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ABSTRACT

The correct regulation of tissue barriers is of utmost importance for health. Barrier dysfunction
accompanies inflammatory disorders and, if not controlled properly, can contribute to the
development of chronic diseases. Tissue barriers are formed by monolayers of epithelial cells that
separate organs from their environment, and endothelial cells that cover the vasculature, thus
separating the blood stream from underlying tissues. Cells within the monolayers are connected by
intercellular junctions that are linked by adaptor molecules to the cytoskeleton, and the regulation
of these interactions is critical for the maintenance of tissue barriers. Many endogenous and
exogenous molecules are known to regulate barrier functions in both ways. Proinflammatory
cytokines weaken the barrier, whereas anti-inflammatory mediators stabilize barriers.
Adrenomedullin (ADM) and intermedin (IMD) are endogenous peptide hormones of the same
family that are produced and secreted by many cell types during physiologic and pathologic
conditions. They activate certain G-protein-coupled receptor complexes to regulate many cellular
processes such as cytokine production, actin dynamics and junction stability. In this review, we
summarize current knowledge about the barrier-stabilizing effects of ADM and IMD in health and
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disease.

Introduction

Tissue functionality is guaranteed by the proper regu-
lation of its barriers, i.e. the endothelium and the epi-
thelium." The endothelium lines the vasculature and
ensures tissue supply with nutrients and oxygen. On
the other hand, the epithelium forms the barrier
between tissues and the outer environment thus pro-
tecting organs from invading harmful agents. Both
barriers also play a critical role in the innate immune
response to injury and infection. During inflammatory
processes, the endothelium actively supports the
recruitment of immune cells across the blood vessel
wall into affected tissue areas.”* The epithelium forms
a first line defense barrier for invading pathogens,
however, if compromised, it also supports immune
cells in their fight against microorganisms.” Both,
endothelium and epithelium form a cellular mono-
layer that is connected and sealed by so called junc-
tions. Both cell types form tight junctions (T]) that
regulate the permeability of the monolayer and

subjacent adherens junctions (A]) that mediate inter-
cellular adhesive interactions.>” Epithelial cells also
form desmosomes that are located more basally and
that further strengthen adhesive interactions. All these
junctions are composed of several types of transmem-
brane proteins and cytosolic adaptor molecules that
connect the adhesion molecules to the cytoskeleton.
Desmosomes are connected to cytokeratins, whereas
TJ and AJ are connected to actin. The connection of
TJ and A]J to the actin cytoskeleton is critical for bar-
rier functionality. Actin remodeling during inflamma-
tion regulates cell contact stability and permeability,
and permits the transmigration of immune cells.>® If
not controlled properly, this inflammatory response
can also cause tissue damage. The inflammatory
response of tissue barriers is initiated by pro-inflam-
matory cytokines produced by resident immune cells
and the endothelium and epithelium themselves. Sub-
sequently, other regulatory molecules are produced
that help to control the inflammatory response by
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affecting actin dynamics and junction integrity. These
molecules include peptide hormones such as adreno-
medullin (ADM) and intermedin (IMD, also called
ADM?2).!%'2 In this review, we summarize what is
known about their regulation and explain how they
affect endothelial and epithelial barriers. In particular,
we will focus on the dynamics of the actin cytoskele-
ton and intercellular junctions downstream of ADM
and IMD signaling.

Adrenomedullins: Gene and protein structure and
regulation of expression

ADM is a peptide which was first isolated from pheo-
chromocytoma (neuroendocrinal tumor of adrenal
gland medullae) and demonstrated to be able to
increase cAMP production in rat platelets. The
authors also detected a high amount of ADM in the
adrenal medulla, hence its name."”> ADM is composed
of 52 amino acids in humans. It contains a disulfide
bridge between their cysteine residues 16 and 21, thus
forming a loop structure, and its C-terminal Tyr-resi-
due is amidated.® Both, the loop structure and amida-
tion are characteristics conserved between species.

ADM belongs to the calcitonin gene peptide super-
family, including also calcitonin (CT), calcitonin
gene-related peptide (CGRP), and amylin. ADM has a
24% amino acid homology with CGRP and both mol-
ecules have hypotensive effects.'*

The functional human ADM is obtained from a
precursor consisting of 185 amino acids termed pre-
proadrenomedullin (preADM) including a 21 amino
acid secretory signal peptide.'” PreADM is proteolyti-
cally processed yielding the 164 amino-acid peptide
proadrenomedullin (proADM).'>'® ProADM is fur-
ther proteolytically cleaved and amidated to generate
the functional ADM peptide hormone and the proa-
drenomedullin N-terminal 20 peptide (PAMP)'
which both have hypotensive effects in rats.'>'>'®

Mouse and rat ADM consist of 50 amino acids and
their precursors contain 184 amino acids in mouse
and 185 in rat.'">*® The porcine ADM precursor con-
tains 188 amino acids and its mature ADM has 52
amino acids.”'

Because in pufferfish cDNA 5 ADM paralogues
were identified (ADM1-5),** the presence of more
ADM:-like peptides was suspected in mammals.
Genome database searching indeed revealed the pres-
ence of a sequence similar to fish ADM2 in human,

mouse and rat. Thus, this peptide is referred to as
ADM2, but also as intermedin (IMD), due to simulta-
neous discovery by another research group that identi-
fied its expression in the intermediate lobe of the
pituitary gland.*>** IMD is processed from a 148
amino acid peptide and contains a 24 amino acid
secretory signal peptide localized in its N-terminus.*
This year the first report of IMD plasma concentra-
tions in healthy humans was published.”> IMD was
determined at 6.340.6 pg ml™’, a concentration much
lower than that of ADM identified in the same study
at25.8 +£ 1.8 pgml .

Gene structure

Cloning, molecular analysis, and fluorescence in situ
hybridization (FISH) revealed that the human ADM
gene is located in the short arm of chromosome 11,
region p15.4 (Fig. 1).>>* The gene is formed by 4
exons and 3 introns. The first exon is not transcribed,
the second and third exon encode for PAMP, while
the whole coding sequence for ADM is located in the
fourth exon.?® The 5'-end-ADM gene promoter region
contains TATA, CAAT and GC boxes (Fig. 1). Its 5'-
end also harbors binding sites for transcription factors
such as activator protein-2 (AP-2), nuclear factor for
interleukin-6 expression (NF-IL6), hypoxia-inducible
factor-1 (HIF-1), cAMP response element (CRE),
shear stress responsive element (SSRE), and the onco-
genic transcription factor c-myc.’***** A stem-loop
structure in exon 1 of the human ADM gene has been
reported that participates in the regulation of ADM
transcription.>*

In mice, the ADM gene is located in chromosome 7.
It has an amino acid similarity of 60% with the human
ADM gene. The mouse ADM sequence also contains
binding sites for AP-1, AP-2, specific-protein 1 (Spl),
GATA-2, nuclear factor kappa-light-chain-enhancer
of activated B cells (NK-«B), NF-IL6, a shear-stress
responsive element (SSRE), glucocorticoid response
elements (GREs), and thyroid or T3 response elements
(TREs).°

The mouse ADM2 or IMD gene is located in chro-
mosome 22 in humans and chromosome 15 in
mouse.”> The human IMD precursor is formed by
148-amino-acids. This precursor is cleaved into a 53
amino-acids peptide which is subsequently processed
into a mature peptide of 47 amino-acids or another

shorter variant of 40 amino-acids.>**
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Figure 1. Gene and protein structures of adrenomedullin (ADM). The ADM gene located in chromosome 11 locus p15.4 contains 4 exons
of which only 3 are translated into preproadrenomedullin which is then cleaved into the active peptides proadrenomedullin N-terminal
20 peptide (PAMP) and ADM. The second and third exon encode for PAMP, while the fourth exon encodes for ADM. There are several
binding sites for transcription factors such as: TATA box; CAAT box; activator protein (AP)-1 and AP-2; HIF-1, hypoxia inducible factor-1;
NF-IL-6, nuclear factor for interleukin-6 expression; CRE, cCAMP responsive element; and SSRE, shear stress responsive elements (modified

from Ref 3").

Expression patterns of ADM and IMD

Hitherto, many studies have been published demon-
strating human ADM mRNA expression in several tis-
sues including pheochromocytoma, adrenal medulla,
heart, lung and kidney.'” Expression of the ADM pre-
cursor was also found in all above mentioned tissues
in rats and additionally in spleen, duodenum and sub-
mandibular glands.”” ADM expression was also
detected in endothelial cells (ECs) isolated from rat
thoracic aorta with mRNA levels even higher than in
rat adrenal medulla.>® Later, expression of ADM in
brain and neural tumors was demonstrated.”” ADM
expression was confirmed in human umbilical vein
endothelial cells (HUVEC) and in human glomerular
epithelial cell lines.”®*

ADM expression has also been detected in haema-
topoietic cell lines including the human monocytic
cell line THP-1 and the murine macrophage-like
cell line RAW 264.7,>*! and in primary human
leukocytes.*?

In the case of IMD, high mRNA expression levels
have been found in brain and kidney, and low expres-
sion was detected in the pituitary gland and heart of
human postmortem tissues.”” IMD is also strongly
expressed in the mouse gastrointestinal tract, with
highest expression in the stomach, in the submaxillary
gland and kidney, whereas low expression was

detected in the pituitary gland, lung, pancreas, spleen
and thymus.** Interestingly, IMD expression was
detected in mouse ovaries but not in testes suggesting
a specific role in the female reproductive system. **

Transcriptional regulation

Vascular smooth muscle cells (VSMC) treated with
TNF-o showed an increase in ADM expression as
early as 1 h post-treatment and peaking after 48 h.*°
Treatment of VSMC with IL-1e, IL-18, TNF-8 and
lipopolysaccharide (LPS) also caused increases in both,
ADM mRNA expression and peptide secretion.*” By
contrast, human glomerular epithelial cells treated
with TNF-a showed decreased ADM expression.™

Since the ADM gene harbors GREs and TREs, the
effects of hormones on ADM expression have been
analyzed. EC and VSCM cells stimulated with dexa-
methasone (DEX) strongly induced ADM mRNA
expression, while T3 had only a slight effect.*®
HUVEC treated with DEX also showed higher ADM
expression.”® Hydrocortisone and cycloheximide also
increased ADM expression in VSMC. As expected, the
transcriptional inhibitor actinomycin D led to a
decrease in ADM mRNA.*

In RAW 264.7 cells, incubation with LPS, retinoic
acid (RA), 12-O-tetradecanoyl phorbol-13-acetate
(TPA) and IFN-y led to an increase in ADM
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decreased
ADM expression.*’ By contrast, forskolin, a substance

transcription, whereas glucocorticoids
known to increase levels of cAMP, and 8-bromoade-
nosine 3',5'-cyclic monophosphate (8-Br-cAMP), an
activator of protein kinase A (PKA), had no effect on
ADM expression.*’

During many pathologic conditions such as hyper-
tension, heart failure, burns, pancreatitis, systemic
inflammatory response syndrome (SIRS), sepsis, and
endocrine diseases such as hyperthyroidism, ADM
mRNA expression was increased and correlated in
most cases with higher ADM plasma levels suggesting
that the principal regulation of ADM production
occurs during transcription.”®>’

Much less is known about IMD expression regula-
tion. For example, human aortic endothelial cells
(HAEC) and HUVEC increased expression of both
IMD and ADM mRNA under different stress condi-
tions such as serum starvation and oxidative stress
induced by H,0,, with ADM mRNA levels being
always higher compared to IMD.’® However, in the
NCIH460 large lung epithelial carcinoma cell line the
opposite was seen.”® Of note, serum deprivation of
these cells for 12 or 24h and oxidative stress led to a
stronger increase of IMD mRNA levels compared to
ADM.*® IMD expression is regulated by an estrogen
response element (ERE), and a hypoxia response ele-
ment (HRE).”**” Recently, it was reported that IMD is
upregulated by an integrated stress response element
(ISR), as demonstrated in the cervical cancer cell line
HeLa and the colon carcinoma cell line HCT116
treated with wyxothiazol, an inhibitor of the mito-
chondrial cytochrome bcl complex.®® This IMD
mRNA overexpression was mediated by the activating
transcription factor 4 (ATF4), a signal integrator
which is activated downstream of different stress
stimuli.

More studies are required to clearly define the dif-
ferential transcriptional profile of ADM and IMD
under pathophysiologic conditions, as well as the reg-
ulatory mechanisms involved.

Adrenomedullin receptors

ADM-mediated signal transduction occurs through
receptor complexes consisting of the G-protein cou-
pled receptor receptor
(CRLR) and one of the receptor activity-modifying
proteins (RAMP), a family comprised of the 3

calcitonin-receptor-like

members RAMP1, 2 and 3. RAMPs contribute to
CRLR translocation toward the plasma membrane.
CRLR/RAMP2 and CRLR/RAMP3 are known as AM,
and AM, receptors, respectively.””*®® ADM can also
bind to CRLR/RAMPI, the receptor for CGRP, but
with less affinity than CGRP.*!

IMD is capable of binding to all AM,;, AM, and
CGRP receptor, but with lower affinity than ADM as
revealed by cAMP production levels in the cell line
COS-7 expressing different combinations of CRLR
and RAMPs.”

CRLR and RAMP2 mRNAs are expressed in rat
heart, lung, kidney, brain, thymus, stomach, skeletal
muscle, spinal cord, liver, spleen, and testis. Similar
results were observed for RAMP1, with the exception
of heart and kidney, where only very little expression
was detected. RAMP3 was also expressed but at lower
levels than RAMP1 and RAMP2 in the same tis-
sues.”>®> However, in several human tissues RAMP3
mRNA is well expressed.®® mRNA expression of
CRLR and RAMP?2 has also been detected in human
aortic smooth muscle cells (HASMC), human aortic
endothelial cells (HAEC) and HUVEC, but neither
RAMP1 nor RAMP3 expression was found in these
cell types.®

mRNA expression of CRLR, RAMP1 and RAMP2
was also detected in the human colon epithelial cell
line Col-29 and the neuroepithelial cell line SK-N-
MC. However RAMP3 mRNA was not detectable in
those cells.”® CRLR is expressed in endometrial and
myometrial blood vessels but expression was very low
in endometrial epithelium.”” Of the RAMPs, only
RAMP1 was expressed in endometrial blood vessels,
whereas all RAMP mRNAs were present in endome-
trial epithelium.

Hypoxia stimulates CRLR mRNA expression in
human microvascular endothelial cells. However,
expression of RAMP mRNA was unaffected.® In
the human colon carcinoma cell line Caco-2, hyp-
oxia also induced CRLR mRNA expression, but not
RAMP2.%

Additionally, lamina propria mononuclear cells and
intra-epithelial lymphocytes isolated from Wistar rats
expressed CRLR and all 3 RAMP transcripts.”

Because RAMP proteins determine the ligand and
signaling specificity of the AMD and IMD receptor
complexes, their distinct expression patterns may
determine function specificity for AMD and IMD in
different tissues.
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Table 1. Molecular mechanisms by which ADM and IMD contribute to endothelial barrier homeostasis.

Model Protein Mechanism Ref
ADRENOMEDULLIN
RAMP2 KO mice RAMP2 Activation of Rac1, inhibition of RhoA 70
HUVEC cAMP Reduction of MLC2 phosphorylation, stress fibers and gap formation. Increased ”
VE-cadherin-mediated adhesion
HMEC, MLEC, HUVEC, Cortactin Regulation of ADM secretion, inhibition of MLC2 phosphorylation and stress 83
cortactin KO mice fibers and reversal of increased vascular permeability
INTERMEDIN
Wistar Rat p38MAPK/NF-«B Reduced p38MAPK phosphorylation and ICAM-1 expression 93
HMVEC-L CRLR/RAMP2/PKA-VASP Activation of PKA and phosphorylation of VASP 9496
RCEC, HUVEC RhoA/ROCK-Rac1 Inhibition of Rac1 and RhoA/ROCK pathway. Inhibition of RhoA/ROCK, 9697
CRLR/RAMP2/cAMP/EPAC/PKA increased activation of Rac1 and VE-cadherin-mediated adhesion
HPMVEC Not described Increased endothelial TER. Reduced VILI-induced hyperpermeability %
C57BL/6 mice with VILI (RAMP3?)

Endothelial barrier functions regulated by
adrenomedullin

EC from different species (human, rat, porcine and
bovine) are known to actively produce ADM and
secrete it into the blood stream where it contributes to
regulate vascular tension.”® When ADM was first iso-
lated by Kitamura and colleagues,'” they analyzed a
potential role for this peptide in the regulation of vascu-
lar functions by monitoring blood pressure in Wistar
rats injected iv. with ADM. ADM treatment had a
strong hypotensive effect that lasted up to 60 mins and
was comparable to effects obtained with CGRP, one of
the most potent vasorelaxants known. The authors sug-
gested that ADM may exert its vasodilator effects via
cAMP since other vasorelaxant molecules such as
CGRP, peptide histidine isoleucine (PHI) and vasoac-
tive intestinal polypeptide (VIP) are thought to bind
receptors on platelets that increase cAMP levels."”
Later, the same group observed that inhibition of the
CGRP receptor blocked ADM activity in the rat mesen-
teric vasculature suggesting that this is the main recep-
tor for ADM in the mesentery.”! ADM indeed
increases intracellular cAMP levels in different ECs
(HUVEC, bovine aortic endothelial cells (BAEC), rat
aorta endothelial cells (RAEC)),”>”>”* and this is the
most prominent mechanism of ADM action, given that
stimulation of rat cardiac myocytes and nonmyocytes
with either CGRP or ADM resulted in similar cAMP
increases, and inhibition using the CGRP antagonist
CGRP(8-37) inhibited this increase completely. By
contrast, no increases in cGMP levels were observed
after stimulation with either ADM or CGRP.”
ADM-KO embryos die in utero at midgestation,
due to massive edema and heart defects.”® The tho-
racic cavity of ADM-KO embryos was enlarged when

compared to control littermates and hydrops fetalis
could be observed all over the body and in neural
structures. Hearts of ADM-KO were only 2 thirds the
size of controls with increased left ventricular trabecu-
lar development resulting in smaller chamber sizes.
The aorta and carotid from ADM-KO also showed
abnormalities including thinner walls and irregular
form.”® All these results show that ADM is important
for cardiovascular development. Given the fact that
ADM is produced by EC and its deletion resulted in
hydrops fetalis in mice, it is reasonable to think that
ADM is important for the regulation of endothelial
barrier integrity (Table 1). Indeed, ADM treatment
ameliorated H,0,- and thrombin-induced permeabil-
ity in HUVEC.”* This effect was a result of diminished
myosin light chain (MLC) phosphorylation, actomyo-
sin contractility and intercellular gap (cell-cell contact
discontinuities) formation. As expected, this was
accompanied by increased cAMP levels with no
changes in the basal content of cGMP, basal intracel-
lular Ca**-concentrations, or H,O,-, thrombin- or E.
coli-induced increases in Ca®" concentrations in
HUVEC.”* cAMP activation downstream of ADM can
also lead to the activation of protein kinase A (PKA)
and the Rapl guanylate exchange factor (GEF)
exchange protein directly activated by cAMP (EPAC)
consequently inhibiting RhoA activation and actomy-
osin contractility (Fig. 2).””®

Both ADM and CGRP act through 7-transmem-
brane-domain-containing G-protein-coupled recep-
tors (GPCRs) (Fig. 2).%* Xenopus oocytes transfected
with human calcitonin-receptor-like receptor (CRLR)
and different receptor-activity-modifying proteins
(RAMP) revealed that CGRP was able to stimulate
CRLR coupled to RAMP1 but not to RAMP2 or
RAMP3. On the other hand, ADM was able to
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Figure 2. Signaling pathways involved in endothelial barrier regulation by adrenomedullin (AMD) and intermedin (IMD). ADM and IMD
trigger similar signaling cascades, leading to increased production of cCAMP and activation of PKA and EPAC/Rap1. Generally, these path-
ways lead to endothelial barrier stabilization by inhibiting activation of RhoA/ROCK and promoting Racl function, thus maintaining

inter-endothelial cell contacts.

stimulate CRLR when coupled to RAMP2 at concen-
trations as low as 0.3 nM. Importantly, RAMP2 was
not able to respond without CRLR, and HEK294T
cells that co-expressed CRLR and RAMP2 were able
to induce cAMP production upon ADM stimula-
tion.** Recently, the activity of RAMP2 was found to
be important for EC viability, integrity and homeosta-
sis."" In this study, RAMP2-KO mice died at midges-
tation, while EC-specific RAMP2-KO survived until
later development but most of these surviving
embryos died after birth (only 5% survived until adult-
hood). These mice showed systemic edema, interstitial
edema in the intestinal villi and the lung and severe
hemorrhage in the liver. Additionally, the animals pre-
sented vascular abnormalities such as malformation of
aortic EC. The few animals surviving into adulthood
showed thinner aortic walls accompanied by lower
systemic blood pressure and deformed EC detaching
from the basement membrane. EC-specific drug-
inducible RAMP2-KO in adult mice resulted in sys-
temic edema formation due to increased vascular per-
meability.”” This phenotype was a consequence of
reduced Racl activity and increased RhoA activation

leading to a decrease in stabilizing cortical actin and
increased actin stress fiber formation. These data dem-
onstrate the importance of the CRLR/RAMP2 axis for
ADM-mediated endothelial barrier development and
homeostasis. By contrast, EC-specific ADM-KO sur-
vive relatively unaffected, most likely due to the fact
that other cell types also secrete ADM that can com-
pensate for the lack of EC-derived ADM. Association
of CRLR with RAMP3 also gives an ADM-responsive
receptor that is important for lymphatic vessel
functions.®

In vivo, ADM is also implicated in lung homeosta-
sis and repair. For example, Itoh and colleagues found
that during LPS-induced acute lung injury (ALI) in
rats, ADM administration reduced neutrophil num-
bers in bronchoalveolar lavage fluid (BALF) and
improved the histologic lung injury score and vascular
permeability.®' In addition, ADM was critical for nor-
mal alveolar development in a model of bronchopul-
monary dysplasia (BPD) induced by hyperoxia in
newborn rats, since intranasal ADM treatment was
capable of reducing hyperoxia-induced right ventricu-
lar hypertrophy and artery thickness leading to



reduced lung hypertension.®” ADM treatment in this
model also blocked BPD-mediated arrest in alveolar
growth.

We have recently described that depletion of the
actin-binding protein (ABP) cortactin in EC and cor-
tactin deficiency in mice caused reduced ADM expres-
sion and secretion resulting in increased MLC
phosphorylation, a higher content of contractile actin
stress fibers and increased vascular permeability.®
Importantly, ADM administration was sufficient to
completely rescue the permeability increase in vitro
and in vivo. Cortactin deficiency also caused reduced
basal Rapl activation.®*** Thus, reduced ADM secre-
tion in the absence of cortactin leads to reduced
cAMP production in EC causing less activation of
EPAC/Rapl and increased actomyosin contractility.
Rapl has been reported to inhibit RhoA activity via
Rasipl/ArhGAP29 and epithelial
886 thus providing a possible explanation of how

in endothelial
cells,
ADM mediates its protective effects on the endothelial
barrier via Rapl activation and RhoA inhibition
downstream of cAMP production (Fig. 2).

ADM contributes to the stabilization of lymphatic
endothelial cells since ADM treatment of human
dermal lymphatic microvascular EC (HMVEC-dLys)
prevented endothelial hyperpermeability caused by
vascular endothelial growth factor A (VEGFA) due
to enhanced ZO-1 and VE-Cadherin expression at
cell contacts; although no changes in the total
protein or mRNA levels were observed.®” In brain
microvascular endothelial cells (BMEC) obtained
from rats, ADM treatment for 6 h increased protein
levels of claudin-5 and changed its distribution from
a zipper-like to a linear pattern at cell-cell contacts
in a dose dependent manner.*® These changes were
accompanied by reduced transendothelial electrical
resistance and increased permeability to sodium
fluorescein. However, no changes in Evans Blue
permeability were observed after ADM treatment.
Another study found no changes in the protein
expression levels of junctional markers such as
occludin, claudin-1 or ZO-1 after ADM treatment,
while still having a protective effect.*® These data
suggest that ADM likely promotes endothelial
barrier stabilization by conserving the location of
junctional molecules at intercellular contacts rather
than modulating their expression.

It is important to remember that different pro-
inflammatory stimuli such as LPS™ or hypoxia®!
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increase ADM production demonstrating that ADM
is also important for vascular homeostasis under path-
ological conditions by counteracting the barrier desta-
bilizing effects of pro-inflammatory mediators.”

Endothelial barrier functions regulated by
intermedin

IMD has also been shown to be important for vascular
barrier regulation by binding to receptor complexes
formed by CRLR and RAMPs, and is thus also capable
of raising intracellular cAMP levels and to protect
against hypertension (Fig. 2; Table 1).”* Overexpres-
sion of human IMD in rats after treatment with deox-
ycorticosterone acetate salt to induce hypertension
and renal damage, reduced systolic blood pressure
when compared to control animals. Additionally,
IMD also attenuated renal histological damage and
inflammation as demonstrated by reduced expression
of intercellular adhesion molecule 1 (ICAM-1) and
monocyte/macrophage kidney
immunohistochemical sections. The protective effect
mediated by IMD in this model was due to reduced
P38MAPK activation and reduced NF-«B-dependent
ICAM-1 expression.”

Interestingly, hypoxia-induced lung damage in

accumulation in

mice led to an increase in IMD mRNA expression lev-
els in lungs.”” Similar results were observed with pri-
mary pulmonary microvascular endothelial cells
(PMEC) that were subjected to hypoxia in vitro. This
increase in IMD levels was mediated by hypoxia-
inducible factor 1 (HIF-1).”” Human microvascular
endothelial cells of the lung (HMVEC-L) treated with
IMD showed reduced permeability for trypan-blue-
labeled albumin under basal conditions and after
thrombin treatment that was accompanied by
increased phosphorylation of vasodilator-stimulated
phosphoprotein (VASP) at serine 157.°* VASP is a
well-known PKA substrate involved in endothelial
barrier regulation and its phosphorylation at serine
157 induces the translocation of VASP to cell contacts
where it binds to ZO-1 and stabilizes the endothelial
barrier. Thus, IMD may act in a similar way to ADM
by activating PKA via cAMP (Fig. 2).”® Of note, IMD
levels were higher than that of ADM in PMEC.”’
ADM predominantly signals through CRLR/
RAMP2 and CRLR/RAMP3,°* whereas IMD primarily
signals via CRLR/RAMP1 or CRLR/RAMP3, and to a
lesser extent also via CRLR/RAMP2.** Given that
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hypoxia induces an increase in RAMP1 and RAMP3
in rat lungs but not of RAMP2,” it seems likely that
IMD has a more critical role in vascular barrier
homeostasis in the lung than ADM.

IMD may have different effects on vascular func-
tion depending on the vascular bed. While rat coro-
nary microvascular endothelial cells (RCEC) showed
increased permeability for macromolecules, HUVEC
showed reduced permeability when treated with IMD
under basal conditions.”® Additionally, RCEC treated
with IMD showed less VE-cadherin at cell borders
and intercellular gap formation, whereas control cells
had a more linear distribution of VE-cadherin at cell
contacts. Under basal conditions RCEC had many
actin stress fibers and only a thin line of cortical actin
at the cell periphery. After IMD treatment, the actin
cytoskeleton appeared as so called knots of filaments
leading to the loss of cell limits and shape alterations.
By contrast, in HUVEC, the same treatment concen-
trated VE-cadherin at cell borders thus preventing gap
formation and the actin cytoskeleton shifted from
actin stress fibers to cortical actin thus stabilizing the
cell contacts. These data suggest that effects of IMD
on the actin cytoskeleton dictate the outcome for bar-
rier integrity in different EC types. Interestingly, in
both cell types, IMD led to reduced RhoA/ROCK
pathway activity, which explains less presence of stress
fibers in HUVEC. However, in RCEC, IMD also
reduced the activity of Racl, while in HUVEC, IMD
rather promoted Racl activity. Inhibition of both
RhoA/Racl by IMD in RCEC may explain why these
cells lost their morphology, while HUVEC still
retained Racl activity which reinforced the content of
cortical actin.”® It is unknown how IMD can exert
such differential effects on GTPase activation and this
will be critical to unravel in the future for a better
understanding of IMD signaling. Later, the same
group found that IMD could protect HUVEC from
thrombin-induced permeability. This effect was medi-
ated by the binding of IMD to the CRLR/RAMP2
receptor complex since HUVEC cells only expressed
CRLR and RAMP?2 as measured by real-time PCR. In
addition, treatment of these cells with the ADM recep-
tor antagonist AM,, 5, prevented IMD-mediated per-
meability reduction. IMD induced the production of
cAMP to activate EPAC and PKA signaling pathways
leading to activation of myosin light chain phospha-
tase and Racl and inhibition of the RhoA/ROCK axis,
stress fiber formation and an increase of VE-cadherin

at cell contacts (Fig. 2).”” In human pulmonary micro-
vascular endothelial cells (HPMVEC), IMD improved
endothelial barrier stability as measured by transendo-
thelial electrical resistance (TER).”® In the same study,
IMD also attenuated vascular hyperpermeability in a
model of ventilator-induced lung injury (VILI) in
C57BL/6 mice when compared to non-treated ani-
mals. However, the treatment was not capable of
reducing pulmonary inflammation induced by VILI
since the pulmonary and plasma levels of several pro-
inflammatory cytokines including IL-18, IL-6, KC,
MCP-1 or IL-10 did not change.

In summary, both ADM and IMD are key regula-
tors of vascular functions in different tissues (Fig. 2).
Thus, these peptide hormones could be used as thera-
peutic agents in inflammatory diseases
improved vascular homeostasis is required for a better

where

outcome, but more studies are needed in order to fur-
ther understand the molecular pathways regulated by
these molecules. This is important in light of the con-
troversial results that have been obtained with ADM
and IMD as therapeutic agents during sepsis. In one
study, blocking of ADM resulted in an improved cate-
cholamine response attenuating the systemic inflam-
matory response in mice.”® Moreover, ADM
administration via the carotid artery proved to be ben-
eficial in female C57BL/6 mice with VILI as mice
showed less lung injury and permeability to human
serum albumin.'” However, another report showed a
positive correlation between ADM levels in plasma
and disease severity in patients suffering from SIRS
suggesting that ADM could be used as marker for sep-
sis progression.”® In line with this, combined blocking
of ADM and eNOS in rats with LPS-induced endotox-
emia improved survival by 50% compared to septic
animals without inhibitors.'”" ADM could rather be
detrimental during late phases of sepsis because of its
hypotensive effects, thus compromising oxygen/blood
delivery to different vascular beds. On the other hand,
IMD treatment in rats with cecal-ligation and punc-
ture (CLP)-induced sepsis improved survival when
compared to septic non-treated animals, an effect
mediated by improved cardiac function leading to bet-
ter tissue perfusion/oxygenation.'®® Thus, the potent
vasodilatory capabilities of ADM and IMD may under
certain conditions outweigh the beneficial effects on
vascular barrier function, so that their use in certain
diseases such as sepsis has to be strictly supervised as
it may also worsen the conditions of patients.
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Figure 3. Signaling pathways involved in epithelial barrier regulation by adrenomedullin (AMD). ADM signaling contributes to epithelial
barrier stabilization. During hypoxia, ADM activates NFkB that in turn activates transcription of cytokines and HIF-1c.. ADM inhibits HIF-
1o degradation allowing it to translocate to the nucleus thus promoting transcription of barrier protecting genes and more ADM result-
ing in a positive feedback loop. ADM also inhibits MLCK activity to reduce p-MLC, thus preventing internalization of TJ and AJ proteins.

Question marks: unknown mechanisms.

Epithelial barrier functions regulated by
adrenomedullin

Similar to the endothelial barrier, the epithelial barrier
is regulated by dynamic interactions between the epi-
thelial cell-cell junctions, the actin cytoskeleton and
several signaling pathways (Fig. 3). Dysregulation of
these well-orchestrated interactions can lead to acute
inflammation or, in severe cases, to chronic disorders
such as inflammatory bowel diseases (IBD), chronic
obstructive pulmonary disease (COPD) and asthma.
ADM is basally expressed by many types of human,
mouse and rat epithelial cells including bronchial and
uterine epithelium,'® oral and skin keratinocytes,'**
and the human gastric adenocarcinoma cell line
AGS.'"%>1% ADM gene expression is up-regulated in
the presence of pro-inflammatory cytokines such as
TNFa, IEN-y, IL-18 and IL-6.'°>'%” While the diverse
effects of ADM in endothelial barrier functions are
well studied, less is known about its involvement in
epithelial barrier regulation. The protective effects of
ADM have been tested in various animal models of
experimental colitis (Table 2). Amelioration of clinical
severity, prevention of histological damage and

downregulation of TNF-¢, IFN-y, IL-6, IL-18 and IL-
12 were observed in animals with TNBS-induced coli-
tis after ADM treatment.'”®''® During DSS-induced
colitis, ADM treatment resulted in a significant
decrease of inflammatory features such as intestinal
bleeding, weight loss and shortening of the colon. His-
tological damage was reduced and proinflammatory

Table 2. Effects of ADM on cytokine production in experimental
colitis models in vivo.

Model Species  Route Time of admn. Molecules  Ref

TNBS-colitis Balb/c mice LP. 108110
SJL mice 1.P.

Wistar rats

Treatment J TNF-o
Pre-treatment | IL-6
1 MIP-2
VI8
4 IL-10
$IL-12
4 IFN-y
Pre-treatment | TNF-«
Treatment JIL-18
Treatment J IL-6
J IFN-y
1+ TGF-B
J P-STAT1
| P-STAT3
1 KC
1 IL-4
$IL-12
116 116

DSS-colitis BALB/c mice I.P. 69,111,112
C57BL/6 mice |.R.

C57BL/6 mice I.P.

Acetic acid-colitis Wistar rats ~ L.R.  Treatment
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Table 3. Effects of ADM on epithelial barrier function in vitro.

Model  Stimulus ADM Effect Ref.
CMT93  IFN-y 4 Occludin n2
4 E-cadherin
1 B-catenin
Caco-2  Hypoxia 1 HIF activity 9
Caco-2  Staphylococcal a-toxin | FITC-dextran permeability nr
H202 4 TEER
HaCaT ~ ADM 1 Nuclear translocation of p50 '
and p65
1 IL-6

cytokines such as TNF-«, IL-18, IL-6, IEN-y, IL-4, IL-
12 and KC were downregulated.””''"''* In this model,
ADM also triggered wound healing and tissue regen-
eration."'’ In a clinical pilot study with 7 refractory
ulcerative colitis (UC) patients, intravenous ADM
application for 14 d lowered the DAI and improved
mucosal healing highlighting the potential of ADM as
treatment option for IBD patients.''> This is in line
with findings that ADM promotes gastric epithelial
wound healing."'*'"* Such anti-inflammatory, protec-
tive effects of ADM were also observed in animals
after induction of colitis with acetic acid.''® Barrier
stabilizing effects of ADM have also been reported in
vitro (Table 3). For example, treatment of the intesti-
nal epithelial cell line CMT93 with IFN-y to induce
inflammation increased permeability and induced
downregulation of occludin, E-cadherin and p-cate-
nin, and these effects were prevented when cells were
co-treated with ADM.""* A decrease of permeability
for macromolecules and ions was also observed in
Caco-2 cells with ADM when cells were challenged
with staphylococcal a-toxin or H,0,.''” The exact
mechanism of how ADM contributes to epithelial bar-
rier integrity still remains elusive. Numerous studies
have demonstrated that ADM contributes to the stabi-
lization of endothelial barrier function by increasing
intracellular cAMP levels and, in consequence, activa-
tion of the EPAC and PKA signaling path-
ways.”*!'®11% ADM-induced elevation of cAMP has
also been reported in epithelial cells, but in these stud-
ies a direct effect of ADM-induced barrier function
has not been investigated. '*>'*! Nevertheless, many
other studies have shown that increased cAMP con-
centrations can improve epithelial barriers,'**"** sug-
gesting that ADM-induced cAMP would contribute to
epithelial barrier protection. By contrast, a recent
study suggests that ADM may stabilize the epithelial
barrier via cAMP-independent mechanisms.''” Caco-
2 cells with barrier dysfunction induced by H,O, or

Staphylococcus aureus a-toxin showed improved bar-
rier function when co-treated with ADM. Surprisingly,
this occurred without changes in intracellular cAMP
levels. In the same model, specific inhibitors for phos-
phodiesterases 3 and 4 were tested to observe whether
they were preventing cAMP accumulation, but cAMP
levels were not elevated and epithelial barrier function
was still improved."'” These data suggest that the
barrier-stabilizing effects of ADM are not cAMP-
dependent in epithelial cells. Alternatively, several kin-
ases participate in the regulation of epithelial
barrier function. For example, PKC regulates T] integ-
rity,'*>'?” PI3K enhances epithelial cell restitution
and upregulates the expression of TJ proteins,'**'*
and ERK and p38 also upregulate T] protein expres-
sion.”*"*> ADM-treated Caco-2 cells in which barrier
dysfunction had been induced by H,O, were co-incu-
bated with inhibitors against PKC, PI3K, ERK or p38.
However, the barrier-stabilizing effect of ADM was
not prevented by the inhibition of these kinases.''”
Even though Caco-2 cells show several morphological
and biochemical characteristics of intestinal entero-
cytes and they are widely being used as in vitro model
of the intestinal epithelial barrier, it is important to
keep in mind that different factors such as passage
number, substrate and medium composition/pH can
affect cell morphology and functionality."> Thus,
more studies are needed using different epithelial cell
lines or mouse models and applying various barrier
disruptive agents to clearly define the molecular mech-
anisms of ADM action in different types of epithelia.
Certainly other kinases are also involved in barrier
regulation, for example ROCK and MLCK phosphory-
late MLC and induce actomyosin contractility. How-
ever, these pathways cause differential effects. MLC
phosphorylation by ROCK induces a strong contrac-
tion causing junction disassembly and epithelial bar-
rier dysfunction. By contrast, MLC phosphorylation
by MLCK results in a moderate increase in permeabil-
ity without disassembly of cell-cell junctions.” ADM
has been shown to downregulate MLCK-dependent
phosphorylation of MLC during TNB-Sinduced coli-
tis,** suggesting that this pathway could be responsi-
ble for mediating the protective effects of ADM on
intestinal epithelial barrier functions (Fig. 3). This is
also in line with our observations that inhibition of
ROCK-dependent MLC phosphorylation ameliorates
intestinal epithelial barrier dysfunction in the absence
of cortactin (unpublished own data) indicating that



MLC phosphorylation is indeed a major event to
induce epithelial barrier dysfunction.

During inflammation, hypoxia occurs which indu-
ces activation of transcription factors such as NF-kB
and hypoxia-inducible factor-1 (HIF-1). NF-kB is
involved in the expression of many proinflammatory
cytokines such as TNF-« and IL-18. Elevated levels of
these cytokines can induce epithelial barrier dysfunc-
tion.">® Thus, a role of ADM in NK-kB-mediated bar-
rier regulation was expected. Indeed, the keratinocyte
cell line HaCaT incubated with ADM
increased IkB degradation, NF-xB translocation to the
nucleus and elevated levels of IL-6 (Fig. 3)."*° Thus,
the cellular context and the inflammatory environ-
ment are obviously important factors that determine
the outcome of ADM signaling. Interestingly, exoge-
nous ADM activates HIF in Caco-2 cells.”” HIFs are
central regulators of metabolism during hypoxia.

showed

There are 3 different HIF isoforms in mammals: HIF-
la, HIF-2¢r, and HIF-3c. HIF-1a activation confers
barrier protection during inflammation by inducing
the expression of barrier protective genes such as mul-
tidrug resistance gene-1 (MDR1), intestinal trefoil fac-
tor (ITF), CD73 and claudin-1.*"!38 Recently, ADM
expression has been shown to be also regulated by
HIF,”>!'*° suggesting a potential feedback loop
through which the ADM-mediated barrier stabilizing
effect could be potentiated (Fig. 3).

Moreover, ADM has also been characterized as a
bactericidal peptide. It was demonstrated by disc dif-
fusion and broth microdilution assays that at high
concentrations (60 pmol 17') ADM inhibited the
growth of microorganisms derived from the skin (Pro-
pionibacterium acnes, Staphylococcus aureus and
Micrococcus luteus), the mouth (Porphyromonas gingi-
valis, Actinomyces naeslundii, Streptococcus mutans,
Eikenella corrodens and Actinobacillus actinomycetem-
comitans), the respiratory tract (Streptococcus pneu-
moniae, Haemophilus in<uenzae and Streptococcus
pyogenes) and the gastrointestinal tract (Bacteroides
fragilis, Escherichia coli and Helicobacter pylori)."*' Of
note, ADM is a more potent inhibitor of E. coli growth
than B-defensin-2 and a-defensin-1."*? The secretion
of ADM is augmented in the presence of both Gram-
positive and Gram-negative bacteria.'”> When human
H357 oral keratinocytes were exposed to microorgan-
isms commonly found in the oral cavity such as Por-
phyromonas gingivalis, Streptococcus mutans and
Eikenella corrodens, ADM mRNA and protein levels
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were upregulated. However, this was not observed
with the yeast Candida albicans. These data suggest
that ADM might participate in the maintenance of
host-microbiota homeostasis that greatly affects epi-
thelial barrier integrity. By doing so, ADM could con-
tribute to the prevention of bacterial overgrowth and
translocation in IBD patients.

As previously mentioned, IMD is widely expressed
in various tissues and its function as an endothelial
barrier stabilizer has been explored. However, the par-
ticipation of IMD in epithelial barrier function has not
been investigated yet.

Common pathways regulated by ADM in
endothelium and epithelium

As mentioned before, ADM is very well known for its
anti-inflammatory and barrier protective effects in
both endothelial and epithelial cells.®>%387:88117134
Most of our knowledge comes from studies in endo-
thelial cells, whereas less is known about epithelial
cells. However, in both cell types ADM increases
intracellular cAMP levels,”>7#**!?! suggesting that
ADM exerts its barrier effects via common molecular
effectors. CAMP activates the EPAC/Rapl pathway to
enhance cortical actin formation via Racl and thus
barrier stability in endothelial cells.'*> Rap1 has been
shown to enhance E-cadherin-mediated adhesion via
Racl in the epithelial cell line HEK293,'** implicating
that ADM, via cAMP, stabilizes the epithelial barrier
also through activation of EPAC/Rapl. The cAMP-
EPAC/Rapl pathway inhibits the RhoA-ROCK axis to
prevent vascular permeability.*>**> These data suggest
that ADM activates a canonical cAMP-dependent
pathway to regulate endothelial and epithelial barriers.

Another consequence of ADM treatment, observed
in both endothelial and epithelial cells, is the downre-
gulation of pro-inflammatory cytokines by preventing
NF-kB activation.''*"'>'*> During hypoxia, IMD and
AMD levels are increased by HIF-la activation in
both endothelial and epithelial cells,””* suggesting
that both peptides might be exerting their barrier
function protective effects in response to the activation
of this transcription factor. Despite several similarities
of ADM functions in endothelial and epithelial cells,
ADM effects in epithelial cells require better charac-
terization to conclude that ADM has redundant func-
tions in both cell types. It is likely that IMD also
stabilizes the epithelial barrier as IMD binds the same



e1228439-12 (&) A GARCIA-PONCE ET AL.

receptor complexes, albeit with different affinities.
However, this will have to be carefully studied in the
future.

Conclusions

Both ADM and IMD have been show to enhance
endothelial barrier function by inducing cAMP pro-
duction and thus stabilizing cortical actin and junction
architecture. However, protection of the intestinal epi-
thelial barrier by ADM may also occur independent of
cAMBP. As observed in basic in vivo and clinical stud-
ies, improved epithelial wound healing is involved but
the underlying mechanisms are still incompletely
understood and require further investigation.
Whether IMD also protects the epithelial barrier dur-
ing inflammation remains to be analyzed. Given the
promising in vivo data on tissue barrier protection, it
is tempting to propose the use of ADM and IMD as
therapeutic agents for chronic inflammatory diseases.
However, the differential effects that ADM causes dur-
ing different stages of sepsis clearly show the Janus-
like properties of these hormones. Carefully executed
animal in vivo studies will be needed to determine the
effects of ADM and IMD during various stages of a
given disease, the correct doses and route of applica-
tion to avoid adverse effects in subsequent clinical
studies.
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