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Introduction. The aim of this study was to investigate the expression
of aquaporin 1 (AQP-1), AQP-3 and vascular endothelial growth
factor A (VEGF-A) in peritoneal tissues of patients without kidney
disease, chronic kidney disease at stages 5 (CKD 5) and patients
on prolonged peritoneal dialysis with ultrafiltration failure (PD-
UFF), and elucidate the possible mechanism of peritoneal dialysis
ultrafiltration failure.

Methods. Peritoneal specimens were collected from the following
patient groups at Xianju People’s hospital: CKD 5, PD-UFF and
normal control groups. Routine staining and immunohistochemical
analyses were performed on samples obtained from the three groups.
Results. The expression of AQP-1 and AQP-3 on peritoneal
mesothelial cells, peritoneal vessels and in the interstitium was
significantly lower in the PD-UFF group than the CKD 5 and
control groups (P < .01), while no statistically significant difference
was found between the CKD 5 and control groups (P > .05). In
contrast, VEGF-A expression was significantly higher in peritoneal
mesothelial cells, peritoneal vessels and the interstitium in the
PD-UFF group than the CKD 5 and control groups (P < .01). No
statistically significant difference was found between the CKD 5
and control groups (P > .05).

Conclusion. AQP-1 and AQP-3 expression levels decrease in
peritoneal mesothelial cells and the vascular interstitium of patients
with a prolonged peritoneal dialysis course, while VEGF-A expression
gradually increases. The formation of peritoneal neovascularization
and the decrease in AQP expression may be primarily associated
with peritoneal dialysis ultrafiltration failure.
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Ultrafiltration failure (UFF is one of the most
serious complications of peritoneal dialysis (PD)
which makes the patients to withdraw from PD
treatment. International studies have shown that
PD ultrafiltration failure is closely associated
with dysfunction of aquaporins on peritoneal
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mesenchymal cells (PMCs).! Aquaporins (AQPs)
are a group of membrane proteins that mediate
transmembrane water transport, through the
expression of AQP-1 and AQP-3 molecules, located
on the surfaces of peritoneal mesenchymal cells.
The expression of aquaporins are significantly
diminished in peritoneal dialysis ultrafiltration
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failure samples. In addition, increased peritoneal
vascular formation has been reported in peritoneal
tissues samples of patients receiving long-term
peritoneal dialysis; the process that might be
involved in peritoneal fibrosis and UFF. Currently,
peritoneal fibrosis is recognized in patients
receiving peritoneal dialysis, and many growth
factors may be involved in its pathogenesis.
Angiogenesis is regulated by many angiogenic
factors, such as vascular endothelial growth factor
(VEGEF-A), basic fibroblast growth factor (bFGF)
and transforming growth factor beta 1 (TGF-B1).
Of these, VEGF-A is the most important factor, as
it promotes angiogenesis and ultimately peritoneal
fibrosis.? In addition, this molecule is expressed in
peritoneal capillary endothelial cells and PMCs.34
The expression of VEGF-A is significantly enhanced
in high glucose environment, probably in relation
to bFGF,? although, the exact mechanism remains
unclear.® Here, we have examined the relationship
between PD related UFF, and AQP-1, AQP-3 and
VEGF-A expression by comparing their expression
levels in peritoneal tissue of patients who i) had
no kidney disease, ii) presented with CKD but did
not receive PD treatment or iii) developed UFF
after long-term treatment with PD.

Data Source. This study included 103 peritoneal
biopsy specimens (50 of which were normal
peritoneal specimens) collected between 2014 and
2019. Patients were divided into the following
groups: 1) normal control group, which consisted
of patients undergoing elective abdominal surgery,
who did not have any renal dysfunction or diseases
involving the peritoneum; 2) patients with CKD
stage 5 (CKD 5), which consisted of CKD patients
undergoing PD for the first time, and 3) patients
with peritoneal dialysis related ultrafiltration failure
(PD-UFF), which consisted of patients receiving
long term PD, who developed UFF after catheter
removal.

Experimental Methods. Peritoneal specimens
were collected from the patients during surgery.
Specimens were fixed with 10% formalin, embedded
in paraffin, and sectioned appropriately, for
immunohistochemical analysis. Mouse anti-human
AQP1 and AQP-3 monoclonal antibodies and a
rabbit anti-human VEGF-A polyclonal antibody

(all 1:100 dilution, Santa Cruz Biotechnology,
Shanghai, China) were used. Immunohistochemistry
was performed, using the Streptavidin/Peroxidase
(SP) method.

Evaluation of Inmunohistochemical Staining.
Cells stained with brownish yellow particles on
the cell membrane were considered positive for
AQP-1 and AQP-3. Quantification of AQP-1 and
AQP-3 staining was carried out, using the rating
standard chart reported by Schoenicke et al.” Briefly,
AQP-1 and AQP-3 expression levels were divided
into four groups, with Grade 0, representing cells
with no AQP-1 and AQP-3 expression, and Grade
4, representing cells with highest AQP-1 and AQP-
3 expression.

Each sample was sub-divided into three sections,
and graded according to the number of positively
stained cells, as three typical fields, under 400x
magnification. Samples which exhibited mesothelial
cell shedding or vascular degeneration were not
included. The grading was performed by two
independent researchers.

Statistical Methods. Experimental data were
expressed as mean + standard deviation (x + SD).
The Q test was used for pairwise comparison
among the three groups. SPSS 22.0 software was
used for data statistical analysis and P < .05 was
considered to be statistically significant.

A total of 103 patients were included in this
study, which was carried out between 2014 and
2019. The control group comprised of 50 patients,
23 males and 27 females, with an average age of
50.24 + 13.5 years old and average body weight
of 65.77 + 13.16 kg. These patients did not have
any renal or peritoneal disease. The CKD 5 group
comprised of 30 patients, including 9 cases with
diabetic nephropathy, 12 cases with primary
chronic glomerulonephritis, 6 cases with benign
renal arteriole sclerosis, and 3 cases had drug-
induced nephropathy. Peritoneal dialysis catheter
was inserted and they were undergoing peritoneal
dialysis for the first time. Seventeen males and
13 females were included in this group, with an
average age of 55.51 + 12.67 years old and average
body weight of 67.88 + 12.76 kg. The PD-UFF
group comprised of 23 cases, including 15 males
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and 8 females with an average age of 58.94 + 15.45
years old, average body weight of 63.95 + 14.26
kg, and average CAPD duration of 14.8 + 2.32
years. Of the 23 PD-UFF patients, 14 cases had
primary glomerulonephritis, 4 cases had diabetic
nephropathy, 3 cases had hypertensive nephropathy,
and 2 cases had obstructive nephropathy. There
were no significant differences in the age and body
weight among the three groups (P > .05).

As shown in Table 1, AQP-1 and AQP-3
expression scores on PMCs from the PD-UFF
group were significantly lower than in the groups
(q=17.06, P <.01; q = 14.36, P < .01). The results
were similar when we compared the PD-UFF group
and CKD 5 group (q = 14.46, P < .01; q = 11.64,
P < .01), whereas no statistically significant
difference was found between the control and
CKD 5 groups (q =1.37, P > .05, q = 1.81, P > .05).
VEGF-A expression in both control group and CKD
5 group were significantly lower than those in PD-
UFF group (q =-13.38, P < .01; q =-13.01, P < .01),
while no statistically significant difference was
observed between the control and CKD 5 groups
(q=1.13, P > .05).

AQP-1 and AQP-3 expression levels were
significantly lower in the peritoneal vessels and
interstitium of the PD-UFF group compared to
the control and CKD 5 groups (q = 13.65, P < .01;
q =11.82, P < .01). The results were similar when
we compared the PD-UFF group and CKD 5

group (q =15.28, P <.01; q =11.75, P <.01). No
statistically significant difference was observed
between the control and CKD 5 groups (q =0.71,
P > .05;q=0.12, P > .05). VEGF-A expression was
significantly higher in the PD-UFF group than
the control and CKD 5 groups (q =-9.80, P < .01;
q=-7.75, P < .01). No statistically significant
difference was observed between the control and
CKD 5 groups (q =-1.39, P > .05).

Cells were stained with antibodies against AQP-
1, AQP-3, and VEGF-A by immunohistochemistry,
and observed by light microscopy at a magnification
of 400x (Figure 1). As shown in Figure 1, PMCs in
the control group samples showed strong staining
for AQP-1 and AQP-3, with almost no VEGF-A
expression. PMCs in the CKD 5 group also stained
strongly for AQP-1 and AQP-3, while VEGF-A
was only slightly expressed. AQP-1 and AQP-3
expression in the PD-UFF group was significantly
reduced compared to the CKD 5 and control groups,
whereas VEGF-A levels were significantly higher.

Cells were stained with antibodies against AQP-1,
AQP-3,and VEGF-A using theimmunohistochemistry,
and observed by light microscopy at a magnification
of 400x (Figure 2). As shown in Figure 2, strong
AQP-1 and AQP-3 staining was observed in the
peritoneal vessels and interstitium of the control
group, whereas virtually no VEGF-A staining was
seen. In the CKD 5 group, strong AQP-1 and AQP-3
staining were also observed, with weak VEGF-A
expression. Finally, in the PD-UFF group, AQP-1

Table 1. Comparison Between AQP1, AQP3, and VEGF-A Expression Scores on Human Peritoneal Mesothelial Cells

Group n AQP1 (X tS) AQP3 (X S) VEGF-A (X % S)
Ctrl 50 3.52 +0.65 3.40 +0.64 1.32+0.65
CKD 5 30 3.37£0.76 3.20 + 0.66 1.20 + 0.66
PD-UFF 23 1.44 +0.66 1.65+0.78 2.87 +0.63

Table 2. Comparison Between AQP1, AQP3, and VEGF-A Expression Scores in Human Peritoneal Blood Vessels and the Interstitium

Group n AQP1 (X %S) AQP3 (X tS) VEGF-A (X % S)
Ctrl 50 3.26 +0.75 3.08 + 0.69 0.78 +0.68
CKD 5 30 3.17+0.75 2.77+0.78 0.93 +0.58
PD-UFF 23 1.30 +0.97 1.04 +0.83 1.96 +0.77

254



PD-UFF and AQP-1, AQP-3, and VEGF-A Expression—Guigui et al

Ctrl CKD5 UFF
Figure 1. AQP-1, AQP-3, and VEGF-A Staining on Human Peritoneal Mesothelial Cells in the Control, CKD 5, and PD-UFF Groups
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Ctrl CKD5 UFF

Figure 2. AQP-1, AQP-3, and VEGF-A Staining in Human Peritoneal Vessels and the Interstitium in the Control, CKD 5, and PD-UFF
Groups
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and AQP-3 expression were significantly reduced
compared to the CKD 5 and control groups, while
VEGF-A levels were significantly higher.

Peritoneal dialysis (PD) is one of the main
alternative treatment methods for end-stage kidney
disease (ESKD), which has been established and
applied for more than 90 years.® Ultrafiltration
failure (UFF) is the most serious complication of
PD, which deprives the patients of this treatment
modality. UFF can be divided into membrane and
non-membrane types, with membrane UFF being
further subdivided into three types. However,
recently a fourth category has been proposed,
which involves a decrease in AQP expression, as
well as structural changes in PMCs .° In addition, in
patients with PD, VEGF-A on PMCs is continually
enhanced, leading to the formation of new
vessels!?1? and ultimately peritoneal interstitial
fibrosis.!® The aim of this study was to examine
the changes in expression levels of AQP-1, AQP-3
and VEGF-A in peritoneal tissue. obtained from
different patient groups, and to infer the possible
mechanism of AQP in UFF.

AQPs belong to a class of integrative membrane
proteins, which are mainly responsible for
cellular water transport, into and out of the
cells. Verkman et al. proposed the “three-hole
model theory” to explain peritoneal permeability,
for the first time.'* Functionally, AQPs can be
characterized based on their selectivity either to
water transport (AQP-1, AQP-2, AQP-4, AQP-5,
and AQP-8) or glycerol, some small molecules and
water (AQP-3, AQP-7, AQP-9, and AQP-10).15-1¢
Maria S. Stoenoiu et al.'” have showed that, AQP-1
is abundant on PMCs, and its transcription and
expression are induced by high osmotic agents
such as glucose. In addition, several studies have
confirmed that, AQP-1 expression on PMCs is
closely related to water transport.'®20 Similar
findings were reported in both in vitro cell culture
and clinical studies. Here, we found that AQP-1
was expressed on the PMCs of both normal control
and CKD 5 groups, and there was no significant
difference between these two groups (Figure 1).

Multiple studies have found that AQP-3 is
expressed in peritoneal tissue. Lai et al.?! showed
that, unlike AQP-1, AQP-3 was only expressed on
PMCs and not in peritoneal capillary and venule
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epithelial cells. The localization of AQP-1 and AQP-3
on PMCs suggests that AQP-3 may have a pivotal
and independent role in these tissues. Peritoneal
effusion is mainly derived from mesothelial cells.
Studies on peritoneal effusion in PD patients have
detected AQP-3 expression rather than AQP-1,
suggesting a vital role for AQP-3 in peritoneal
transport by mesothelial cells.?> Cheuk-chun
Szeto® et al, have explained the functional role of
mesothelial AQP-3 in peritoneal transport. They
also showed that, expression of AQP-3 is affected
by glucose exposure, peritonitis, and VEGF-A. In
agreement with these studies, we found a strong
AQP-1 and AQP-3 expression on PMCs, with lower
levels of expression in peritoneal capillary and small
venule epithelial cells, especially in patients with
kidney failure who had not received PD treatment
yet. Moreover, the expression of AQP-1 and AQP-3
on PMCs, and in peritoneal blood vessels and the
interstitium were significantly reduced or negligible
in the PD-UFF group (Figure 1, 2) compared with
the normal control and CKD 5 groups. Similarly,
AQP-3 expression was significantly lower in PD-
UFF patients than CKD 5 and control patients
(P < .01). These findings suggest that, decreased
expression of AQP-1 and AQP-3 on human PMCs
plays an important role in UFF.

As far as peritoneal angiogenesis is involved in
the pathogenesis of UFF, VGEF plays a critical role
in both physiologic and pathologic angiogenesis in
peritoneal vessels.?>? Kariya et al.!! demonstrated
that, angiogenesis is associated with fibrosis,
and mediated by TGF-B1/VEGF-A-A pathway
in mesothelial cells and fibroblasts. Furthermore,
TGF-B1 plays an important role in peritoneal
fibrosis,?>2® which eventually leads to UFF.
Combet et al.”” showed that VEGF-A expression is
upregulated in PMCs of patients with a prolonged
course of PD treatment, indicating that VEGF-A may
be involved in the development of UFF. Increased
VEGF-A expression on the PMCs of uremic patients
has also been reported in China.!? In this study,
the average CAPD duration was more than 14
years in patients with UUF, all patients were
treated with hypertonic grape peritoneal dialysis
solution, and the peritoneum was stimulated by
hypertonic glucose for a long time period. Therefore,
they concluded that, high glucose concentration
has significant influence on peritoneal AQP, and
promotes the formation of new blood vessels,
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ultimately leading to peritoneal fibrosis. Similarly,
we found that VEGF-A expression was significantly
higher in PD-UFF patients than the control and
CKD 5 patients, regardless of the expression of
VEGE-A, either on human PMCs or in the human
peritoneal blood vessels and interstitium (Figure 1,
2). Increased expression of VEGF-A in the peritoneal
interstitium and tissues of UFF patients is thought
to have an important role in the pathogenesis of
UFF, as the formation of new blood vessels in the
peritoneal tissues results in peritoneal fibrosis,?
which ultimately leads to peritoneal UFF.

Most of the studies regarding the correlation
between peritoneal ultrafiltration failure and
aquaporin 1, 3, and vascular endothelial growth
factor have basically used in vitro cell cultures,
but there are large differences between in vitro
cell culture models and the human environment,
suggesting that human based clinical research is
necessary in this field. The current clinical study
obtained valuable human pathological tissue,
although the numbers of pathologic findings are
still insufficient. Due to the lack of gene monitoring
equipment in our center, we were not able to test
the gene level of aquaporin 1, 3, and VEGF-A
in peritoneal pathological tissues, and we are
hopeful that the gene monitoring equipment will
be provided in the future studies.

In summary, many of the earlier studies regarding
the relationship between AQP-1, AQP-3, VEGF-A,
and UFF, were restricted to animal studies.!1-12-20-21
Previous in vitro studies have suggested that the
possible causes of PD-UFF may include peritoneal
interstitial neovascularization,!! increased advanced
glycosylation products of peritoneal fluid,?*-%
decreased quantity and quality of AQP? and advent
of new targets for peritoneal fibrosis.*! However, the
pathogenesis of UFF is still not fully understood.
Here, we examined peritoneal tissues from normal
individuals, non-dialysis uremic patients and those
on long-term peritoneal dialysis with ultrafiltration
failure, by using immunohistochemistry staining,
to determine the relationship between AQP-1,
AQP-3 and VEGF-A, and peritoneal dialysis
ultrafiltration failure. We found that AQP-1 and
AQP-3 were decreased in PMCs and the vasculature
of the interstitium of patients with prolonged PD
treatment, while VEGF-A was gradually increased
and new blood vessels were formed, eventually
leading to peritoneal fibrosis and UFF.

Our findings suggest that peritoneal
neovascularization, peritoneal fibrosis and
decreased AQP expression could contribute to
peritoneal dialysis ultrafiltration failure. Although
our study was composed of valuable human
pathological tissues, it was limited by its small
sample size. Future studies should include larger
sample size and genomic detection of AQP-1,
AQP-3, and VEGF-A.
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