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ORIGINAL ARTICLE

| schemia Regulates Endoglin Expression
in a Pig Skin Flap Model
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ABSTRACT Endoglin is a transmembrane protein that binds transforming growth factor b (T GF-b)
with high affinity. It isthought to modulate TGF-b signaling and responsesthrough interactions on cell
surfaces with TGF-b receptors. It is highly expressed on endothelial cells of tissues undergoing
angiogenesis. Sinceischemia-induced changes such asangiogenesisarein part regulated by TGF-b, it is
important to elucidate the precise mechanism by which they occur if we are to influence the effects of
ischemia on tissue. Since endoglin is one of the receptors involved in regulating TGF-b signaling, we
tested whether endoglin expression will increase in response to ischemic injury. A pig skin flap model
was developed and used in our laboratory to study the effect of ischemia on the expression of endoglin
and itsligand TGF-b1 using immunochistochemistry. We observed an increased expression of endoglin
and TGF-b1lin the epidermal layer, blood vessels, and fibroblastsin ischemic skin flaps as compared to
non-ischemic control skin flaps. Given the role of TGF-b and endoglin in angiogeness, this may
represent a mechanism by which ischemia stimulates angiogenesis. Much work remainsto be doneto
delineate the exact mechanisms by which TGF-b acts and the exact role of endoglin in TGF-b signaling.
Under standing how to regulate the actions of TGF-b by manipulating the expression of endoglin may
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provide a ther apeutic avenue given the importance of TGF-b in tumour angiogenesis.

INTRODUCTION

Angiogenesis is the formation of new blood vessels.
It occurs in diverse physiological and pathological
situations such as wound healing, tumour growth, and
diabetic retinopathy (1). Angiogenesis is complex
process potentiated by certain factors and inhibited by
others (2). Delineation of these factors is key in
modifying pathologic angiogenesis in tumor growth,
and in understanding the mechanisms of induction of
angiogenesis in ischemic tissue.

The deleterious effects of ischemic injury in the body
are mediated by oxygen free radicals such as superoxide
anions, and by local cytokines such asinterleukin 1 (IL-1)
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and tumor necrosis factor a (TNF-a). However, not all
upregulated cytokines are deleterious; trasforming
growth factor b (TGF-b) has been shown to attenuate
ischemic tissue damage in addition to stimulating
angiogenesis (3-5). It is an important protein involved
in vascular remodeling. It enhances wound healing and
has been shown to be protective against ischemia-
reperfusion injury in the heart and the brain (6-8).

In man, TGF-b exertsits effects by acting on afamily
of receptors including receptors types | (RI) and Il
(RII), aswell as on betaglycan (RI1I) and endoglin (CD
105) (9,10). TGF-b receptors type | and Il are involved
in signal transduction. TGF-b binds RII, which results
in the recruitment, phosphosphorylation, and activation
of RI. RI activates other downstream mediators such as
Smads, which in turn regulate the target gene
expression (11,12). Betaglycan (RIII) and Endoglin
(CD 105) are not involved in signal transduction, but in
modulation of the TGF-b signal by regulating TGF-b's
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access to Rl and RII. Betaglycan is a proteoglycan that
presents TGF-b to RII, increasing binding of TGF-b to
RII (12,14). Endoglin is a transmembrane protein that
binds TGF-b 1 and 3 with high affinity (15,16). It isa
homodimeric glycoprotein that has been shown to form
a heteromeric complex with Rl and RII (14,17). It hasa
strong homology with betaglycan in the transmembrane
intracellular domain (18,19). It is thought to modulate
TGF-b signaling and responses through interactions on
cell surfaces with TGF-b receptors. It is highly
expressed on endothelial cells of tissues undergoing
angiogenesis, such as tumours, healing wounds,
psoriasis, and embryonic and stroke tissue (20-25).
Endoglin's preferential expression in the vasculature of
malignant tumors is of particular interest given its
potential diagnostic and therapeutic applications.
Endoglin has been localized to human chromosome 9
(26) and is the target gene for hemorrhagic
telangiectasia type-1 (HHT-1), or Osler-Weber-Rendue
disease (27,28).

Since ischemia-induced changes in tissue are in part
regulated by TGF-b, it is important to elucidate the
precise mechanism by which they occur if we are to
influence the effects of ischemia on angiogenesis. We
have previously demonstrated that TGF-b and its
receptors type I, I, and Il are upregulated in ischemic
injury in vivo. This upregulation of TGF-b function in
ischemia might play a factor in the ischemia-induced
angiogenesis seen in ischemic tissue. Since endoglin is
one of the receptors involved in regulating TGF-b
signaling, we tested whether endoglin expression will
increase in response to ischemic injury. In the present
study we demonstrate an increased expression of
endoglin, and its ligand TGF-b1 in the epidermal layer,
blood vessels, and fibroblasts in ischemic skin flaps as
compared to non-ischemic control skin flaps.

MATERIALSAND METHODS

Animal Management and Surgical Preperations
The protocol for use of pigs in this experiment was
approved by the McGill Universtiy Animal Care
Committee. Six female, White Lancrace pigs (10-14
weeks old) were housed in a temperature-controlled
(20-22°C) anima holding room. All the pigs were
offered the same commercial pig diet and tap water ad
libitum. Food was withheld the evening of the surgery.
Animals were sedated with intramuscular injections of
ketamine (20 mg/kg) and xylazine (2 mg/kg) and then
received 1mg Atropine. Intravenous dose of sodium
pentobarbital (6 mg/kg) was administered. General
anesthesia was maintained during all procedures with
spontaneous inhalation of oxygen (8 |/min) and
halothane (0.5-1.0%). A bilateral 10 cm x 18 cm flap

design connected through a vascular pedicle that
contains the superficial circumflex artery and its
accompanying vena comitantes as well as the lateral
femoral cutaneous nerve was used as a skin flap (29).

Arterial ischemiain island flaps was created by clamp
application on the artery and used to mimic the clinical
scenario of an ischemic free flap. The flap on one side
was assigned to 1 hour of arterial occlusion with the
contralateral side acting as a nonischemic control.
Complete occlusion of the vasculature was achieved by
application of an Acland V2 microvascular clamp to the
branch of the circumflex iliac artery supplying buttock
flaps. Ischemia was verified by application of 10%
sodium fluorescein (15 mg/kg) dye. Absence of
fluorescein in the skin 15 minutes after dye injection
indicated complete occlusion of the vascular pedicle.
Samples were taken at 1 hour from flaps.

Tissue samples

Skin biopsies collected from pig flaps were fixed in
4% paraformaldehyde for 8 hours followed by 15%
sucrose solution for 30 hours at 4°C. They were
embedded in Tissue Tek compound and frozen in liquid
nitrogen. Frozen tissues were cut using a cryostat. Each
slide had at |east two copies of the two different sets of
tissues namely control non-ischemic flap and ischemic
flap. This helped to control for variationsin intensity of
staining as might occur during the procedure, e.g.
during the peroxidase reaction (see below).

Polyclonal antibodies

The antibody against Endoglin EG (591-609) was a
gift from Dr. Miyazono (Ludwig Institute for Cancer
Research, Uppsal a, Sweden); the method of preparation
has been described previously (18). The antibody
against TGF-bl was a gift from Dr. O'Connor-McCourt
(Biotechnology Research Institute, Montreal, Quebec,
Canada).

Immunohistochemistry Staining Procedures
Staining was performed using an indirect
immunoperoxidase technique. Negative control (absent
primary antibody) stainings were included. In brief, 8
mm thick Cryosections on gelatin coated glass slides
were washed and permeabilized three times at room
temperature each for 15 min with phosphate-buffered
saline (PBS), 0.1% triton X-100, pH 7.5. Then they
were treated for 10 min at room temperature with 3%
H-0o in 99% methanol, to block endogenous
peroxidase activity. They were incubated in a
humidifier chamber for 10 min at room temperature
with 10% normal goat serum, 0.3% triton, and 0.5%
bovine serum albumin (BSA) in PBS. Anti-endoglin
was diluted to a fina dilution of 1:400 in blocking
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Figure 1. Endoglin expression in skin. A: Control for
immunostaining (no primary antibody); B: Non-ischemic tissue;
C: Ischemic tissue. Scale bar = 40 nm

solution. Anti-TGF-b1 was diluted to afinal dilution of
1:160. These primary antibodies were applied to the
sections for a duration of 1 hour at room temperature.
The slides were then incubated in biotinylated goat anti-
rabbit secondary antibody for 10 min. and in
streptavidin-peroxidase (HRP) for 10 min. The slides
were stained with 3-amion-9-ethyl-carbazole 200 mg/I
in sodium acetate buffer and 0.01% H,0, (AEC
solution). The slides were washed between each
incubation with PBS. The slides were finally washed
with demineralized water, counterstained with Mayer's
haematoxylin (Sigma, St. Louis, MO) and mounted in
glycerine gelatine.

Histological Examination

Slides were analyzed by light microscopy. Using a4-
point scale, the staining level was assessed at the
epidermal region, in the blood vessels, and in the skin
fibroblasts in a blinded fashion, without knowledge of
whether the flaps were from control or ischemic groups.
The structures with the most staining were assigned 4
points, where the ones with the least staining were
assigned 1 point. The p values were determined by a
non-parametric Wilcoxon Signed Rank Test (30,31).

Table 1. Immunostaining for TGF-b1 and endoglin in control versus
ischemic tissues.

Expresson Levels

Tissue TGF-bl Endoglin
Epidermis
Control 1.00 1.00
Ischemia 250 297
Blood Vessls
Control 1.00 137
Ischemia 225 3.00
Fibroblasts
Control 1.00 170
Ischemia 225 3.00
RESULTS

Immunohistochemical localization of TGF-b1l and
endoglin was performed in tissue sections prepared
from buttock skin flaps of pigs. The expression profiles
of these proteins were analyzed in non-ischemic control
flaps and ischemic flaps. The skin structures
immunostained for the ligand TGF-bl and for the
receptor endoglin were in general similar between
ischemic and non-ischemic flaps (Figure 1).
Comparative analysis of immunostaining for TGF-b1
and endoglin revealed that the expression of both these
proteins was increased in the ischemic flaps compared
to the non-ischemic flaps (Table 1). The skin structures
that showed the most dramatic increases were the blood
vessels (endothelial cells), fibroblasts, and the basal
layer of the epidermis (basal keratinocytes) (Figure 1).

Epidermis

There was a significant increase in immunostaining
for TGF-bl in the epidermis of ischemic flaps (2.50) as
compared with control (1.00) (p < 0.031). We observed
a cytoplasmic granular staining in the keratinocytes of
the epidermis of endoglin-stained tissue. Thisisthefirst
report of keratinocyte-expression of the endoglin
receptor. There was a significant increase in
immunostaining for endoglin in the epidermis of
ischemic flaps (2.97) compared to control flaps (1.00)
(p < 0.0026).

Blood Vessdls

There was a significant increase in immunostaining
for TGF-b1 in the blood vessels of ischemic flaps (2.25)
compared to control flaps (1.0) (p < 0.031). There was
also a significant increase in immunostaining for
endoglin in the blood vessels of ischemic flaps (3.00)
compared to control flaps (1.37) (p < 0.0026).

Fibroblasts

There was a significant increase in immunostaining
for TGF-b1 in the fibroblasts of ischemic flaps (2.25)
compared to control flaps (1.00) (p < 0.031). There was
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also a significant increase
in immunostaining for
endoglinin the fibroblasts
of ischemic flaps (3.00)
compared with control
flaps (1.70) ( p < 0.007).

DISCUSSION

We used a pig skin flap
model to study the effect
of ischemia on the
expression of endoglin
and its ligand TGF-b1. In
our comparison, the effect
of wounding itself on the
flap was minimized by
comparing ischemic skin
flaps to non-ischemic
control flaps rather than
to unoperated skin. Thus,

Endothelial quiescence and

Recmitment of Inflammator cellz and Yeszel maturabion

Secretion of angiogenic factors

B
E ndothelial cell praliferation

Figure2. Proposed model for effects of TGF-b and endoglin in angiogenesis. |schemia causes increased levels
of TGF-b. The immediate effect isto recruit inflammatory cells which, in turn, secrete angiogenic factors (A).
Endoglin levels then rise and reduce the inhibitory effects of TGF-b on angiogenesis, thereby alowing new
blood vessels to form (B). As endoglin levels wane, TGF-b acts to control angiogenesis and return the blood
vessals to a quiescent state. BV: blood vessels; EC: endothelia cells; | C: inflammatory cells; Eg: endoglin.

any changes observed
were solely due to the effect of ischemia on the flap.
The major finding of the study was the observation of
an increased expression of endoglin, and its ligand
TGF-bl in the epidermal layer, blood vessels, and
fibroblasts in ischemic skin flaps compared to non-
ischemic control skin flaps.

The cellular TGF-b receptor system consists of
several membrane receptors including receptor type |
(RD), 11 (RIT), NI (RII or betaglycan) and endoglin.
Receptors type | and Il are responsible for TGF-b's
signal transduction which is in turn modulated by
betaglycan and endoglin, both of which have no direct
function in signal transduction. Our data indicate that
the expression of TGF-b increases under ischemic
conditions. Given the role of TGF-b in angiogenesis,
this may represent a mechanism by which ischemia
stimulates angiogenesis. Although TGF-bl inhibits
endothelial cell proliferationinvitro, it strongly induces
angiogenesis in in vivo assays such as the chick
chorioallantoic membrane assay (5). Ex vivo studiesin
human tissue showed that TGF-bl is present in tissues
undergoing neovascularization (24). An explanation for
the conflicting findings of in vitro versusin vivo studies
isthat therole of TGF-b isto recruit inflammatory cells
into the immediate vicinity of the applied stimulus, and
these cells will subsequently secrete positive mediators
of angiogenesis, such as vascular endothelial growth
factor (VEGF) (5). TGF-b may therefore be an indirect,
but necessary player in angiogenesis in vivo.

Letamendia et al. found that endoglin inhibits the
TGF-bl-dependent responses of cellular proliferation
(32,33). Endoglin binds TGF-b1 much more weakly
than betaglycan, and only in the presence of RII, as

opposed to betaglycan which can bind TGF-bl
independently of RII. Endoglin's potentiation of TGF-
bl's binding to its receptors remains hard to reconcile
with its inhibitory effect on TGF-b signaling.
Letamendia et al. proposed a model where the RII-
induced ligand binding to endoglin is actually a
deflection of the ligand from the signaling core and thus
may represent an inhibition of TGF-b signaling.

TGF-b clearly inhibits endothelial cell growth,
migration, and capillary formation in vitro (34-36).
Endoglin, on the other hand, weakens TGF-b's
inhibitory effect on endothelia cells, resulting in an
increased cell migration. By antagonizing TGF-b's
effects on endothelial cells, endoglin may contribute to
the proliferation, migration, and capillary formation of
endothelial cells (37). This explains the defective
vascular development in the endoglin-knockout mouse
(38), as well as the symptoms seen in HHT-1, where
endoglin is the affected gene.

This explanation is also consistent with our results
where both TGF-b and endoglin are upregulated in
ischemia. We believe that both of these factors are
needed in angiogenesis. We propose amodel for therole
of TGF-b in angiogenesis (Figure 2) where TGF-b first
rises under the direct influence of ischemia, and acts by
recruiting inflammatory cells which secrete the
necessary growth factors acting on endothelial cells,
resulting in angiogenesis. Subsequently, TGF-b
signaling is inhibited by endoglin which permits
endothelial cells to escape TGF-b's negative influence
and proliferate to form new blood vessels.
Subsequently, TGF-b acts on the formed blood vessels
to induce endothelial quiescence and vessel maturation.
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Thisfinal step is not well characterized, but is necessary
if the endothelia cells are not to proliferate without
inhibition, therein becoming malignant.

We are gaining more insight into the complexities of
angiogenesis. We now realize that angiogenesisisnot an
event, but a multi-step heterogeneous process. The idea
that certain factors ‘stimulate angiogenesis is being
replaced by the concept that certain factors or their
receptors may stimulate or inhibit very specific stepsin
angiogenesis. With this idea, it is possible to reconcile
much of the confusion and the contradictions related to
the role of TGF-b and endoglin in angiogenesis.

Much work remains to be done to delineate the exact
mechanisms by which TGF-b acts and the precise role
of endoglin in this complex cascade. Understanding
how to regulate the actions of TGF-b by manipulating
endoglin’s expression may provide atherapeutic avenue
given the importance of TGF-b in tumour angiogenesis.
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