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The functional endometrial layer receives the im-
planting blastocyst, but is sloughed off during men-
struation. Angiogenesis regulates growth and repair
of cycling human endometrium. While vascular endo-
thelial growth factor initiates angiogenesis, the angio-
poietins (Angs) acting via the Tie2 receptor, are key
regulators of subsequent angiogenic steps. This study
is the first to localize Ang-2 and Tie2 in human endo-
metrium and to study Ang-2 regulation in cultured
human endometrial endothelial cells (HEECSs). Immu-
nohistochemistry revealed that expression of Ang-2
and Tie2 was absent from the glands, low in stromal
cells, and intense in the endothelial cells. In contrast,
only weak expression of Ang-1 was detected. The
phase of the menstrual cycle did not appear to affect
the expression of Ang-2 or Tie2. In vitro studies were
carried out utilizing isolated HEECs, the most rele-
vant model for endometrial microvascular biology
studies. Both hypoxia and phorbol-myristate-acetate
enhanced Ang-2 mRNA levels in HEECs. These results
suggest that Ang-2 plays a role in endometrial pa-
thologies complicated by impaired blood flow and

inflammation. © 2000 Academic Press

Angiogenesis in the adult is commonly observed in
wound healing and in cases of diabetic retinopathy,
rheumatoid arthritis or tumor growth (1, 2). In con-
trast, physiologic angiogenesis is observed in the fe-
male reproductive tract where it plays key roles in the
cycling ovary and endometrium (for reviews see 3 and
4). At times however, endometrial pathologies result in
abnormal uterine bleeding. Indeed, abnormal uterine
bleeding is a leading indication for emergency office
visits and hysterectomies (3). Moreover, it is the pri-
mary factor resulting in discontinuation of long-term,
progestin-only contraceptives (5, 6). Vascular endothe-
lial growth factor (VEGF) and its receptors have been
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postulated to be key regulators of vascular regenera-
tion in the human endometrium under normal and
pathological conditions (3, 4). However, a second family
of proteins, exerting a later but equally important role
in vascular development and stabilization, have now
been identified and termed the angiopoietins (Angs)
(7). Angs regulate angiogenesis by activating or by
blocking the activation of Tie2, a surface receptor ty-
rosine kinase generally restricted to endothelial cells
(7-9). Two members of this family, Ang-1 and Ang-2
share 60% homology (10, 11). Ang-1 affects vascular
integrity and is involved in vessel maturation. Trans-
genic Ang-1 or Tie2 knockout mice result in embryonic
lethality associated with aberrant interactions be-
tween endothelial cells and their surrounding support-
ing cells (12). Moreover, transgenic over-expression of
Ang-1 elicits marked pathological hypervasculariza-
tion and regional varicosities (13). Consistent with the
action of Ang-2 as a partial antagonist of Ang-1/Tie2
interactions, transgenic over-expression of Ang-2 re-
sults in embryonic lethality with a similar phenotype
as mice lacking either Ang-1 or Tie2 (11). Ang-2 is
expressed in areas undergoing vascular remodeling
and is involved in neovascularization (11). Like VEGF,
Ang-2 enhances vascular permeability. By competing
with Ang-1 for binding to their common receptor Tie-2,
Ang-2 ultimately results in decreased vessel matura-
tion and either vessel regression (in the absence of
VEGF) or enhanced vessel sprouting (in the presence of
VEGF). Both hypoxia and VEGF up-regulate Ang-2
expression in bovine microvascular endothelial cells
(14). In short, VEGF, Ang-1 and Ang-2 have comple-
mentary roles in vascular development and mainte-
nance. The expression and regulation of Ang-1 and
Ang-2 may be critical in the balance between physio-
logic and pathologic angiogenesis. Thus, we evaluated
immunohistochemical staining for Ang-1, Ang-2 and
Tie2 in the endometrium and evaluated the effects of
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Immunohistochemistry of Ang-1 Ang-2 and Tie 2 in human endometrium. Immunohistochemical staining for Ang-1, Ang-2 and

Tie 2 in proliferative and/or secretory phase human endometria were carried out in paraffin fixed sections as described under Materials and
Methods. First trimester trophoblasts were also stained as a positive control for Ang-1. Magnification on the left panel is X100 and on the
right panel is X400. Antigens are identified by brown peroxidase staining.

hypoxia and an inflammatory mediator in cultured
human endometrial endothelial cells (HEECS).

MATERIALS AND METHODS

Cell culture. Endometrial endothelial cells were grown to conflu-
ence on flasks coated with attachment factor (Cell Systems, Kirk-
land, WA) in CS-C Complete Medium supplemented with 15%
stripped fetal calf serum as described (15). The cells were harvested
by trypsin/EDTA and split 1:6 for passaging. Experimental incuba-

tions involved starving confluent cells for 3 h in M 199 (Gibco, Grand
Island, NY) in a standard incubator. The medium was exchanged for
a serum free defined medium lacking growth factors. In some exper-
iments HEECs were treated with PMA, 10 ° M estradiol (E,), 10’ M
medroxyprogesterone acetate (MPA) or E, + MPA for 4 h prior to
harvesting. For studies involving hypoxia, cultured HEECs were
placed in sealed chambers containing a portable gas oxygen analyzer
and a beaker of water to maintain humidity. The chambers were
purged with 5% CO,, 95% N,, and purging continued for an addi-
tional 15 min after the oxygen analyzers read 0-1% O, (12-14 mm
Hg). The sealed chambers were placed in a standard 37°C incubator
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FIG. 2. Effect of PMA on Ang-1 and Ang-2 mRNA expression. Cultured HEECs were treated for 4 h with (A) control media (C), or media
containing 4 ng/ml PMA, 10 ®* M E, (E), 10" M MPA (P) or E, + MPA (E + P) (B) control media (C), 25 ng/ml PMA (hi) and 4 ng/ml PMA (lo) as
described under Materials and Methods. Northern blots were performed for Ang-1, Ang-2 and loading efficiencies assessed with Actin.

for 48 h. Experimental incubations were terminated by removing the
conditioned media and extracting the RNA as described (16) with
RNA Isolator (Genosys, The Woodlands, TX).

Immunohistochemistry. This was performed in paraffin fixed sec-
tions of proliferative or secretory phase human endometria. Peroxi-
dase staining was conducted with the ABC elite kit from Vector
Laboratories (Burlingame, CA) as described (16). Goat polyclonal
antibodies to Ang-2 and rabbit polyclonal antibodies to Tie-2 were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA), Rabbit
polyclonal antibody to Ang-1 was obtained from Alpha Diagnostic
(San Antonio, TX).

Northern analysis. RNA was separated on 1% agarose gels and
transferred to Zeta-Probe Nylon membranes (Bio-Rad, Hercules,
CA). The probe for Ang-1 was a 1.4 kb RT-PCR fragment containing
the open reading frame as described by Davis et al. (17) and the probe
for Ang- 2 was generated by RT-PCR of total human placental RNA
utilizing MuLV reverse transcriptase (Perkin Elmer, Gaithersburg,
MD), and oligo d(T),;s. The primers for the cDNA probe for Ang-2
(bases 1346-1798) were selected from the published mRNA se-
quences (GenBank) as follows: forward, 5'- GTTGATTTTCAGAGGA-
CTTGG-3' and reverse, 5'-CGAATAGCCTGAGCCTTTCCA-3'.

PCR was conducted with AmpliTag DNA polymerase (Perkin
Elmer) as follows: 1.75 min at 95°C followed by 35 cycles of 15 s at
95°C, 30 s at 55°C, and 30 s at 72°C. The reaction was then continued
at 72°C for 7 min. The product was analyzed on agarose gel and the
corresponding band (453 bp) extracted. Probes were labeled with
#p-dCTP, to high specific activity by random priming with a
Boehringer-Mannheim kit (Nutley, NJ). Total RNA loads were stan-
dardized by reprobing the stripped membranes with actin as previ-
ously described (18).

RESULTS AND DISCUSSION

As can be seen in Fig. 1, immunostaining for Ang-2
was intense in the endothelial cells, almost absent
from stromal cells and completely absent in epithelial
cells. Ang-2 was expressed at similar levels for the
proliferative and secretory phases of the menstrual

cycle. Figure 1 also demonstrates that the expression of
Tie-2 was very similar to that observed with Ang-2
with predominant staining in the endothelial cells.
Conversely, Ang-1 was weakly present in endometrial
stromal and endothelial cells (Fig. 1). To assess the
specificity of the Ang-1 antibody, first trimester pla-
centa was stained as a control. As recently demon-
strated (19) intense Ang-1 staining was detected in the
cyto/syncytiotrophoblast bilayer (Fig. 1). These results
are consistent with previous findings demonstrating
that in the developing mouse embryo, Ang-1 was
mainly expressed in cells adjacent to endothelial cells
(10, 11, 20), while Ang-2 was expressed in the perien-
dothelial as well as endothelial cells (11). Moreover, a
recent study has demonstrated expression of Tie-2 and
Ang-2 mRNA in villous endothelial cells of human pla-
centa (21). Additionally, Tie 2 mRNA was detected in
third trimester decidual endothelial cells (21).

Figure 2 demonstrates the expression of Ang mRNA
by cultured HEECs. Consistent with the lack of effect
by steroids observed in vivo (Fig. 1), neither estradiol
nor the synthetic progestin, medroxyprogesterone ace-
tate (MPA), enhanced Ang-2 expression in cultured
HEECs (Fig. 2A). In contrast, the inflammatory agent
PMA induced HEEC Ang-2 mRNA expression 20-fold
compared to control treatment, suggesting that inflam-
matory mediators can directly enhance endometrial
angiogenesis. Contrary to that observed for Ang-2, the
levels of Ang-1 mRNA were barely above background
intensity regardless of the length of exposure times.
Furthermore, neither low nor high doses of PMA were
capable of inducing the expression of Ang-1 mRNA
(Fig. 2B).
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FIG. 3. Effect of hypoxia on Ang-1 and Ang-2 mRNA expression.
Cultured HEECs were treated under normoxia (NX) or hypoxia (HX)
as described under Materials and Methods. Northern blots were
performed for Ang-1 and Ang-2 and loading efficiencies assessed
with Actin.

Since endometrial bleeding often results in local hyp-
oxia (22), experiments were conducted in which iso-
lated HEECs were exposed to normoxia or hypoxia for
48 h. Figure 3 demonstrates that mRNA levels of Ang-2
in HEECs exposed to hypoxia were induced by 15 fold.
In accordance with these findings, previous reports
have shown that tumor necrosis factor-a upregulated
Ang-2 expression in human umbilical vein endothelial
cells (23) and that hypoxia induced Ang-2 production
by bovine microvascular endothelial cells (14, 24).

In contrast to our findings with Ang-2, the expres-
sion of Ang-1 mRNA expression by HEECs either un-
der normoxia or hypoxia was low. The mRNA results
observed in Figs. 2 and 3 are consistent with the ex-
pression patterns for the Angs observed with immuno-
histochemical staining.

In the presence of VEGF, the primary role of Ang-2
involves vessel sprouting and remodeling (8). In the
absence of VEGF, however, Ang-2 expression results in
vessel regression and atrophy (8). Thus, Ang-2 is a key
mediator in the balance between negative and positive
angiogenic regulation. We postulate that “fragile” ves-
sels arise from aberrant angiogenesis and vessel main-
tenance and that patients displaying abnormal uterine
bleeding resulting from inflammation, anovulation,
neoplasia and long term progestin only contracep-
tives will display induced expression of Ang-2 in the
endometrium.
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