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Abstract The angiopoietin/Tie-2 system plays an impor-
tant role in the initiation of angiogenesis. However, the role
of angiopoietin/Tie-2 in peritoneal angiogenesis and fibro-
sis is unclear. In our study we investigated the peritoneal
morphologic changes in a uremic peritoneal dialysis (PD)
rat model, focusing on the relationship between angiopoie-
tin/Tie-2 and peritoneal angiogenesis. We subjected uremic
(subtotal nephrectomy) rats to dialysis, using a standard PD
solution, for 10 days, 28 days, or 56 days, and compared
them with uremic rats that had not undergone dialysis and
control rats. Functional [dialysate-to-plasma (D/P) creati-
nine; ultrafiltration (UF)] and structural (vessel density and
thickness of the submesothelial extracellular matrix) changes
of the peritoneum were quantified. Levels of angiopoietin
(Ang)-1, Ang-2, Tie-2 and vascular endothelial growth fac-
tor (VEGF) were examined in the peritoneum by real-time
quantitative polymerase chain reaction (PCR) and related to
angiogenesis. The uremic group that had not undergone
dialysis was characterized by increased vessel density in the
peritoneum compared with that of the control, which cor-
related with decreased UF and increased D/P creatinine.
Progressive angiogenesis and fibrosis were found in the PD
groups when compared with the uremic non-dialyzed or
control group, accompanied by an increased D/P creatinine
that occurred in the PD group after 56 days, while UF
decreased. Furthermore, Ang-2 and VEGF levels increased,
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while Tie-2 level decreased significantly in the uremic non-
dialyzed group compare with the control. This tendency was
more obvious in the PD groups than in the uremic non-
dialyzed or control group, but no difference was found
among the PD groups. Both VEGF and Ang-2 correlated
positively with vessel density, while Tie-2 correlated
negatively. We confirmed angiogenesis and fibrosis changes
of the peritoneum as a result of uremic status and PD therapy
in the uremic PD rat model. An increased level of Ang-2 and
a reduced level of Tie-2 in conditions of uremia and PD
therapy correlated with peritoneal angiogenesis and func-
tional deterioration.

Keywords Uremia - Ultrafiltration failure -
Angiogenesis - Vascular endothelial growth factor -
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Introduction

Ultrafiltration failure in peritoneal dialysis (PD) has been
linked to neo-angiogenesis and fibrosis in the peritoneal
membrane and is associated with therapy failure [1-3].
However, the signaling cascade mediating morphological
changes to the peritoneum are incompletely understood.

Angiopoietin/Tie-2 is a recently identified endothelial
cell-specific ligand/receptor system which plays an important
role in the initiation of neo-angiogenesis [4, 5]. However, the
role of angiopoietin/Tie-2 in peritoneal angiogenesis has not
been studied. We hypothesized that this signaling system
would reflect neo-angiogenesis in the peritoneum, and we
investigated this hypothesis in uremic PD rats that were
subjected to dialysis for 10-56 days.
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Materials and methods
Animals

Thirty-five male Wistar rats (Chinese Academy of Science,
Shanghai, China), weighing 180+10 g, were studied under
conventional laboratory conditions, with free access to food
and water. The rats were randomly assigned to be in a control
group (n=6), a uremic group not subjected to PD (n=7), or
a uremic group subjected to PD (n=22). The group of
uremic rats undergoing PD were subdivided into three
groups according to different durations of PD: 10 days (n=6);
28 days (n=06); 56 days (n=6). The uremia was generated by
5/6 nephrectomy. The amount of renal tissue removed
(approximately 85%) was weighed. Rats undergoing sham-
operation (control) were subjected to bilateral flank incisions.
Five weeks after the subtotal nephrectomy, a peritoneal
catheter connected to a subcutaneous mini-vascular access
port was implanted into each rat, which had been anesthetized
with chloroaldehyde, 10% hydration. Dialysis was performed
with 4.25% Dianeal (Baxter) 3 ml/100 g body weight once a
day 1 week after implantation.

Peritoneal equilibration test

A peritoneal equilibration test (PET) was performed, then
the rats were killed at three time points: after 10 days of PD,
after 28 days of PD, and after 56 days of PD. The control
group and the uremic non-dialyzed group underwent a PET
and were killed after 10 days of PD. Each animal was
injected with 21 ml of 2.5% Dianeal, then 1 ml of dialysate
was taken for a glucose test immediately after infusion. After
injection, the rats were allowed free access to water. Two
hours later, the rats were anesthetized with chloroaldehyde,
10% hydration. The remaining dialysate was then complete-
ly drained and measured. At the same time, blood samples
were taken for plasma analysis. The peritoneal transport
characteristic was determined from the dialysate-to-plasma
(D/P) ratios of creatinine. To exclude peritonitis, we cultured
the peritoneal effluents for the presence of bacteria.

Morphologic examination of the omentum
and parietal peritoneum

Omentum was taken after the rats had been killed and fixed
in a sufficient amount of 4% phosphate-buffered formalde-
hyde for 24 h. The tissue samples were then embedded in
paraffin and 5 pum sections were cut. The cut sections were
stained for immunohistochemical examination carried out
with antibody to CD31-related antigen (Dako Corporation,
Carpenteria, CA, USA). The microscopic image was fixed at
the position where there were most vessels with x100
magnification. The vessels were counted in ten random fields.
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Specimens of the parietal peritoneum were cut (8 pm)
and stained with van Gieson stain (Shanghai Outdo Biotech
Co., Shanghai, China); all biopsies were similarly embed-
ded, sectioned, and stained. The thickness of the submeso-
thelial extracellular matrix layer beneath the mesothelium
was determined (in micrometers), and the average of ten
independent measurements was calculated for each section
(observed at X400 magnification).

Real-time quantitative polymerase chain reaction

Angiopoietin (Ang)-1, Ang-2, Tie-2 and vascular endothe-
lial growth factor (VEGF) (omentum) mRNA was analyzed
by real-time SYBR Green polymerase chain reaction (PCR).
Total RNA was isolated using Triazol reagent (Invitrogen,
USA) according to the manufacturer’s recommendations. One
microgram of the RNA was reverse transcribed to cDNA
using random primer (Life Technologies BRL, Grand Island,
NY, USA) with Maloney murine leukemia virus (MMLV)
reverse transcriptase. Real-time PCR was done with Applied
Biosystem TagMan 7000 (Applera GmbH, Germany) in 384-
well plates, using SYBR Green Master Mix (TaRaKa, Kyoto,
Japan) in 5 pl reaction mixtures. The PCR mixture contained
SYBR Green Master Mix 2.5 pl, primers forward and reverse
0.1 pl respectively, rox 0.1 pul, H,O 1.7 pl, cDNA 0.5 pl. The
amplification program consisted of one cycle at 95°C with a
10 min hold, followed by 40 cycles (95°C, 15 s — 55°C,
30s — 72°C, 30 s). The oligonucleotide primer sequences
were as follows: Ang-1 was 5-CTCTATGCCAACAC
AGTGCT-3' and 5'-GATCTTGATCTTCATGGTGCT-3".
Ang-2 was 5'-CGGCCACAGTCAACAACTCA-3' and 5'-
GCTCTTATAGTCGGGCGATGA-3'". Tie-2 was 5-TGCC
ACCATCACTCAATACCA-3' and 5'-AGGCTG
GGTTGCTTGATCCT-3'. VEGF was 5'-TCCTGG
AGCGTTCACTGTGA-3' and 5'-CGCGAGTC
TGTGTTTTTGCA-3". 3-actin served as an internal control.
Primers for P-actin were 5-AGGCCAACCGTGAAAA
GATG-3" and 5'-ACCAGAGGCATACAGGGACAA-3'.
All full-length amplified fragments were 100 bp long.
Relative gene copy number was calculated from the formula:

2AACt (AACT = (CTtargct - CTﬂ—actin) - (CTrcfcrcncc - CTﬁ—aclin) )
Statistical analysis

Data were expressed as means + standard deviations (SDs)
or medians and 25th to 75th interquartile ranges. Means
were initially subjected to one-way analysis of variance
(ANOVA), followed by multiple comparisons using the
Dunnett test. Medians were analyzed statistically with the
non-parametric Mann—Whitney U test. The correlations
between Ang-2, Tie-2, VEGF and vessel density were
analyzed by Pearson’s correlation test. In this study,
statistical analysis was performed with SAS 6.12 software
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Table 1 Body weight and plasma creatinine level of the study animals at the time of death

Parameter Control Uremia PD 10 days PD 28 days PD 56 days
Number of rats 6 6 6 6 6

Body weight (g) 242+14 214+12% 243+19° 288423 311+14
Plasma creatinine (umol/l) 24.2+8.6 59.9+6.7 61.5+11.3 59.6+6.4 70.4+8.8

# Compared with control, P<0.05
® Compared with uremic non-PD rats, P<0.05

(USA) so that we could observe the significant difference.
P values less than 0.05 were considered significant.

Results
Clinical, biological, and functional parameters

The body weight and plasma creatinine level of the rats are
shown in Table 1. Weight decreased in the uremic non-
dialyzed rats compared with control rats (P<0.05), but no
difference was found between the control and the PD
10 days group. The rats in the PD 28 days and PD 56 days
groups had been killed at different times from those in the
above groups, so no weight comparison was available among
them. The uremic rats were characterized by plasma creatinine
levels that were two- to three-times higher, 6 weeks after the
subtotal nephrectomy. In our study, two rats were removed,
due to unacceptable plasma creatinine levels, and three rats
were removed because of peritonitis.

Functional parameters of the peritoneum evaluated when
the rats were killed are shown in Table 2. Net ultrafiltration
(UF) decreased in the uremic non-dialyzed group compared
with the control group and further decreased in the PD 56 days
group. The transport rate of small solutes (i.e. D/P creati-
nine) increased in the uremic non-dialyzed group com-
pared with the control and further increased in the PD
56 days group.

Blood vessel density in omentum

We counted the number of vessel in the peritoneal tissue
after CD31 staining. Vessel density in the uremic non-

dialyzed group [5+3 per high-power field (HP)] increased
in comparison with that in the control group (1£1/HP) (P<
0.05). Peritoneal dialysis treatment markedly augmented
vessel density in the dialysis groups compared with the
control and uremic non-dialyzed groups (P<0.05). In the
dialysis groups, vessel density significantly increased from
the PD 10 days group (10+5/HP) to the 28 days group (17+
5/HP) (P<0.05), but no significant difference in vessel
density between the PD 28 days group and the 56 days
group (19+4) was found. The data are presented as the
means and SDs in a bar graph (Fig. 1).

Thickness of the submesothelial extracellular matrix
in parietal peritoneum

Matrix thickness of the peritoneum demonstrated no
difference between the control group (10.3£5 pm) and
the uremic non-dialyzed group (13.2+3.8 um). However, it
had significantly increased in the dialysis groups (P<0.05).
Different durations of dialysis had resulted in increasing
thickness of submesothelial extracellular matrix (27.3+
9.8um, 43+17 um and 63.5+16.3 um, respectively) (P<
0.05) (Fig. 2).

Molecular biologic analysis

All samples tested showed no primer-dimers in the melting
curve analysis. The level of Ang-2 was higher in the uremic
non-dialyzed group than in the control group and was
markedly enhanced by PD. Significant correlation existed
between the level of Ang-2 and omental vessel density (r=
0.7756, P<0.001) (Fig. 3). No difference in level of Ang-1
was found among the groups. The Tie-2 level in the uremic

Table 2 Net UF and 2 h D/P creatinine (D/P¢,) in the study animals at the time of their death (with PET)

Parameter Control Uremia PD 10 days PD 28 days PD 56 days

Number of rats 6 6 6 6 6

Net UF (ml) 4.8+2.5 1.7+£2.4° —1.2+£2.3% -4.0+1.4° —6.5+1.9%°

Two-hour D/P¢, 0.51+0.07 0.67+0.03* 0.74+0.02° 0.83+0.08" 0.90+0.03*°

# Compared with control, P<0.05
° Compared with uremic rats, P<0.05
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Fig. 1 a Representative field a
showing the different omental
vessel densities in the rats after
immunohistochemistry staining
with anti-CD31 (x100). b The
number of blood vessels per
field after anti-CD31 staining,
assessed in the omentum

under x100 magnification. * P<
0.05 vs control rats; # P<0.05
vs uremic rats. Scale bars
represent 20 um
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non-dialyzed group was less than that of the control group
and decreased further in the dialysis groups. However, no
significant difference in Tie-2 level was observed among
the PD groups. There was a negative correlation between
Tie-2 level and omental vessel density (r=—0.6433, P<
0.001) (Fig. 4). VEGF level also increased significantly in
the uremic non-dialyzed group compared with the control
group. In the PD group, the level of VEGF further
increased in the PD 10 days and PD 28 days groups, but
no difference in level of VEGF was found between the PD
56 days group and the uremic non-dialyzed group. A
positive correlation also existed between the level of VEGF
and omental vessel density (r=0.5223, P<0.05) (Fig. 5).
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Discussion

In our study we confirmed angiogenesis and fibrosis
changes of the peritoneal membrane as a result of uremic
status and PD therapy. Structural changes may contribute to
ultrafiltration failure of the peritoneal membrane. However,
the relationship between peritoneal fibrosis and angiogen-
esis has not been clearly defined. Studies in PD patients
have found that vasculopathy predisposes patients to the
development of fibrosis and increased blood vessel density
in the submesothelial zone in those with peritoneal
‘sclerosis’, compared with control subjects [6, 7]. Others
have also shown that anti-angiogenic treatment inhibited
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Fig. 2 a Representative fields a
showing the thickness of van
Gieson-stained submesothelial
extracellular matrix in parietal
rat peritoneum at x100 magnifi-
cation. b Measured thickness of
van Gieson-stained submesothe-
lial extracellular matrix in pari-
etal peritoneum (%100
magnification). * P<0.05 vs
control rats; # P<0.05 vs uremic
rats. Scale bars represent 50 pm
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intra-abdominal adhesion formation and was able to prevent
peritoneal fibrosis in encapsulated peritoneal sclerosis [8, 9].
Furthermore, Margetts and colleagues used adenovirus (Ad)-
mediated gene transfer of angiostatin, a recognized angio-
genesis inhibitor, and decorin, a transforming growth
factor-beta-inhibiting proteoglycan, in a daily infusion model
of peritoneal dialysis, to identify the relative importance of
peritoneal fibrosis and angiogenesis in peritoneal membrane
dysfunction. They found that animals treated with AdAn-
giostatin demonstrated an improvement in net ultrafiltration
with a significant reduction in vessel density in comparison
with an AdDecorin group. Therefore, they drew the con-
clusion that peritoneal angiogenesis is relatively more
important than fibrosis in peritoneal membrane dysfunction
[10]. On the other hand, fibrosis is the final common

uremia FD 10 days FD 28 days FD 56 days

pathway for nearly all forms of disease that progress towards
end-stage organ failure [11]. In our study, peritoneal vessel
density in the uremic non-dialyzed group increased signifi-
cantly in comparison with that in the control group, but no
difference in matrix thickness was found between them.
Furthermore, in comparison with that in the PD 28 days
group, the vessel density in the PD 56 days group had not
increased significantly, while fibrosis was more obvious. Our
study confirmed that neo-angiogenesis was the early
pathological change of the peritoneum and that fibrosis of
the interstitium following neo-angiogenesis contributed to
the permanent loss of peritoneal tissue structure and function
failure. It will be more convincible to elucidate the rela-
tionship between fibrosis and angiogenesis of the peritoneum
if we examine the different expression times and relationships
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Fig. 3 a Level of Ang-2 in the omentum of the study animals.
b There was a significant correlation between omentum vessel density
and level of Ang-2 (n=30)

of pro-angiogenic and pro-fibrogenic growth factors, for
example, transforming growth factor beta (TGF-[3), or tissue
inhibitor of matrix metalloproteinase (TIMP)-1, in the
future.

Bio-incompatible PD fluids and uremic status are con-
sidered to be the main etiologic factors that lead to
structural and functional changes of the peritoneum. To
date, however, most experimental PD models have used
non-uremic animals and thus underestimate the PD fluid-
induced injury under uremic conditions. We analyzed
peritoneal morphologic changes secondary to uremia and
a combination of both conditions at two levels, better
simulating the pathophysiological process of PD. First, at
the time point of PD 10 days, we compared the sham
operation, uremic non-dialyzed and uremia with PD
10 days groups. Second, different PD durations in uremic
rats were observed. It was a limitation of the study that we
did not have a matching control group and uremic non-
dialyzed group at PD 28 days and PD 56 days, respectively.
However, in a previous experiment, we set up matching
groups with sham operation without PD at different time
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point; however, we found no structural difference between
the sham operation rats when killed at different times. The
Biopsy Registry data on humans had shown that increased
thickness of parietal peritoneum preceded PD therapy, i.e. it
was present as the result of uremia both before dialysis and
in patients treated only with hemodialysis (HD) [12].
Inconsistent with those authors’ findings, our data on mor-
phological changes of the peritoneum showed that rapid
development of fibrosis was induced by exposure to PD
solutions rather than by uremia itself. The uremic non-
dialyzed rats were killed only 10 days after uremia had
appeared, and a limited number of animals was investigated
in our study. This might partially explain why fibrosis was
not significant in the uremic non-dialyzed rats observed in
our study. Clearly, such results should be treated with
caution, and a long-term study with larger sample size is
needed.

Angiopoietin and its Tie-2 receptor constitute another
recently identified endothelial cell-specific, ligand—receptor
system that is crucial in vascular development. In this study,
we focused on the relationship between angiopoietin/Tie-2
and angiogenesis of the peritoneum. Of the four currently
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Fig. 4 a Level of Tie-2 in the omentum of the study animals. b There
was a negative correlation between omentum vessel density and level
of Tie-2 (n=30)
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known angiopoietin family members, the best characterized
ones are Ang-1 and Ang-2, both of which function as
ligands for the endothelium-specific tyrosine kinase recep-
tor, Tie-2 [13, 14]. Ang-1, expressed primarily by perivas-
cular cells, is an activator of Tie-2 and is required for blood
vessel stabilization and maturation during development [15,
16]. Ang-2, which is thought to be an endogenous
antagonist of Ang-1, competes for binding to the Tie-2
receptor and blocks the Ang-1-induced Tie-2 autophos-
phorylation during vasculogenesis, subsequently leading to
loosening of cell-matrix and cell—cell contacts and allowing
access to angiogenesis inducers. Ang-2 is selectively
expressed in the endothelial cells of actively remodeling
vessels [17]. In the presence of VEGF, vessel destabiliza-
tion caused by Ang-2 has been hypothesized to induce an
angiogenic response, whereas, in the absence of VEGEF,
Ang-2 leads to vessel regression [17-20]. Use of VEGF or
(and) angiopoietin inhibitors to suppress angiogenesis has
shown that the order of anti-angiogenesis is angiopoietin
inhibitor < VEGF inhibitor < angiopoietin inhibitor +

VEGEF inhibitor [21]. Studies have shown that VEGF level
is up-regulated in the peritoneal membrane of long-standing
PD patients, resulting in angiogenesis of the peritoneum
[3]. Furthermore, VEGF has been found in PD effluent, and
its level positively correlates with vessel density [22, 23].
Functional inhibitors of VEGF and vascular endothelial
growth factor receptors (VEGFRs) have been approved for
the inhibition of angiogenesis. However, as yet, they cannot
completely prevent angiogenesis. Thus, it is important to
understand further the molecular mechanisms underlying
not only VEGF-VEGEFR signaling but also other regulation
of angiogenesis [24]. In our study we found increasing
Ang-2 and VEGEF levels, as well as decreasing Tie-2 level,
but normal Ang-1 level in the peritoneum, accompanied by
angiogenesis under conditions of uremia in the dialysis
group. The up-regulation of Ang-2 or VEGF was positively
related to peritoneal angiogenesis, while Tie-2 was nega-
tively related. Tie-2, as a receptor of angiopoietin, might
function as a negative feedback to Ang-2 in regulating
peritoneal angiogenesis. No Ang-1 level changed in any of
the groups, as it mainly serves as a vascular stabilization
factor. No significant difference in Ang-2 level was found
among the PD groups, but the tendency of the level
increase was consistent with angiogenesis. We wonder
whether a larger sample size would show significant
differences or some level of pro-angiogenic growth factor
continuously promoting peritoneal angiogenesis. This
would need further study. The tendency of low levels of
VEGF found in the 56 days PD group was consistent with
no difference in vessel density between the 56 days PD and
28 days PD groups. This again confirmed that VEGF
played the central role in angiogenesis [21]. However, our
study was done on an animal model of chronic PD for a
maximum of 56 days and with a limited number of rats.
The tendency of the VEGF level needs further study. Long-
term and a larger sample size would be more persuasive to
prove this hypothesis.

In conclusion, our study confirmed angiogenesis and
fibrosis changes of the peritoneum as a result of uremic
status and PD therapy in the uremic PD rat model.
Increased levels of Ang-2, as well as a reduction in the
level of Tie-2, under conditions of uremia and PD therapy
correlated with peritoneal angiogenesis and functional
deterioration. With the increased understanding of the
angiopoietin/Tie-2 system involved in peritoneal angiogen-
esis, therapeutic maneuvers to target the angiopoietin/Tie-2
pathways may offer exciting new approaches to the
preservation of the peritoneum.
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