enhances endothelial barrier integrity [45, 46].

P53 senses genotoxic stresses to prevent cell growth and proliferation; while MET and
P53 synergize to oppose cancers [47]. P53 family proteins (p53, p63, and p73) have

been associated with the metformin-mediated suppression of malignancies. MET prevents
MDMX-P53 interaction to activate P53 and induce lymphoma-mediated cell death [48].
MET protected against ALI by altering mitochondria-derived ROS [25], and moderate
concentrations of MET (0.1, 0.5, 1.0 mM) enhance lung endothelial barrier integrity in
BPAECs [11].

Herein we investigated the effects of MET in LPS-induced barrier disruption. P53 is
considered an attractive target for the development of new therapeutic possibilities against
human disease [13]. We performed /n vitro experiments using BPAEC to investigate the
effects of MET in inflamed lung cells. Our observations suggest that P53 is involved in the
beneficial effects of MET in endothelial barrier function in vitro (Fig. 1D). P53 inhibited
pMLC2 (Fig. 1E) -an indicator of hyper-permeability responses- and deactivated cofilin
(Fig. 1F). This is a protein that severs actin filaments to corrupt barrier integrity [49].

LPS is an established inducer of inflammation which activates NF-xB via toll-like receptor 4
(TLR4) activation. Those activities induce the expression of proinflammatory cytokines (e.g.
interleukin-1 beta (IL-1p), tumor necrosis factor-alpha (TNF-a), and IL-6) [50, 51], LPS
phosphorylates P53 at multiple serine residues (ser6, ser15, ser33, and ser392) propelling its
degradation [52, 53]. That endothelial defender (P53) can also protect the microvasculature
by suppressing the transcription factor apurinic/apyrimidinic endonuclease 1/redox effector
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factor 1 (APEL1/Refl) [54]. We demonstrated that the expression levels of dephosphorylated
cofilin in P53 null mice (P53 KO) were higher than those of the wild-type littermates,
suggesting that P53 stimulates the Rac1/pCofilin pathway [55]. Those results agree with
previous studies in super P53 mice, which express globally more P53 [55]. We also observed
that MET induces the expression levels of P53 in BPAEC (Fig. 1A).

AMP-activated protein kinase (AMPK) is a conserved serine/threonine kinase that regulates
metabolism [56]. This cellular energy sensor is activated by hypoxia, nutrient deprivation,
ischemia, and heat shock, resulting in ATP depletion [12]. Metformin exerts its anti-cancer
activities by stimulating AMPK pathway, which in turn attenuates the TLR4-induced
neutrophil accumulation in ALI [57]. AMPK-a1 directly phosphorylates cofilin [58],
stabilizing actin cytoskeleton [59]. In our studies, we observed that MET mitigated the
activation of cofilin in BPAEC (Fig. 1C). Actin alignment is crucial for barrier function [45],
and reorganization of actin cytoskeleton is associated with the binding of cofilin to F actin
[60]. The depolymerizing activity of cofilin is abolished by its phosphorylation at serine

3 [61]. Silencing of P53 by small interfering RNA leads to the suppression of the Hsp90
inhibitor-induced phosphorylation of cofilin [55].

Lung endothelial cells are activated upon stimulation of leukocyte adhesion molecules and
inflammatory cytokines. MET suppresses the LPS-stimulated secretion of TNF-a,, IL-6,
ICAM-1, and VCAM-1 [62, 63]. Likewise, in murine macrophages, MET weakens the
LPS-induced inflammatory response via the induction of the activating transcription factor-3
(ATF-3) [64]. MET significantly inhibits the LPS-induced activation of MLC2, promoting
vascular dysfunction [65]. P53 negatively regulates RhoA [39], while pifithrin potentiates
the F actin formation [6].

Endothelial barrier function is maintained via transcellular and paracellular pathways
regulating the tissue-fluid homeostasis [66]. Interendothelial tight and adherens junctions
restrict the passage of solutes more than 3nm. The accumulation of excessive fluid into the
interstitium due to the disruption of those junctions is associated with ALI. MET facilitates
the assembly of epithelial tight junctions [67] and exerts beneficial effects in cystic fibrosis
(CF) by blunting excessive sodium and airway surface liquid absorption. Hence, MET
reduces airway inflammation [68].

There are certain limitations in our study since it was conducted in vitro. Investigations

on the role of MET in LPS-induced inflammation in mice which express more [55] or

less P53 [49] would further substantiate our findings, as well as experiments utilizing
immunofluorescence to study the effects of MET in major cytoskeletal components (e.g.
VE-Cadherin, F actin). Evans Blue would also serve as an additional approach to assess
vascular leakage in vivo, and the involvement of UPR in the role of P53 towards the
MET-induced endothelial barrier protection will be the subject of our future investigations.

Our study supports previous reports on the protective effects of MET towards LPS-induced
endothelial barrier dysfunction. We assessed the effects of MET towards cofilin and MLC2
and investigated the effects of P53 in MET-induced endothelial barrier enhancement. Since
P53 is involved in the beneficial function of MET towards the inflamed endothelium,
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future therapeutical interventions utilizing P53 modulators (e.g. Idasanutlin) and Metformin
may deliver novel therapeutic possibilities against diseases related to endothelial barrier
dysfunction.
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Highlights

. Metformin (MET) protects against lipopolysaccharide (LPS)-induced lung
endothelial barrier disruption.

. P53 contributes to the beneficial effects of MET into the microvasculature;
since it deactivates cofilin and inhibits the formation of actin stress fibers
(pMLC2).

. Suppression of P53 due to pifithrin increases paracellular permeability of lung

endothelium, while pre-treatment with MET counteracts those events.
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Figure 1. P53 mediates MET-induced endothelial integrity.

Western Blot analysis of (A) P53 and p-actin, (B) phosphorylated MLC2 (pMLC2) and
MLC?2, (C) phosphorylated Cofilin (pCofilin) and Cofilin after treatment of BPAEC with
either vehicle (PBS) or 100 uM of MET for 12, 24, 48, and 72 h. The blots represent
three independent experiments. The signal intensity of protein bands was analyzed by
densitometry. Protein levels of P53, pMLC2, and pCofilin were normalized to B-actin,
MLC?2 and Cofilin respectively. *P<0.05, **P < 0.01, ***P < 0.001 vs vehicle (VEH).

Means £ SEM. Western Blot analysis of (D) P53 and p-actin, (E) phosphorylated

MLC2

(pMLC2) and MLC2, (F) phosphorylated Cofilin (pCofilin) and Cofilin. BPAEC were
treated for 24 h with either vehicle (PBS) or MET (100uM) prior to either vehicle (PBS)
or LPS (10pg/ml) exposure for 1 h. The blots shown are representative of 3 independent
experiments. The signal intensity of the protein bands was analyzed by densitometry.
Protein levels of P53, pMLC2, and pCofilin were normalized to p-actin, MLC2 and Cofilin
respectively. *P < 0.05, **P < 0.01 vs. vehicle (VEH) and $p < 0.05, $$p < 0.01 vs.

LPS. Means = SEM. (G) BPAECs were seeded onto transwell inserts of a 24-well culture
plate. After 24 h, cells were treated with either vehicle (PBS) or MET (100uM) for 24 h.
Pifithrin (30uM) was then added for 24 h followed by 70 kDa FITC-dextran (1 mg/ml). At
30 minutes after FITC-dextran addition, 100 ml of basal media was removed, fluorescence
intensity was measured and shown as fold changes relative to the vehicle. *P < 0.05 vs.

vehicle (VEH) and $$p < 0.01 vs. Pifithrin. Means + SEM, n = 3.
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