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Abstract: The angiopoietin-1 (Ang-1)/Tie-2 signaling pathway plays a crucial role in the maintenance of vascular 
stabilization and permeability. In this study, we evaluated the protective effect of a designed Ang-1 variant (COMP-
Ang-1) on peritoneal vascular permeability and peritoneal transport function in a uremic peritoneal dialysis (PD) 
model. Compared to the sham controls, uremic rats were characterized by decreased pericyte coverage and down-
regulated endothelial junction expression. The permeability of the peritoneal vasculature to FITC-BSA and FITC-
dextran in uremic rats was also higher than that in the sham controls, as well as increased levels of proinflamma-
tory adhesion molecules and cytokines, increased D/Pcr and decreased ultrafiltration. Such changes were more 
marked in uremia+PD rats after exposure to glucose-based peritoneal dialysis fluid (PDF) for 4 weeks. Peritoneal 
Ang-1 protein expression and Tie-2 phosphorylation were significantly lower in uremic rats than in control rats and 
were further significantly reduced in uremia+PD rats. After COMP-Ang-1 administration, phosphorylation of the Tie-
2 receptor was significantly increased. Treatment with COMP-Ang-1 also significantly enhanced pericyte coverage, 
upregulated endothelial junction protein expression and inhibited leakage of FITC-BSA and FITC-dextran from the 
peritoneal vasculature induced during PD therapy; these changes were accompanied by reduced peritoneal tissue 
levels of proinflammatory adhesion molecules and cytokines, decreased D/Pcr and increased ultrafiltration. These 
findings suggest that COMP-Ang-1 may exert a protective effect against glucose-based PDF-induced peritoneal vas-
cular permeability and inflammation, at least in part, by enhancing pericyte coverage and endothelial junction pro-
tein expression, which subsequently significantly improves peritoneal transport function.
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Introduction

Peritoneal dialysis (PD) is a well-established 
renal replacement therapy for end-stage renal 
disease (ESRD) patients. PD relies on the peri-
toneal membrane (PM) as a semipermeable 
barrier for ultrafiltration and diffusion [1]. How- 
ever, over time, PD can cause progressive inju-
ry to the PM, and the most common functional 
alteration during long-term PD is an increased 
peritoneal solute transport rate (PSTR), leading 
to impaired ultrafiltration and, ultimately, dis-
continuation of PD treatment [2, 3]. Encapsu- 
lating peritoneal sclerosis is a rare but serious 
complication that is also associated with an 
increased PSTR [4]. The peritoneal vascular 

endothelium plays a pivotal role in constituting 
the transport barrier during PD [5]. Therefore, 
protecting peritoneal vascular endothelial in- 
tegrity may be essential for preventing a PSTR 
increase during long-term PD.

Angiopoietin-1 (Ang-1) is known to be a ligand of 
the Tie-2 tyrosine kinase receptor expressed  
on endothelial cells [6]. Ang-1/Tie-2 signaling is 
involved in the branching and remodeling of the 
primitive vascular network and in the recruit-
ment of mural cells during development [7]. 
Ang-1 also decreases vascular permeability [8] 
and has anti-inflammatory [9] and antiapopto- 
tic [10] properties. Thus, the Ang-1 protein may 
have potential therapeutic application in pre-
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serving vascular endothelial integrity. However, 
large-scale production of Ang-1 is hindered by 
the aggregation and insolubility of this protein. 
Cartilage oligomeric matrix protein (COMP)-
Ang-1, a chimeric form of native Ang-1 contain-
ing a minimal coiled-coil domain of the cartila- 
ge oligomeric matrix protein sufficient for oligo-
merization, has thus been synthesized [11]. 
COMP-Ang-1 is more potent than native Ang-1 
in phosphorylating Tie-2 and signaling via Akt  
in primary cultured endothelial cells and over-
comes problems associated with the aggrega-
tion and insolubility of native Ang-1 over time 
[11]. Cho et al. [12] demonstrated that i.v. 
administration of COMP-Ang-1 protected aga- 
inst radiation-induced apoptosis in microcapil-
lary endothelial cells of the intestinal villi and 
prolonged cell survival. Studies have also re- 
ported that treatment with COMP-Ang-1 can 
preserve the renal microvasculature and exert 
anti-inflammatory effects in different kidney 
disease models (e.g., the unilateral ureteral 
obstruction model, the cyclosporine-induced 
renal injury model, the type 2 diabetic db/db 
mouse model and a mouse model of acute 
ischemia reperfusion injury), ultimately amelio-
rating the progression of renal fibrosis [13-16]. 
However, the role of Ang-1/Tie-2 signaling in 
regulating peritoneal vascular permeability dur-
ing PD has not been studied.

In the present study, we examined the effects 
of uremia and bioincompatible PD fluid expo-
sure on peritoneal vascular endothelial integri-
ty and investigated whether COMP-Ang-1 treat-
ment could alleviate these injuries and amelio-
rate peritoneal transport function in a uremic 
PD model.

Materials and methods

Animal experiments

The protocol of the animal study was approved 
by the Animal Care and Use Committee of 
School of Medicine, Shanghai Jiao Tong Uni- 
versity (HKDL [2018] 38), and all experiments 
were performed in accordance with the rele-
vant guidelines and regulations. A twelve-hour 
light-dark cycle and climate control were main-
tained. Access to food and water was allowed 
ad libitum. First, thirty-six male Sprague-Daw- 
ley (SD) rats (Chinese Academy of Sciences, 
Shanghai, China), weighing 120-160 g, were 
randomly allocated into three groups: the sham 

operation group (control, n = 12), uremia group 
(n = 12) and uremia+PD group (n = 12). Uremia 
was induced by subtotal nephrectomy. Rats 
undergoing sham operation were subjected to 
bilateral flank incisions. Four weeks after sub-
total nephrectomy, uremia+PD rats were dia-
lyzed with 3 ml/100 g body weight 4.25% 
Dianeal® (Baxter Healthcare Corporation, De- 
erfield, IL, USA) twice a day for 4 weeks. For 
COMP-Ang-1 treatment, twenty additional ure-
mic rats were established and randomly as- 
signed into the Ade-COMP-Ang-1 group (n = 10) 
and Ade-vehicle group (Ade-control, n = 10) fol-
lowed by PD for 4 weeks. COMP-Ang-1 adenovi-
rus or vehicle adenovirus was injected at an 
optimized dose (1 × 1010 pfu/ml per injection) 
via the tail vein 1 d before PD and 10 d and 21 
d after PD. All surgical procedures were carried 
out under general anesthesia induced by 9% 
chloral hydrate (0.3 ml/100 g, i.m.).

Peritoneal microcirculation permeability

After PD for 4 weeks, rats were re-anesthetized 
with 9% chloral hydrate. FITC-BSA (69 kDa, 10 
mg/100 g, 2 ml/100 g, Sigma-Aldrich, St. 
Louis, MO) or FITC-dextran (4 kDa, 10 mg/100 
g, 2 ml/100 g, Sigma-Aldrich, St. Louis, MO) 
was injected via the tail vein. After 20 min,  
systemic blood vessels were lavaged with sa- 
line to wash out intravascular fluorescent sub-
stances. After rats were euthanized, mesen- 
teric samples were separated and trimmed to 
create a flat surface followed by digestion with 
0.25% trypsin (Thermo Fisher Scientific) for 5 
min at 37°C. After washing 3 × 5 min with phos-
phate-buffered saline (PBS), slides were sub-
merged in ice-cold acetone for 30 min. Fol- 
lowing three washes with PBS, blocking solu-
tion (10% donkey serum and 0.5% Triton X-100 
in PBS) was applied for 2 h at room tempera-
ture, and sections were then incubated with 
primary antibodies (CD31, 1:50, BD, America) 
in blocking solution for 36 h at 4°C. After three 
wash steps with PBS, sections were incubated 
with Cy3-goat anti-mouse IgG (1:150, Jackson, 
America). The microscopic images were focus- 
ed on “networks” including arterioles, venules 
and capillaries at × 100 magnification. ImageJ 
software (National Institutes of Health, Bethe- 
sda, MD) was used to calculate the total green 
fluorescence intensity from the leakage of FITC-
BSA or FITC-dextran into the peritoneal tissue.
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Pericyte coverage rate

After processing as described above, mesen-
teric samples were stained for immunofluores-
cence analysis with a mixture of primary anti-
bodies against CD31 (1:50, BD, America) and 
Desmin (1:50, Abcam, America) at 4°C. After 
36 h, sections were incubated with FITC-goat 
anti-rabbit IgG (1:150, Jackson, America) and 
Cy3-goat anti-mouse IgG (1:150, Jackson, 
America). Microscopic images were focused on 
a “network” including arterioles, venules and 
capillaries at × 40 magnification and × 100 
magnification. ImageJ software was used to 
calculate the pericyte coverage rate (the fluo-
rescence intensity ratio of Desmin/CD31).

Western blot analysis

Total protein was extracted from visceral perito-
neal membranes using RIPA buffer (Invitrogen, 
Carlsbad, CA, USA) on ice, and the protein con-
centration was measured using a BCA protein 
assay kit (Beyotime, Shanghai, China). Equal 
amounts of protein from each sample were 
loaded onto 10% SDS-PAGE gels and trans-
ferred to PVDF membranes. After blocking in 
5% nonfat dry milk in Tris-buffered saline-Tween 
20 (TBST) for 2 h, membranes were incubated 
with primary antibodies at 4°C overnight. After 
washing with TBST, membranes were incubat-
ed with a secondary antibody diluted 1:5,000 
in TBST at room temperature for 1 h. Signals 
were detected by enhanced chemiluminescen- 
ce (ECL) reagent (Amersham, Little Chalfont, 
Bucks, UK) according to the manufacturer’s 
instructions. Densitometric analysis was per-
formed using Quantity One software (Bio-Rad, 
Hercules, CA, USA). The following primary anti-
bodies were used: anti-Ang-1 (1:5000) and 
anti-occludin (1:5000) from Abcam; anti-Tie-2 
(1:100), anti-Claudin (1:5000) and anti-ZO-1 
(1:2000) from Millipore; anti-Phospho-Tie-2 
(1:1000) from Cell Signaling; anti-VE-Cadherin 

ed using a Transcriptor First Strand cDNA 
Synthesis Kit (Takara, Japan) according to the 
manufacturer’s instructions. RT-PCR was per-
formed using SYBR Green Master Mix on an  
ABI Prism 7500 Sequence Detection System 
(Foster City, USA). The comparative 2-ΔΔCt me- 
thod was used to determine the relative quanti-
fication of the target genes, with GAPDH serv-
ing as the internal reference. The primer sequ- 
ences used for PCR amplification are shown in 
Table 1.

Peritoneal equilibration test

The peritoneal equilibration test (PET) was per-
formed as previously described [17, 18]. Brief- 
ly, each rat was injected with 21 ml of 2.5% 
Dianeal® (Baxter Healthcare Corporation, Deer- 
field, IL, USA), and 1 ml of dialysate was ob- 
tained immediately after infusion for a glucose 
test. After injection, rats were allowed free 
access to water. Two hours later, rats were 
anesthetized with 9% chloral hydrate (0.3 
ml/100 g, i.m.). The remaining dialysate was 
completely drained and measured to calculate 
the net ultrafiltration (nUF). The peritoneal nUF 
was defined as the volume of peritoneal ef- 
fluent recovered 2 h after intraperitoneal in- 
jection minus the volume recovered at 0 h. In 
addition, blood samples were obtained for plas-
ma analysis. The peritoneal transport charac-
teristic was determined from the dialysate-to-
plasma (D/P) ratio of creatinine. To exclude pe- 
ritonitis, we also cultured the peritoneal efflu-
ents to determine the presence of bacteria.

Statistical analysis

Data are expressed as the means ± standard 
deviations (SDs) and were analyzed using one-
way analysis of variance (ANOVA) followed by 
Bonferroni’s comparison test. Results with P < 
0.05 were considered to be statistically signifi-

Table 1. RT-PCR primer sequences
Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)
VCAM-1 GCTGCTGTTGGCTGTGACTCTC GCTCAGCGTCAGTGTGGATGTAG
ICAM-1 TGTCGGTGCTCAGGTATCCATCC TTCGCAAGAGGAAGAGCAGTTCAC
MCP-1 GCAGGTCTCTGTCACGCTTCTG GAATGAGTAGCAGCAGGTGAGTGG
IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
TNF-α GCCACCACGCTCTTCTGTC GCTACGGGCTTGTCACTCG
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

(1:500) from LSBio; and an- 
ti-β-actin (1:200) from Santa 
Cruz.

Real-time PCR

Total RNA was extracted fr- 
om mesenteric tissue using 
TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). Reverse 
transcription was perform- 
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cant. The IBM SPSS Statistics 21 program was 
used for statistical analyses.

Results

COMP-Ang-1 increases peritoneal Tie-2 phos-
phorylation after uremia and bioincompatible 
PD fluid exposure

As shown in Figure 1A, the expression of perito-
neal Ang-1 protein in the uremia group rats was 
significantly decreased compared to that in the 
control group rats and was further significantly 
reduced in the uremia+PD group rats. Con- 
sistent results were also obtained for phos-
phorylation of Tie-2 (Figure 1B). However, phos-
phorylation of peritoneal Tie-2 was significantly 
increased after COMP-Ang-1 treatment com-
pared with that in both the uremia and ure- 
mia+PD groups (1.4-fold and 2.7-fold, respec-
tively) but was still lower than that in control 
rats. Furthermore, there was no significant dif-
ference in peritoneal Tie-2 phosphorylation 
between the Ade-control group and the ure- 
mia+PD group (P > 0.05).

BSA leakage were 6.6- and 16.4-fold, respec-
tively, in the uremia+PD group relative to the 
leakage in the uremia nondialysis group (Figure 
2B, 2C). After COMP-Ang-1 treatment, FITC-
dextran and FITC-BSA leakage was significantly 
decreased by 85% and 80%, respectively, in 
the Ade-COMP-Ang-1 group compared with the 
leakage in the uremia+PD group.

COMP-Ang-1 preserves peritoneal pericyte at-
tachment after uremia and bioincompatible 
PD fluid exposure

Ang-1 is known to be a potent growth factor for 
pericyte recruitment to nascent endothelial 
cells during vasculogenesis under physiological 
and pathological conditions [7, 8, 19]. To deter-
mine the effect of COMP-Ang-1 on pericyte at- 
tachment in the peritoneum, we stained slides 
with immunofluorescent antibodies against CD- 
31 (a marker of endothelial cells, red) and De- 
smin (a specific marker of pericytes, green). 
The fold changes in double-positive fluores-
cence intensity are presented in Figure 3C. The 
pericyte coverage of uremic nondialyzed rats 

Figure 1. Western blot analysis of peritoneal angiopoietin-1 (Ang-1) after ure-
mia and bioincompatible PD fluid exposure and the effect of COMP-Ang-1 
treatment on the phosphorylation of the Tie-2 receptor. A. Ang-1 protein ex-
pression in the visceral peritoneal membranes of the control, uremia nondial-
ysis and uremia+PD groups, respectively. B. Peritoneal Tie-2 phosphorylation 
after COMP-Ang-1 treatment. C, D. Relative expression of Ang-1 normalized 
to the expression of β-actin and the level of phosphor-Tie-2 normalized to the 
level of total Tie-2. Data are presented as the means ± SDs (n = 6 per group). 
**P < 0.01 versus the control group; ##P < 0.01 versus the uremia group; §§P 
< 0.01 versus the uremia+PD group.

COMP-Ang-1 ameliorates 
uremia and bioincompatible 
PD fluid-induced peritoneal 
microvascular hyperperme-
ability

Peritoneal microcirculation 
permeability was examined 
by assessing the leakage of 
FITC-dextran and FITC-BSA 
with immunofluorescence st- 
aining. As shown in Figure 2A, 
in sham-operated rats, mini-
mal FITC-dextran was leak- 
ed from the blood vessels, 
and there was almost no FI- 
TC-BSA leakage. The perme-
ability of the peritoneal mi- 
crocirculation to FITC-dextr- 
an (92.1-fold) and FITC-BSA 
(51.2-fold) was significantly 
higher in uremic nondialyzed 
rats than in control group 
rats. After infusion of PD fluid 
for 4 weeks, the permeability 
of the peritoneal microcircula-
tion to FITC-dextran and FITC-
BSA were further markedly 
increased. The mean increas-
es in FITC-dextran and FITC-
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was significantly reduced (approximately 46%, 
P < 0.0001) and further decreased in uremia+ 
PD rats (approximately 87%, P < 0.0001) com-
pared with that in sham-operated rats. COMP-
Ang-1 treatment attenuated the decrease in 
pericyte coverage by approximately 22% and 
59%, respectively, compared with the uremia 
nondialysis and uremia+PD group rats. Treat- 
ment with Ade-vehicle did not affect the den- 
sity of Desmin-positive pericytes in the perito-
neum compared to that in uremia+PD group 
rats (P > 0.05).

COMP-Ang-1 increases peritoneal endothelial 
junction protein expression after uremia and 
bioincompatible PD fluid exposure

Given that both tight junction (TJ) proteins and 
adherens junction (AJ) proteins are important 
for preserving the integrity of the vascular en- 

dothelium, we examined the effects of COMP-
Ang-1 treatment on the expression levels of 
claudin, ZO-1, occludin and VE-cadherin. As sh- 
own in Figure 4, the expression levels of these 
junction proteins as measured by Western blot-
ting were significantly lower in the uremia non-
dialysis group than in the control group and 
were further markedly reduced after 4 weeks  
of PD. However, compared to the uremia+PD 
group, the COMP-Ang-1 treatment group exhib-
ited increases in claudin, ZO-1, occludin and 
VE-cadherin expression of approximately 4.2-, 
1.7-, 2.0- and 2.9-fold, respectively.

COMP-Ang-1 inhibits the upregulation of peri-
toneal proinflammatory adhesion molecules 
and cytokines

The expression of peritoneal proinflammatory 
adhesion molecules and cytokines was evalu-

Figure 2. COMP-Ang-1 ameliorates uremia and bioincompatible PD fluid-induced peritoneal microvascular hyper-
permeability. After PD for 4 weeks, rats were anesthetized with 9% chloral hydrate. FITC-BSA (69 kDa, 10 mg/100 
g, 2 ml/100 g, Sigma-Aldrich, St. Louis, MO) or FITC-dextran (4 kDa, 10 mg/100 g, 2 ml/100 g, Sigma-Aldrich, St. 
Louis, MO) was injected via the tail vein. Systemic blood vessels were lavaged with saline to wash out intravascular 
fluorescent substances after 20 min. After rats were euthanized, mesenteric samples were separated and trimmed 
to create a flat surface and stained with the immunofluorescent antibody against CD31 (a marker of endothelial 
cells). A. Immunofluorescence staining for FITC-dextran and FITC-BSA in visceral peritoneal membranes (magnifica-
tion, × 100). Red indicates the endothelial cell marker CD31. Green indicates FITC-conjugated dextran or BSA. B, 
C. Semiquantitative analysis of peritoneal vessel permeability to FITC-dextran and FITC-BSA in the control, uremia 
nondialysis, uremia+PD, Ade-control and Ade-COMP-Ang-1 groups. Data are presented as the means ± SDs (n = 
6 per group). *P < 0.05 versus the control group; **P < 0.01 versus the control group; #P < 0.05 versus the uremia 
group; ##P < 0.01 versus the uremia group; §§P < 0.01 versus the uremia+PD group.
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ated by real-time PCR, and the results are 
shown in Figure 5. The peritoneal VCAM-1, 
ICAM-1, MCP-1, TNF-α and IL-6 mRNA levels 
were significantly increased in the uremia non-
dialysis group (2.0-fold, 2.3-fold, 2.2-fold, 2.1-
fold and 1.7-fold, respectively) and were further 
significantly increased in the uremia+PD group 
(4.5-fold, 5.9-fold, 4.7-fold, 3.0-fold and 5.9-
fold, respectively) compared to those in the 
control group. However, these effects were sig-
nificantly suppressed by COMP-Ang-1 treat-
ment. Indeed, the VCAM-1, ICAM-1, MCP-1, 
TNF-α and IL-6 mRNA levels were significantly 
lower in the Ade-COMP-Ang-1 group than in the 
uremia+PD group.

COMP-Ang-1 preserves peritoneal transport 
function after uremia and bioincompatible PD 
fluid exposure

The peritoneal transport characteristics were 
evaluated by the two-hour D/PCr and nUF via a 

PET. As shown in Table 2, the two-hour D/PCr 
was significantly increased in uremia rats com-
pared to that in control group rats (0.65 ± 0.13 
vs 0.50 ± 0.09, P < 0.05) and was further sig-
nificantly increased in uremia+PD rats (0.92 ± 
0.06 vs 0.65 ± 0.13, P < 0.05). Corresponding- 
ly, the nUF was significantly reduced in uremia 
rats compared to that in control rats (1.17 ± 
0.78 vs 4.67 ± 0.95 ml, P < 0.05) and was fur-
ther significantly decreased in uremia+PD rats 
(-6.63 ± 3.98 vs 1.17 ± 0.78 ml, P < 0.05). 
However, after COMP-Ang-1 treatment, the two-
hour D/Pcr significantly decreased, and the nUF 
significantly increased relative to those values 
in the uremia+PD group (Table 2).

Discussion

The integrity of the vascular endothelium in 
response to physical, biochemical, and im- 
mune-mediated damage is highly important in 
maintaining endothelial function and prevent-

Figure 3. COMP-Ang-1 preserves peritoneal pericyte attachment after uremia and bioincompatible PD fluid expo-
sure. After being processed as described in the Materials and Methods, mesenteric samples were stained with 
immunofluorescent antibodies against CD31 (a marker of endothelial cells, red) and Desmin (a specific marker of 
pericytes, green). A, B. CD31/Desmin double immunofluorescence staining in visceral peritoneal membrane sec-
tions (magnification, × 40 and × 100, respectively). Red indicates the endothelial cell marker CD31. Green indicates 
the pericyte marker Desmin. C. Semiquantitative analysis of pericyte coverage measured in visceral peritoneal 
membrane sections from six rats in each group. Data are presented as the means ± SDs. **P < 0.01 versus the 
control group; ##P < 0.01 versus the uremia group; §§P < 0.01 versus the uremia+PD group.
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Figure 4. Western blot analysis of peritoneal endothelial junction proteins after COMP-Ang-1 treatment. A. Western 
blot analysis of claudin, ZO-1, occludin and VE-cadherin. B-E. Relative expression of claudin, ZO-1, occludin and 
VE-cadherin normalized to β-actin expression. Data are presented as the means ± SDs (n = 6 per group). *P < 0.05 
versus the control group; **P < 0.01 versus the control group; #P < 0.05 versus the uremia group; ##P < 0.01 versus 
the uremia group; §P < 0.05 versus the uremia+PD group; §§P < 0.01 versus the uremia+PD group.

Figure 5. Expression of peritoneal proinflammatory adhesion molecules and cytokines after COMP-Ang-1 treatment. 
Semiquantitative analysis of peritoneal VCAM-1 (A), ICAM-1 (B), MCP-1 (C), TNF-α (D) and IL-6 (E) mRNA expression 
normalized to GAPDH mRNA expression, as measured by real-time PCR. The data are presented as the means ± 
SDs (n = 6 per group). *P < 0.05 versus the control group; **P < 0.01 versus the control group; #P < 0.05 versus the 
uremia group; ##P < 0.01 versus the uremia group; §P < 0.05 versus the uremia+PD group; §§P < 0.01 versus the 
uremia+PD group.
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ing vascular diseases [11, 20-22]. In this study, 
we demonstrated that both uremia and PD 
therapy significantly induced pericyte detach-
ment and reduced endothelial junction protein 
expression, concomitant with a marked incre- 
ase in peritoneal vascular permeability and en- 
hanced expression of proinflammatory adhe-
sion molecules and cytokines, which collective-
ly might be strongly involved in the increase in 
the D/Pcr and decrease in ultrafiltration induc- 
ed during PD therapy. However, COMP-Ang-1 
administration substantially alleviated these 
pathological findings and improved peritoneal 
transport function.

Successful PD therapy largely depends on the 
preservation of peritoneal membrane function. 
However, during long-term PD, the peritoneal 
membrane undergoes both structural and fun- 
ctional alterations [2, 3]. The most common 
functional alteration during long-term PD is an 
increased PSTR, which is the major contributor 
to impaired ultrafiltration and ultimate discon-
tinuation of PD treatment [5]. Studies have 
demonstrated that an increase in the PSTR 
depends not only on the increased number of 
peritoneal vessels but also on changes in peri-
toneal vessel hyperpermeability; thus, the lat-
ter is also responsible for ultrafiltration failure 
[3, 23-25]. Pericytes are specialized cells that 
wrap around the endothelial cells of arteries, 
capillaries and venules, sharing a basement 
membrane with the endothelium. Pericytes dif-
fer in origin, morphology, and function depend-
ing on different organs’ vascular beds and play 
critical roles in various physiological contexts, 
including vascular remodeling and stabilization 
and the generation and maintenance of the 
blood-brain barrier (BBB) and blood-retinal bar-
rier (BRB) [26-29]. Studies have revealed that 
pericyte dropout or loss is one of the hallmarks 
of diabetic retinopathy (DR), and it has been 
postulated to initiate the development of sev-
eral pathological features, including abnormal 
leakage, edema and ischemia, provoking prolif-
erative neovascularization in the retina [30]. In 

addition, vessel permeability is closely associ-
ated with continuous complexes of endothelial 
junctions, including both tight junctions (clau-
din, occludin and ZO-1) and adherens junctions 
(VE-cadherin) [31, 32]. It has been suggested 
that the function of the endothelial barrier is 
directly correlated with the expression levels  
of occludin and VE-cadherin [33, 34], and dis-
ruption of these proteins’ functions was suffi-
cient to disturb the endothelial barrier function, 
causing an increase in vascular permeability, 
interstitial edema and accumulation of inflam-
matory cells in the heart and lung microcircula-
tion [34, 35]. In the present study, we observed 
that both uremia and bioincompatible PD fluid 
exposure significantly reduced peritoneal peri-
cyte coverage and decreased endothelial junc-
tion protein expression, resulting in markedly 
increased peritoneal vascular leakage of BSA 
and dextran, as well as increased expression  
of proinflammatory adhesion molecules and 
cytokines, followed by increased D/Pcr and 
decreased ultrafiltration.

In a previous study, we demonstrated that ure-
mic serum, high glucose (HG) levels and glu-
cose degradation products significantly inhibit-
ed pericyte activity and proliferation in vitro 
[36]. It was also confirmed that HG inhibited 
pericyte activity and proliferation in a DR mo- 
del [37]. Miller et al. [38] reported that gluco- 
se degradation products induced human reti-
nal pericyte apoptosis in vitro. The underlying 
mechanisms might be related to oxidative str- 
ess, mitochondrial overproduction of ROS, ac- 
cumulation of advanced glycation end pro- 
ducts (AGEs), upregulation of protein kinase C, 
increased polyol pathway flux and focal aggre-
gation of leukocytes [37-39]. The increased 
permeability of peritoneal vessels caused by 
uremia and bioincompatible PD fluid has a 
pathological background similar to that of 
those mechanisms mentioned above. During 
long-term PD therapy, pericytes encased within 
the periphery of peritoneal microvessels are 
continuously exposed to various uremic toxins 

Table 2. Comparison of peritoneal transport characteristics among different groups
Parameter Control Uremia Uremia+PD Ade-control Ade-COMP-Ang-1
2 h D/Pcr 0.50 ± 0.09 0.65 ± 0.13* 0.92 ± 0.06*,# 0.93 ± 0.06*,# 0.58 ± 0.10§

nUF (ml) 4.67 ± 0.95 1.17 ± 0.78* -6.63 ± 3.98*,# -5.74 ± 3.37*,# 1.45 ± 0.75§

D/Pcr: dialysate-to-plasma ratio of creatinine. nUF: net ultrafiltration. Data are expressed as the means ± SDs. *P < 0.05 versus 
the control group; #P < 0.05 versus the uremia group; §P < 0.05 versus the uremia+PD group.
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and PD fluid containing HG levels and large 
amounts of glucose degradation products. A 
continuous effect of various uremic toxins and 
PD fluid stimulation is inevitably exerted on 
pericytes, leading to the inhibition of pericyte 
growth and proliferation and even to pericyte 
injury and detachment from preexisting ve- 
ssels.

In addition, it has been suggested that down-
regulated occludin expression in cells exposed 
to HG [33] and in the retinas of diabetic rats 
[39] and diabetic patients [40] could lead to 
excessive vascular permeability. Loss of occlu-
din at interendothelial junctions appeared to 
result from Raf-1-dependent activation of the 
MAP kinase signal transduction cascade [41, 
42]. VE-cadherin is another target of the signal-
ing pathway of agents that increase vascular 
permeability, such as VEGF [43, 44]. VEGF-R2 
interacts with VE-cadherin, and together, they 
maintain the endothelial cell barrier [45]. When 
VEGF is present, it binds to VEGF-R2, initiating 
the activation, internalization, and degradation 
of VE-cadherin and disruption of AJs, which 
results in increased permeability and loss of 
endothelial cell barrier integrity [46]. Gorbunova 
et al. [47] also demonstrated an increase in 
VEGF-R2 phosphorylation and internalization of 
VE-cadherin in hantavirus-infected human lung 
endothelial cells treated with high levels of ex- 
ogenous VEGF. Furthermore, Armulik et al. [48] 
showed markedly distributed patterns of both 
tight (claudin and ZO-1) and adherens (VE-ca- 
dherin) junctions in the BBB of pericyte-defi-
cient mice, indicating a possible role of pericy- 
te attachment in the organization of continu- 
ous endothelial junction complexes. Our results 
suggest that uremia- and glucose-based PD 
fluid-induced loss of endothelial junction pro-
tein expression might represent another path-
way involved in the increased peritoneal vas- 
cular permeability and inflammation during PD 
therapy.

Moreover, we found that the levels of Ang-1 pro-
tein expression and Tie-2 phosphorylation we- 
re significantly decreased in uremia nondialysis 
rats and were further markedly reduced after 
exposure to glucose-based PD fluid for 4 weeks. 
The Ang-1/Tie-2 signaling pathway has been 
reported to play an important role in the recip-
rocal interactions between pericytes and endo-
thelial cells. Augustin et al. [49] reported that 
Ang-1 could stimulate pericyte coverage and 

basement membrane deposition, thereby pro-
moting proper vessel permeability. Tian et al. 
[50] suggested that Ang-1 overexpression pre-
vented the dissociation of perivascular cells 
from the endothelium of tumor edge-associat-
ed blood vessels and induced an influx of stro-
mal cells into tumors, which greatly enhanced 
pericyte coverage. However, it has also been 
suggested that Ang-1 could inhibit endothe- 
lial monolayer permeability through regulating 
endothelial junction complexes, which are also 
involved in preventing the leakiness of blood 
vessels observed in inflammatory or allergic 
reactions [9]. In the present study, we selected 
a designed Ang-1 variant, COMP-Ang-1, which 
has been demonstrated to be more soluble, 
stable and potent than naturally occurring Ang-
1, to investigate whether the preservation of 
Ang-1/Tie-2 signaling could alleviate these inju-
ries and improve peritoneal transport function 
as mentioned above. After COMP-Ang-1 admin-
istration, the phosphorylation of the Tie-2 re- 
ceptor was significantly increased. Furthermo- 
re, we observed that COMP-Ang-1 treatment 
significantly enhanced pericyte coverage, up- 
regulated endothelial junction protein expres-
sion, lessened the leakage of BSA and dextran 
from the peritoneal vasculature, and inhibited 
the expression of proinflammatory adhesion 
molecules and cytokines induced by PD the- 
rapy; these effects were accompanied by a 
decreased D/Pcr and increased nUF. Iivanainen 
et al. [51] suggested that the binding of Ang-1 
to Tie-2 results in the upregulation of endothe-
lial HB-EGF, which substantially promotes peri-
cyte migration by binding to ErbB1 and ErbB2 
expressed on endothelial cells. However, the 
specific molecular mechanisms by which CO- 
MP-Ang-1 exerts its effects on pericyte cover-
age and endothelial junction protein expression 
are still unclear, and further studies on this 
aspect are required.

Our study has several limitations that need to 
be acknowledged. Firstly, the peritoneal mem-
brane injury observed in the uremic PD model 
has not been further assessed by varied me- 
thods. Also, there has been a lack of in vitro 
experiments to explore the specific molecular 
mechanisms underlying these pathological ch- 
anges. Clearly more studies are needed to fur-
ther confirm our findings.

Taken together, our results indicate that COMP-
Ang-1 exerts a protective effect against dam-
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age-induced peritoneal vascular permeability 
and inflammation, at least in part, by enhanc 
ing pericyte coverage and endothelial junction 
protein expression, which subsequently signifi-
cantly improves peritoneal transport function in 
a uremic PD model. These findings suggest the 
potential therapeutic benefits of COMP-Ang-1 
on peritoneal injury from PD and might provi- 
de a novel, endothelium-specific therapeutic 
modality for peritoneal membrane failure.
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