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ONLINE LABORATORY INVESTIGATION

Catecholaminergic Vasopressors Reduce
Toll-Like Receptor Agonist-Induced
Microvascular Endothelial Cell Permeability

But Not Cytokine Production

OBIJECTIVES: Catecholaminergic vasopressors are the cornerstone of
circulatory shock management. Nevertheless, catecholamines have prob-
lematic side effects, arousing a growing interest in noncatecholaminergic
agents such as vasopressin or angiotensin-ll. However, their respective
effects on sepsis-associated microvascular endothelial dysfunction such
as permeability or inflammation remain elusive. We investigated the role
of catecholamines and other vasopressors on Toll-like receptor agonists-
induced microvascular endothelial permeability and inflammation.

SETTING: University research laboratory/cell research.

SUBIJECTS: Human pulmonary microvascular endothelial cells from mul-
tiple donors.

INTERVENTION: Confluent monolayers of human pulmonary micro-
vascular endothelial cells were treated with Toll-like receptor agonists
(lipopolysaccharide, Poly[l:Cl, or tripalmitoyl-S-glyceryl cysteine) in
the presence or absence of epinephrine, norepinephrine, vasopressin,
and angiotensin-ll. Permeability was inferred from transendothelial re-
sistance, measured using electrical cell impedance sensing, where
decreased transendothelial resistance is consistent with increased per-
meability. Cell-cell junction molecule expression was assessed via immu-
nofluorescence microscopy and flow cytometry. We quantified cytokines
in supernatants of Toll-like receptor agonist-treated human pulmonary
microvascular endothelial cells.

MEASUREMENTS AND MAIN RESULTS: Epinephrine and norep-
inephrine both ameliorate lipopolysaccharide, polyinosinic:polycytidylic
acid, or tripalmitoyl-S-glyceryl cysteine—induced reductions in transendo-
thelial resistance, a surrogate for endothelial permeability. In contrast, the
noncatecholaminergic agents, vasopressin, and angiotensin-ll did not affect
Toll-like receptor agonists-induced reductions in transendothelial resist-
ance. 31- and 2-adrenergic receptor antagonists reduced the effects of
the catecholamines on transendothelial resistance, whereas a-adrenergic
receptor antagonists did not. We observed that epinephrine and norep-
inephrine induced actin cytoskeletal rearrangement and normalized the
membrane expression of proteins involved with adherens-junctions (vas-
cular endothelial-cadherin) and tight-junctions (zona occludens-1). Despite
having a substantial effect on endothelial permeability, epinephrine and
norepinephrine did not affect human pulmonary microvascular endothe-
lial cell survival or production of interleukin-8, interleukin-6, or monocyte
chemoattractant protein-1 (CCL-2) induced by Toll-like receptor agonists,
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suggesting that these functions are regulated sepa-
rately from permeability.

CONCLUSIONS: Our findings demonstrate that
treatment with epinephrine or norepinephrine
strongly reduces endothelial permeability induced
by agonists of multiple Toll-like receptors (Toll-like
receptor-2, Toll-like receptor-3, Toll-like receptor-4)
in vitro. Our studies suggest that both 31- and (32-
adrenergic receptors mediate the stabilizing effects
of epinephrine and norepinephrine on the endothe-
lial barrier.

KEY WORDS: catecholamines; endothelial cells;
inflammation; permeability; sepsis; vasopressors

espite prompt care and improvements in sepsis
Dmanagement (1, 2), many patients develop a

microcirculatory dysfunction and multiple
organ failure (MOF). Thus, septic shock still carries
unacceptably high mortality rates. Microvascular alter-
ations play an essential role in developing organ
failure in critically ill patients, especially in sepsis (3).
Persistent microcirculatory alterations, such as mot-
tling (4, 5), alterations in tissue saturation, or sublin-
gual orthogonal polarization spectral, are associated
with MOF and death, even though global hemody-
namic and oxygenation variables are corrected (6-8).
The first-line recommended vasopressor in septic shock
is the catecholaminergic amine norepinephrine (9).
In clinical trials, catecholaminergic and noncatechol-
aminergic agents can restore macrocirculatory variables,
but thus far, no class of vasopressor has consistently
exhibited superiority over the others in improving
sepsis outcomes (10-15). The current expert recom-
mendation to treat septic shock by adding either vaso-
pressin or epinephrine to norepinephrine to raise mean
arterial pressure to target is considered a “weak recom-
mendation supported by a low quality of evidence” (16).
Much remains to be understood about the physiologic
and cellular effects of different vasopressors, including
their impact on the endothelial functions and organ
failure. Sepsis-induced microvascular endothelial dys-
function is a key feature of sepsis-related organ failure
(17). Furthermore, endothelial permeability, which is
regulated by adherens (cadherin-cadherin) and tight
junction (claudin-occludin) proteins, leads to capillary
leak that can worsen tissue hypoperfusion by increas-
ing interstitial pressure. Notably, the effects of different
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classes of vasopressors on the function of microvascular
endothelial cells are poorly defined. Here, we explored
the microvascular endothelial cell effects of catechol-
aminergic (epinephrine and norepinephrine) and non-
catecholaminergic vasopressors such as vasopressin and
angiotensin-II. We tested the effects of catecholaminer-
gic and noncatecholaminergic vasopressors in vitro on
permeability, cytokine and chemokine production, and
survival of primary human pulmonary microvascular
endothelial cells (HMVEC) activated by microbial and
endogenous inflammatory agonists.

METHODS
Cell Culture and Stimuli

Primary HMVEC from male and female cadavers were
purchased (Lonza, Basel, Switzerland) and used at pas-
sage 3-6. HMVEC were plated and grown to 90-100%
confluence before treatment (at 37°C, 5% Co,), using
the appropriate medium (endothelial cell growth me-
dium [EGM]-2) (Lonza). Cells were incubated with
lipopolysaccharide (LPS) (1 pg/mL; Sigma-Aldrich,
St. Louis, MO), tripalmitoyl-S-glyceryl cysteine
(Pam3Cys, 10 pg/mL; Abcam, Cambridge, United
Kingdom), polyinosinic:polycytidylic acid (10 pg/mL;
Abcam), recombinant human interleukin (IL)-1p (10
ng/mL; R&D Systems, Minneapolis, MN), recombi-
nant human tumor necrosis factor (TNF)-a (10 ng/
mL; R&D Systems), or cytomix (TNF-q, interferon-y,
and IL-1-B; R&D Systems). Simultaneously or after 8
hours, cells were stimulated with epinephrine (Sigma-
Aldrich), norepinephrine (Hospira, Lake Forest, IL),
vasopressin (Anaspect, Fremont, CA), or angiotensin-2
(Sigma-Aldrich) from 0.1 to 100 pM, encompass-
ing clinically relevant concentration. The following
reagents have been used to decipher the involvement
of different adrenergic receptors (ARs): dobutamine,
atenolol, propranolol (Cerilliant, Round Rock, TX),
ICI-118,551 (Tocris, Bristol, United Kingdom), phen-
tolamine methanesulfonate salt (PMS; Sigma-Aldrich),
and phenylephrine (Hikma, Eatontown, NJ). UCSF’s
Institutional Review Board waived the need for ap-
proval to work with deidentified human cells purchased
from a vendor.

Electric Cell-Substrate Impedance Sensing

HMVEC barrier integrity was inferred from transen-
dothelial resistance (TER) measured using electrical
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cell impedance sensing (ECIS) Z® TEER technology
(Applied Biophysics Inc., Troy, NY). ECIS measures a cell
monolayer’s electrical impedance in real time and at mul-
tiple electrical frequencies (18, 19). A decrease in TER
reflects an increase in permeability. A 96W20idf plate
(Applied Biophysics Inc.) was stabilized with cysteine
(10mM) for 10 minutes. Cells were then seeded in 300
pL EGM-2 at a density of 60,000/cm?. Cells were consid-
ered confluent upon reaching stable baseline resistances
at 4,000 Hz, an optimal frequency specific for endothe-
lial cells to be modeled using ECIS Software V.1.2.163.0.
PC (Applied Biophysics Inc.) (20). Endothelial mono-
layers were then stimulated with inflammatory ago-
nists and simultaneously or sequentially with the drugs
described above, using four to eight replicates per con-
dition. Supplemental Figure 1 (Supplemental Digital
Content 1, http://linksIlww.com/CCM/G58; legend,
Supplemental Digital Content 12, http://links.lww.com/
CCM/G69) describes how we measured the area under
the curve as an integrative marker of permeability and
the maximal conductance peak.

Flow Cytometry

After detachment with the trypsin-free reagent Accutase
(Innovative Cell Technologies INC., San Diego, CA),
single cells in suspension were labeled with <FITC> -
CD102 (Clone CBR-IC1/2) (Biolegend, San Diego,
CA), <eFluor450> -CD31 (Clone WM59) (ebiosci-
ences, San Diego, CA), and <PE> -CD144 (Clone 16B-
1) (Invitrogen, Carlsbad, CA). Single-cell suspensions
stained with fluorophore-conjugated antibodies were
acquired the same day using an LSRII Fortessa (BD
Biosciences, San Jose, CA) flow cytometer and analyzed
with FlowJo software (Miltenyi, Bergisch Gladbach,
Germany).

Immunofluorescence Microscopy

HMVEC were grown to confluence on LabTek IT chamber
slides (Nunc, thermofischer scientific, Waltham, MA) that
had been precoated with collagen and then treated for 6
hours with LPS in the presence and absence of catechol-
aminergic agents, and antagonists and agonists of a- and
B-AR. Cells were then fixed with 4% paraformaldehyde
for 15 minutes and permeabilized with 0.5% Triton X-100
in phosphate-buffered saline (PBS). After blocking with
1% bovine serum albumin in PBS, cells were incubated
with either anti-zona occludens (ZO)-1-AlexaFluor594
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(Invitrogen), F-actin (thodamine phalloidin; Invitrogen),
or anti—vascular endothelial (VE)-cadherin (Santa Cruz
Biotechnologies) followed by AlexaFluor488-tagged
secondary antibody. Nuclei were counterstained with
4'6-diamidino-2-phenylindole. Slides were visualized
with a Cytation 5 Biotek (Fischer scientific, Waltham,
MA) and recorded at 20X objective on Gen5 Image+
Software (Biotek,Winooski, VT).

Immunoassays

Endothelial cell culture supernatants were collected at
different timepoints and stored at —80°C until analysis.
Cytokines were measured using Duoset ELISA Kit
(R&D Systems) for IL-8, IL-6, and CCL-2, according
to the appropriate dilution and following recommen-
dations of the manufacturer.

Statistics

Results are reported as means (+ sp), data were ana-
lyzed using one-way ordinary Kruskal-Wallis with
multiple Dunn’s post hoc test or a formal combined
analysis of variance when multiple donors were ana-
lyzed on the same graph. p values of less than 0.05 were
considered statistically significant. Statistics and graph-
ical representations were performed using GraphPad
Prism 8.0 (Graph Pad Software, San Diego, CA). Each
experiment has been replicated at least twice on differ-
ent donors from both genders.

RESULTS

Catecholaminergic Vasopressors, But Not
Vasopressin or Angiotensin-2, Reduce Toll-Like
Receptor Agonist-Induced Permeability on
HMVEC

To assess for microvascular endothelial barrier dys-
function, we grew HMVEC to confluency on ECIS
plates and stimulated them with LPS (Toll-like re-
ceptor [TLR]-4 agonist) in the presence or absence
of increasing concentrations of each vasopressor.
We observed that epinephrine and norepinephrine
at concentrations from 0.1 to 100 pM significantly
reduced LPS-induced permeability without an appar-
ent concentration-dependent effect (Fig. 1, A and B)
(Supplemental Fig. 2, A and B, Supplemental
Digital Content 2, http://links.Ilww.com/CCM/
G59; legend, Supplemental Digital Content 12,
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Figure 1. Effect of vasopressors on lipopolysaccharide (LPS)~induced permeability of human pulmonary microvascular endothelial cell
(HMVEC) effects of increasing concentrations of epinephrine (A), norepinephrine (B), vasopressin (AVP) (C), an angiotensin (AT)-2
(D) on HMVEC LPS-induced permeability. HMVEC were simultaneously coincubated with indicated concentrations of vasopressors
and LPS (1 ug/mL). Arrows indicate the time of addition of treatments. *p < 0.05, *p < 0.01, **p < 0.001, any condition versus LPS.

http://links.lww.com/CCM/G69). Conversely, neither
vasopressin nor angiotensin-2 affected LPS-induced
permeability at any concentrations (Fig. 1, C and D)
(Supplemental Fig. 2, C and D, Supplemental Digital
Content 2, http://links.lww.com/CCM/G59; legend,
Supplemental Digital Content 12, http://links.lww.
com/CCM/G69). Despite substantial variability be-
tween the human donors regarding the intensity of
response to both LPS and vasopressors, all donors
studied showed the same pattern (Supplemental Fig.
3, Supplemental Digital Content 3, http://links.lww.
com/CCM/G60; legend, Supplemental Digital Content
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12, http://links.Iww.com/CCM/G69). Overall, we esti-
mate that 10 pM of catecholamines reduce LPS-induced
permeability about 73.2% (+ 24.9%; p = 0.01) for ep-
inephrine and 70.8% (£ 25.9%; p = 0.02) for norepi-
nephrine. Similar results were observed in HMVEC
treated with TLR-3 agonist (Poly[I:C]) (Supplemental
Fig. 4, Supplemental Digital Content 4, http://links.
lww.com/CCM/G61; legend, Supplemental Digital
Content 12, http://links.lww.com/CCM/G69) and
TLR-2 agonist (Pam3Cys) (Supplemental Fig. 5,
Supplemental Digital Content 5, http://links.lww.com/
CCM/G62; legend, Supplemental Digital Content 12,
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Figure 2. Posttreatment with catecholaminergic vasopressors reverses lipopolysaccharide (LPS)—induced permeability of human
pulmonary microvascular endothelial cell. Epinephrine (10 uM) (A) and norepinephrine (10 uM) (B) were added to wells 8 hr after the
addition of LPS (1 pg/mL). Arrows indicate the respective time of addition of treatments. *p < 0.01, **p < 0.001, area under the curve

group LPS versus LPS + catecholamine at 8hr.

http://links.lww.com/CCM/G69). Epinephrine and
norepinephrine also significantly reduced permea-
bility induced by non-TLR ligands endogenous media-
tors: IL-1p, TNF-a, and Cytomix (Supplemental Fig. 5,
Supplemental Digital Content 5, http://links.Iww.com/
CCM/G62; legend, Supplemental Digital Content 12,
http://links.lww.com/CCM/G69). Neither vaso-
pressin nor angiotensin-2 had significant effect on
permeability induced by these inflammatory agonists
(Supplemental Fig. 5, Supplemental Digital Content 5,
http://links.lww.com/CCM/G62;legend, Supplemental
Digital Content 12, http://links.lww.com/CCM/G69).
The effects of catecholamines on permeability induced
by IL-1f, TNF-a, and cytomix are smaller compared
with their effects on TLR agonists-induced permea-
bility (LPS, Poly[I:C], and Pam3Cys). We speculate that
these differences may be due to apoptosis of HMVEC
treated with IL-1f, TNF-a, and cytomix, but not by the
TLR agonists. Notably, the addition of catecholamines
8 hours post LPS challenge, when permeability was
maximal (resistance nadir), restored the endothelial
monolayer to its baseline resistance, in approximately
1 hour (Fig. 2). Combining a catecholaminergic and a
noncatecholaminergic agent does not further modify
the permeability effect than treatment with catechol-
amines alone, whether they were added simultaneously
or sequentially (Supplemental Fig. 6, Supplemental
Digital Content 6, http://links.lww.com/CCM/G63;
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legend, Supplemental Digital Content 12, http://links.
lww.com/CCM/G69).

B-ARs, But Not a-Adrenergic, Are Responsible
for the Reduced LPS-Induced Permeability of
Catecholamines

Given their affinity for a-AR, we initially hypothesized
that catecholamines reduce endothelial permeability
induced by inflammatory agonists via a-AR signal-
ing. However, the competitive blockade of al- and
a2-receptors using PMS (10 uM) did not reverse the
effects of epinephrine or norepinephrine (Fig. 3, A
and B). PMS alone had no impact on endothelial bar-
rier maintenance at baseline or in LPS-stimulated
cells (Supplemental Fig. 7A, Supplemental Digital
Content 7, http://links.Iww.com/CCM/G64; legend,
Supplemental Digital Content 12, http://links.lww.
com/CCM/G69). In addition, the pure a-AR agonist
phenylephrine did not modify LPS-induced perme-
ability (Fig. 3C). Conversely, the simultaneous addi-
tion of the nonselective 3-AR antagonist, propranolol
(10 or 25 puM), to LPS + epinephrine/norepineph-
rine fully abrogated the effect of these catecholamines
(Fig. 4, A1 and A2). We also observed that pro-
pranolol on its own transiently reduces TER and
that propranolol prohibits full recovery of HMVEC
from LPS-induced permeability (Supplemental
Fig. 7B, Supplemental Digital Content 7,
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Figure 3. Catecholamines normalize human pulmonary microvascular endothelial cell (HMVEC)
permeability independently of the a-adrenergic receptor. Synchronous HMVEC stimulation with
phentolamine methanesulfonate salt (PMS) (10 uM) (an a1 and a2 receptors blocker) does not
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http://links.lww.com/CCM/G64;
legend, Supplemental Digital
Content 12, http://links.Iww.
com/CCM/G69). We  also
observed that the selective [1-
antagonist atenolol (10 or 25 uM)
and selective B2-antagonist ICI-
118,551 (10 or 25 uM) both abro-
gated norepinephrine’s effect,
whereas only ICI-118,551 coun-
teracted the effect of epinephrine
(Fig. 4, B1 and B2). Neither aten-
olol nor ICI-118,551 on their own
affected TER (Supplemental Fig.
7, C and D, Supplemental Digital
Content 7, http://links.lww.com/
CCM/G64; legend, Supplemental
Digital Content 12, http://links.
Iww.com/CCM/G69). Finally, se-
lective B2-agonist albuterol and
fl-agonist dobutamine signifi-
cantly reduced the LPS-induced
permeability (Supplemental Fig.
7, E and F, Supplemental Digital
Content 7, http://links.lww.com/
CCM/G64; legend, Supplemental
Digital Content 12, http://links.
Iww.com/CCM/G69).

Catecholaminergic
Vasopressors Restore
Adherens- and Tight
Junction Membrane Protein
Organization Via Actin-
Filament Rearrangement

Immunofluorescence of HMVEC,
6 hours post stimulation, re-
vealed that LPS directly induces
gaps in cell-cell junctions and
reduces membrane VE-cadherin
and ZO-1 expression. We
observed that treatment with cat-
echolaminergic agents (10 uM)
reduces LPS-induced forma-
tion of cell-cell junction gaps
and restores the expression
of VE-cadherin and ZO-1.
Catecholaminergic agents also
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Figure 4. Catecholamines reduce lipopolysaccharide (LPS)—-induced human pulmonary microvascular endothelial cell (HMVEC)
permeability via f1- and 32-adrenergic receptors. Synchronous HMVEC stimulation with propranolol (25 uM) (a 31 and B2 receptors
blocker) fully abrogates the antipermeability effects of epinephrine (10 pM) (A1) and norepinephrine (10 uM) (A2). f2-antagonist ICI-
118,551 (25 uM) fully abrogates the reduced permeability induced by epinephrine (10 uM) and norepinephrine (10 uM), 31-antagonist
atenolol (25 uM) reverses the effects of norepinephrine (but not epinephrine) in reducing LPS-induced permeability (1 ug/mL) (B1 and
B2). Arrows indicate the time of addition of treatments. *p < 0.01, **p < 0.001. NS = not significant.

induced substantial changes in the F-actin submembrane
cytoskeleton. Indeed, treatment with epinephrine or
norepinephrine induced actin-filament contraction with
a reinforcement under the membrane and parallel rear-
rangement in “railroad tracks” Cotreatment with pro-
pranolol fully reversed the cytoskeletal changes induced
by catecholamines and augmented HMVEC monolayer
disruption. Representative images are shown in Figure 5.
Catecholaminergic vasopressor-induced restoration of
VE-Cadherin membranous expression was confirmed
by flow cytometry (Supplemental Fig. 8, Supplemental
Digital Content 8, http://links.lww.com/CCM/G65;
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legend, Supplemental Digital Content 12, http://links.
lww.com/CCM/G69).

Treatment of HMVEC With Catecholaminergic
Vasopressors Does Not Modify LPS or
Pam3Cys-Induced Inflammatory Mediators
Secretion or Cell Survival

The microvascular endothelium is a critical component
of the immune response in sepsis and acute sterile inflam-
mation. We, therefore, assessed the effects of vasopressors
on HMVEC production of IL-6, IL-8, and CCL-2, which
are involved in the recruitment and transendothelial
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Figure 5. Catecholaminergic vasopressors restore adherens- and tight-junctions of lipopolysaccharide (LPS)—treated human pulmonary
microvascular endothelial cell (HMVEC) via actin-filament rearrangement. Representative pictures of F-actin (A), VE-cadherin (B),
and ZO-1 (5C) immunofluorescent staining on HMVEC, after 6 hr of stimulation with LPS (1 pg/mL). Arrows indicate gaps in cell-cell

junctions. DAPI = 4’6-diamidino-2-phenylindole.

migration of monocytes and neutrophils. We observed
no significant effects of epinephrine and norepinephrine
on LPS-induced IL-6, IL-8, or CCL-2 at any time point.
In contrast, angiotensin-2 significantly augmented LPS-
induced IL-6 and CCL-2 at 24 hours (Supplemental
Fig. 9, Supplemental Digital Content 9, http://links.Iww.
com/CCM/G66; legend, Supplemental Digital Content
12, http://links.lww.com/CCM/G69). Similar results
were observed with Pam3Cys (Supplemental Fig. 10,
Supplemental Digital Content 10, http://links.lww.com/
CCM/G67; legend, Supplemental Digital Content 12,
http://links.lww.com/CCM/G69). None of the vasopres-
sors affected HMVEC survival as assessed by crystal vi-
olet assays (Supplemental Fig. 11, Supplemental Digital
Content 11, http://links.Iww.com/CCM/G68; legend,
Supplemental Digital Content 12, http://links.lww.com/
CCM/G69).

DISCUSSION

Permeability and endothelial dysfunction are hall-
marks of sepsis and are being explored as tar-
gets for sepsis therapies. Our study indicates that
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catecholamines, which are widely used in sepsis and
other forms of shock for their vasoconstrictive and
inotropic effects, can directly reduce endothelial cell
permeability induced by bacterial and viral TLR ago-
nists. Catecholamines also limit permeability induced
by proinflammatory cytokines. Our results raise the
possibility that catecholamines may affect the course of
shock not only through their effects on vascular tone
and cardiac contractility but also by reducing micro-
vascular endothelial permeability.

During sepsis, microbial products directly stim-
ulate endothelial cells through pattern-recognition
receptors (PRRs) (21, 22) and downstream inflam-
matory pathways mediated by nuclear factor kappa
B and the mitogen-activated protein kinases (23).
Engagement of endothelial cell PRRs promotes a pro-
inflammatory phenotype with increased production
of cytokines, chemokines and procoagulant factors,
and up-regulated expression of proadhesive molecules
and antifibrinolytic factors. Additionally, damaged
glycocalyx and endothelial cell apoptosis lead to an
increase in permeability to proteins and fluids, caus-
ing interstitial edema (17, 24). Our data indicate that
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catecholaminergic vasopressors significantly decrease
TLR-agonist-induced permeability, whereas noncat-
echolaminergic vasopressors do not. Even when LPS-
induced endothelial permeability is at its peak, the
addition of catecholamines restores TER within min-
utes of introduction. The effect of catecholamines on
permeability is preserved in a vast range of concentra-
tions (from 0.1 to 100 uM). Furthermore, no additive
or synergistic effect was observed when combining dif-
ferent classes of vasopressors. Our data using selective
pharmacologic antagonists implicate f1 and 32-AR in
the endothelial stabilizing effects of catecholamines.
We observed that antagonists for both 1 and P2
reversed the antipermeability effect of norepinephrine,
whereas only B2-antagonist reversed the antiperme-
ability effects of epinephrine. This dichotomy may be
due to the 10- to 100-fold stronger affinity of epineph-
rine for the B2 receptor than the B1 receptor, leading
to negligible effects of selective blockade of f1 on the
stabilizing effects of epinephrine.

Catecholamines rapidly restore the endothelial bar-
rier within minutes. This suggests that protein-protein
interactions may be responsible for the restoration,
rather than transcriptional regulation of genes in-
volved in permeability. f-ARs have been reported to
play a role in forming focal adhesions and dynamic
remodeling of the actin cytoskeleton. Activation via
the Gs subunit of B2-AR has been shown to enhance
intracellular cyclic adenosine monophosphate (cAMP)
generation transiently. Intracellular cAMP activates
protein kinase A, which stabilizes the actin cytoskel-
eton and counteracts the cell retractile force (25-27).
B-AR signaling is also mediated via the P-arrestin 2
and p115RhoGEF complexation, activating the mem-
brane RhoA-kinase (28, 29). Inhibition of Rho-kinase
has been demonstrated to increase LPS-induced endo-
thelial permeability (30). Thus, p-AR blockade induces
intracellular gaps via actin myosin-driven endothelial
retraction, and conversely, we observed in our study
that its activation reduces LPS-induced permeability
through cytoskeletal rearrangement and contributes
to the maintenance of endothelial barrier properties
under baseline conditions (31).

Although this is an in vitro study of primary human
endothelial cells, we speculate that our results may
have relevance to the choice and timing of initiation
of vasopressors in humans with shock. Endothelial
barrier dysfunction leading to vascular leak and tissue
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edema is believed to promote organ failure in many
conditions, including septic shock, acute respiratory
distress syndrome (ARDS), ischemia-reperfusion, and
noninfectious shock (e.g., pancreatitis, trauma) (32).
Restoration of endothelial functions is considered a po-
tential target of resuscitation strategies (33). Concerns
with reducing permeability center around the concept
that vascular permeability may serve a beneficial role
in recruiting leukocytes to sites of infection and injury
by promoting leukocyte-transendothelial migrations,
which are necessary to fight infection and initiate re-
pair of injured tissues. Several studies, however, have
challenged the notion that vascular leak is required
for leukocyte tissue migration (34, 35) and have docu-
mented that fluid leakage, leukocyte recruitment, and
transendothelial migration are regulated separately
(36-38).

Early fluid loading is a cornerstone of hemodynamic
septic and nonseptic vasoplegic shock management.
However, fluid resuscitation protocols are intensely
debated, regarding the importance of achieving he-
modynamic stability versus the risk of overloading.
Observational studies suggest that insufficient fluid
volume, in early phase of septic shock resuscitation,
is deleterious (39-41). Conversely, numerous stud-
ies also suggest that high-volume resuscitation and a
positive fluid balance might be harmful (42-44), sup-
porting a more restrictive approach to fluid resusci-
tation (45-48). Reports in humans with septic shock
suggest that early treatment with norepinephrine may
be beneficial (49-51). Notably, in the CENSER study,
patients receiving early norepinephrine had a lower
occurrence of pulmonary edema (14.4 % vs 27.7 %;
p = 0,004) despite receiving the equivalent volumes of
fluids (51). Our results raise the possibility that early
catecholamine administration may limit the capillary
leak syndrome induced by sepsis and therefore limit
interstitial edema.

Despite having substantial effects on TLR-
agonist-induced permeability, we observed that
the catecholaminergic vasopressors did not affect
TLR-agonist-induced production of cytokines and
chemokines by HMVEC. Our data suggest that TLR-
dependent permeability and inflammation are inde-
pendently regulated in microvascular endothelial cells
(52). This suggests that it may be possible to develop
endothelial based therapies that prevent or treat vas-
cular leakage, without impairing the endothelium’s
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immunoinflammatory response. Although Staedtke
et al (53) reported that epinephrine increases IL-6 se-
cretion by peritoneal macrophages and T cells, but not
endothelial cells, it has been recently published that
norepinephrine infusion correlates with a “anti-inflam-
matory cytokine profile” in septic mice and healthy
human volunteers following LPS challenge (54).
Also, the effects of catecholamines on inflammation
mediators might depend on the cell type and the in-
flammatory conditions. In our study, we found that
high concentrations of noncatecholaminergic vaso-
pressors (angiotensin-2 and to a lesser extent vas-
opressin) increased LPS- and Pam3Cys-induced
production of IL-6 and CCL-2 at 24 hours. In vitro, the
absence of vasopressors’ clearance makes it difficult to
fully mimic the potential in vivo effects. However, ex-
perimental studies reported that continuous infusion
of angiotensin-2 in mice dose-dependently increases
intra-aortic IL-6 production and recruitment of mac-
rophages suggesting a vascular induction of chemo-
kines (55, 56) and supporting our findings.

B-blockers have been proposed as potential ther-
apeutic adjuvants for septic shock because they
have been reported to decrease cardiac oxygen con-
sumption, limit hyperglycemia, reduce the catabolic
response to sepsis, and alleviate Type-1 T-helper in-
flammation (57-59).

Our study raises the possibility that B-blockers
might exacerbate vascular leakage in sepsis. Our
study has several limitations. First, we worked only
with lung derived microvascular cells. We focused
on lung-derived-EC because of their susceptibility
to capillary leakage driving acute lung injury and
ARDS in critical illness. However, given the heter-
ogeneity of microvascular beds we can't extrapolate
these findings to other organs (60, 61). Second, we
explored only barrier and inflammatory functions,
but the response of the microvascular endothelium
to inflammation is multifaceted. We did not study the
effects of vasopressors on other essential functions,
such as of glycocalyx maintenance, coagulation, fi-
brinolysis, and leukocyte adhesion (17). Assessing
endothelial barrier function in vivo is extremely chal-
lenging. Our in vitro system has the advantage that
it allows real-time assessment of the effect of vaso-
pressors on endothelial barrier function regardless of
changes in vasomotor tone. But, it cannot pretend to
fully reproduce the integrative effects of vasopressors
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in a critically ill patient’s pulmonary microcircula-
tion. Finally, although we observed a similar effect
of LPS and catecholamines in every donor tested, we
noticed substantial interindividual variability in the
intensity of the permeability response to LPS and
catecholamines.

CONCLUSIONS

Our findings demonstrate that treatment of cultured
primary human lung microvascular endothelial cells
with epinephrine or norepinephrine strongly reduces
endothelial permeability induced by agonists of mul-
tiple TLRs. Furthermore, posttreatment with catechol-
amines many hours into treatment with LPS restores
endothelial permeability to baseline. Both (1- and
B2-AR, but not a-AR, mediate the stabilizing effects
of epinephrine and norepinephrine on the endothelial
barrier. Our results suggest that epinephrine and nor-
epinephrine may act to restore vascular barrier integ-
rity during sepsis and shock, in addition to their known
effects on vasomotor tone and cardiac function.
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