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Abstract
Background: Vitamin D receptor (VDR) activation plays an important role in mineral
metabolism and inflammation and is reported to be anti-angiogenic and anti-fibrotic.
Since peritoneal dialysis (PD) is associated with functional and structural alterations
of the peritoneal membrane, we investigated the effects of VDR status on function
and morphology of the peritoneal membrane in PD treated rats.
Materials: Animals were daily instilled with 10 ml PD fluid via an i.p. access port. Half
of the animals underwent a parathyroidectomy (PTX) to reduce 1,25 dihydroxyvitamin
D levels. Of both groups, half of the rats were treated 3 times weekly with VDR
activator paricalcitol. After 5 weeks, a peritoneal equilibrium test was performed and
blood and tissues were taken for analysis.
Results: Control rats showed no significant peritoneal changes upon paricalcitol and/
or PTX treatment. In PD treated rats, paricalcitol did not affect mineral homeostasis,
however loss of ultrafiltration was prevented and was even ~2 ml higher compared to
PD-treated rats that underwent PTX (p<0.01). Furthermore, paricalcitol significantly
reduced PD-induced fibrosis and angiogenesis (p<0.02), whereas peritoneal
leukocyte numbers were even further enhanced. Paricalcitol addition in PD+PTX
treated animals also showed prevention of ultrafiltration loss and increased cell
numbers. Combining all four PD-treated groups revealed a positive correlation
between ultrafiltration and dialysate leukocyte numbers (p<0.01).
Conclusion: Our data indicate that oral VDR activation reduces tissue remodeling
during chronic experimental PD and improves peritoneal immune function. Therefore
VDR activation is potentially relevant in chronic PD patients.
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Introduction
Peritoneal dialysis (PD) is a renal replacement therapy for patients with chronic
kidney disease (CKD). During long-term PD, morphological changes occur in the
peritoneum including interstitial fibrosis and neovascularisation. Together with the
induction of inflammatory processes this often leads to loss of peritoneal membrane
function1. Recently, it has become clear that vitamin D3 has potent immunomodulatory
and anti-proliferative properties2-4. Although vitamin D3 was originally identified as a
key regulator for bone metabolism and calcium homeostasis, its biological actions
are subsequently shown to include regulation of inflammation, angiogenesis, as well
as growth, differentiation and apoptosis of many cell types5;6. Due to these properties,
vitamin D3 may play an important role in the prevention of peritoneal membrane
changes observed in PD patients.
The activation of vitamin D3 takes place mainly in the kidney and is therefore
impaired in CKD patients. In the kidney 25-hydroxy-vitamin D3 is converted into
1,25-dihydroxy-vitamin D3 (1,25-(OH)2D3), the bioactive form of vitamin D. The
activation of vitamin D3 is regulated by the enzyme 1-α-hydroxylase, which is in
turn regulated by parathyroid hormone (PTH)6. Although 1,25-(OH)2D3 is mainly
formed in the kidney, 1-α-hydroxylase is also present in other cell types and tissues
such as keratinocytes and macrophages, which will become vitamin D deficient
after removal of the parathyroids6. Active vitamin D3 exerts its action through the
binding to the vitamin D receptor (VDR)6;7. Together with the regulation of the
calcium and phosphate metabolism, VDR activation suppresses the synthesis and
secretion of PTH8. The efficacy of intravenous administration of 1,25-(OH)2D3 in
the treatment of vitamin D deficiency in CKD patients has been known for a long
time9;10. The effectiveness of this treatment is, however, limited by the occurrence
of hypercalcemia and/or hyperphosphatemia. Over the last years, research has
been performed to develop VDR activators that retain many of the anti-inflammatory
properties of 1,25-(OH)2D3 with less intestinal calcium reabsorption11;12. Paricalcitol
(19-nor-1,25-dihydroxyvitamin D2) is a VDR activator that, maybe due to the
different molecular structure, activates the VDR with less effect on the calciumphosphate balance13-15, compared to other vitamin D analogues16. Oral paricalcitol
treatment may provide a convenient, alternative therapy, particular for PD patients,
in whom regular intravenous administration is not practical17. However, the effects
of paricalcitol on peritoneal remodeling and immune parameters in PD patients are
not yet known. In this study we investigated whether oral paricalcitol can induce an
immunomodulatory response and improve peritoneal performance in a rat PD-model
in healthy and 1,25-(OH)2D3 deficient rats.
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Material and Methods
Animals and experimental design
Male wistar rats (Harlan CPB, Horst, The Netherlands), weighing 250-275 gr at the
start of the experiment, were used throughout the study. Animals were housed under
conventional laboratory conditions and the experimental design was approved by
the animal care committee of the Vrije Universiteit Amsterdam.
First of all we studied the influence of VDR activation by paricalcitol treatment under
control and PD conditions. Rats were assigned randomly to the following groups;
untreated control (C, n=9), control rats treated 3 times weekly with the oral VDR
activator paricalcitol (provided by Abbott Pharmaceuticals, Abbott Park, USA; 40 ng/
kg) (C+paricalcitol, n=9); rats that received daily instillation of 10 ml standard PD
solution for 5 weeks (Dianeal®, PD4, 3.86% glucose, pH 5.2, Baxter R&D Utrecht,
The Netherlands) (PD, n=13) or rats on PD with additional paricalcitol treatment
(PD+paricalcitol, n=13). PD fluid was instilled daily via a subcutaneously implanted
access port as described previously18. Secondly, we studied the influence of
VDR activation in vitamin D deficient rats. Therefore, we additionally performed a
parathyroidectomy (PTX) to reduce endogenous active vitamin D3 levels, after which
rats were treated either with paricalcitol or vehicle. Briefly, rats were anesthetized
using fentanyl-fluanisone (0.05 ml/100gr, i.p.) + midazolam (0.08 ml/100gr i.p.)
(FFM), and a longitudinal anterior collar incision was made to expose the thyroid.
The parathyroid glands, situated adjacent to the thyroid, were removed. Rats were
assigned to the following groups; C+PTX (n=7), C+PTX+paricalcitol (n=7), PD+PTX
(n=15), PD+PTX+paricalcitol (n=16).
Analysis of peritoneal cells and effluents
At the end of the experiment, in all animals a functional peritoneal equilibrium test
(PET) was performed under FFM anesthesia by injecting 30 ml standard PD fluid
into the peritoneal cavity via a direct intraperitoneal catheter (Venflon Pro; BD
Medical Systems, Franklin Lakes, NJ, USA). After 90 minutes, the PD fluid was
drained, ultrafiltration capacity was calculated and cell pellet collected. Cell number
and viability was determined by trypan blue exclusion. Cytocentrifuge preparations
were stained with May-Grϋnwald-Giemsa, and cell types were determined.
Glucose, creatinine, urea and sodium concentrations were analyzed in serum
samples and in cell-free effluents and dialysis/serum (D/P) transport ratios were
calculated. Monocyte chemoattractant protein 1 (MCP-1) (PharMingen, San Diego,
CA, USA), vascular endothelial growth factor (VEGF) (R&D systems, Abingdon,
United Kingdom) and transforming growth factor β (TGFβ) (Promega GmbH,
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Manheim, Germany) were measured in (~15 times concentrated) effluents by ELISA.
Hyaluronic acid (HA) was determined using an ELISA-based assay19.
Analysis of mineral homeostasis
After the PET, the animals were sacrificed and cardiac puncture was performed.
Serum samples were analyzed for PTH by immunoradiometric assay (specific
for intact rat PTH; Immutopics, San Clement CA, USA) thyroid hormone freethyroxine-4 (Ft4) (electrochemiluminescence immunoassay, Roche diagnostics,
Mannheim, Germany), 1,25-(OH)2D3 (radioimmunoassay, IDS, Tyne and Wear,
UK) as well as calcium and phosphate (colorimetric assay, Roche diagnostics,
Mannheim, Germany). PTX was considered successful if PTH was undetectable at
the end of the experiment, Ft4 levels remained unchanged, and 1,25-(OH)2D3 levels
were below 200 pmol/l (with a normal range of 200 pmol/l – 800 pmol/l in untreated
animals). These criteria led to the exclusion of 3 animals (due to 1,25-(OH)2D3 levels
>200pmol/l) from further analysis.
Morphological analysis of peritoneal samples
Pieces of parietal peritoneum were taken at the contra-lateral side to the tip of the
catheter and stained with Van Gieson (Merck, Darmstadt, Germany) to quantify
fibrosis. The submesothelial thickness was determined by using a metric ocular, and
was expressed as the average of 10 independent measurements for each animal.
For histological analysis, a part of the omentum and mesenteric tissue was dissected
and spread on a glass slide for fluorescence microscopic examination. Tissues were
stained using CD31 (PECAM; Serotec, Oxford, United Kingdom) and ED2 (Serotec,
Oxford, United Kingdom) to visualize vasculature and M2 macrophages, respectively.
Fluorescently labeled secondary antibodies (Invitrogen, Carlsbad, CA, USA) were
used for detection; negative controls included omitting primary antibodies and
proved to be negative. Images were analyzed by digital image analysis (AnalySIS;
Soft Imaging System, Olympus, Hamburg, Germany). The areas positive for CD31
and ED2 were calculated as percentages of the total area of tissue.
In vitro macrophage migration assay
Macrophage migration was examined in Boyden transwell cell culture chambers
using gelatine-treated polycarbonate membranes with 10 μm pore size (Neuro
Probe, Inc., Gaithersburg, MD, USA). Briefly, bone marrow cells were isolated20 and
allowed to adhere for 7 days in the presence of DMEM (Gibco, BRL, Gaithersburg,
MD, USA) enriched with L-cell conditioned medium (LCM) and supplemented with
penicillin, streptomycin,10% fetal calf serum and harvested by lidocaine treatment.
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Cells were resuspended in serum free DMEM to a concentration of 2*105 cells/ml.
Aliquots of 50μl were added to the upper chamber, while the lower chamber was
filled with 25μl of DMEM containing MCP-1 (10 ng/ml), paricalcitol (1*10-6 M) or a
combination of both, with or without the addition of Dianeal (1:4 with DMEM). After 6
hours of incubation at 37°C, cells were removed from the upper chamber side of the
membrane. The membrane was washed and stained with Coomassie. The cells on
the bottom side of the filter were counted and expressed as percentage of migrated
cells compared to control DMEM medium without chemo attractant. The experiment
was performed in triplicate using different cell isolations.
Statistical analysis
All data are presented as median with inter-quartile range. The KolmogorovSmirnov test for normality showed that the groups were not normally distributed;
therefore differences between groups were analyzed using the non-parametric
Mann-Whitney-U-test. Bonferroni correction for multiple comparisons was applied
and probability values of p<0.05 were considered significant. Correlation analysis
was performed using the non-parametric Spearman’s rho test; p-values<0.05 were
regarded significant.
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Results
The experimental design was split up in two parts. In the first part we studied the
influence of VDR activation by paricalcitol treatment under control and PD conditions.
Secondly, we studied the influence of VDR activation in vitamin D deficient rats. Both
experiments were performed at the same time to minimize differences between the
experimental groups. During the experiment no significant differences in weight gain
between the animals or other apparent abnormalities were observed throughout the
study.
Activation of VDR by paricalcitol treatment in healthy rats
Vitamin D mineral homeostasis
Table 1 shows that at the end of the experiment PTH levels were similar in control and
PD treated animals, irrespective of paricalcitol treatment. Endogenous 1,25-(OH)2D3
levels were unaffected by PD treatment but significantly reduced in PD+paricalcitol
treated animals (p=0.01, vs. PD). Calcium and phosphate levels were in general not
affected by paricalcitol treatment, except for the phosphate levels in the C+paricalcitol
group which were significantly enhanced at the end of the experiment (p=0.02 vs.
C). However, during PD treatment phosphate levels were unaffected by paricalcitol.
Table 1: Effect of paricalcitol on mineral homeostasis
C
PTH (pg/ml)
1.25 vitaminD3 (pmol/l)
Phosphate (mmol/l)
Calcium (mmol/l)

317.8
[228.5-363.2]
436.0
[352.8-519.3]
3.4
[2.7-4.1]
3.6
[3.6-3.8]

C+
paricalcitol
231.42
[201.0-329.7]
342.0 a
[256.0-427.0]
4.6 a
[4.0-4.7]
3.6
[3.4-3.8]

PD
241.5
[202.1-322.1]
564.0
[427.5-673.5]
3.3
[3.2-3.4]
3.5 a
[3.2-3.5]

PD+
paricalcitol
241.1
[212.3-291.9]
310.5 b
[288.0-365.3]
3.2
[2.8-3.6]
3.5
[3.3-3.6]

All data presented as Median and Inter Quartiles.
p<0.02 compared to C group; b p<0.02 compared to PD group.

a

Peritoneal transport
The PET-test resulted in ~10 ml net ultrafiltration in control animals (C and
C+paricalcitol group). Chronic PD treatment significantly reduced peritoneal
performance (p=0.01 vs C) (Figure 1), while PD+paricalcitol treatment did not lead
to this loss of ultrafiltration, almost reaching control levels (p>0.05 vs. C).
To further analyze the effect of VDR activation on peritoneal functional decline,
109

VDR activation in a rat PD model

Figure 1: Ultrafiltration after 90 minute PET with 30ml of conventional PD fluid.(* p<0.01).

Table 2: Peritoneal transport parameters determined by PET (effluent D/serum P)
C
33.3
[25.9-46.7]
0.2
D/P Creatinine (μmol/l)
[0.1-0.3]
0.5
D/P Urea (mmol/l)
[0.4-0.5]
0.8
D/P Sodium (mmol/l)
[0.5-0.8]
All data presented as Median and Inter Quartiles.
a
p<0.05 compared to C group.
Glucose absorption (%)

C+
paricalcitol
22.3
[20.8-32.5]
0.2
[0.2-0.3]
0.5
[0.4-0.5]
0.8
[0.7-0.8]

PD
46.5
[35.3-54.9]
0.4 a
[0.3-0.5]
0.6 a
[0.5-0.7]
0.9 a
[0.8-0.9]

PD+
paricalcitol
42.8
[35.5-49.9]
0.4
[0.3-0.5]
0.6
[0.6-0.8]
0.8
[0.8-0.9]

transport parameters were measured in serum and PET effluents (Table 2). Exposure
to PD fluid significantly worsened effluent/serum (D/P) creatinine, urea and sodium
transport (p<0.05 vs C) and induced a trend towards enhanced glucose absorption.
Treatment with paricalcitol in control or PD treated rats did not affect peritoneal
transport parameters, although a trend towards reduced glucose absorption was
observed.
Cell numbers and macrophage migration
PD treatment significantly increased the total number of peritoneal cells in the
PET effluents compared to control animals (p<0.0001) (Figure 2A). Paricalcitol
treatment tended to further increase cell numbers in PD+paricalcitol treated rats
(p=0.07), whereas cell numbers were not increased by paricalcitol in control rats
(Figure 2A). Interestingly, correlation analysis of both PD groups showed a highly
significant positive correlation between ultrafiltration and cell number (r=0.862,
p=0.001), demonstrating that a higher cell number in effluents is associated with
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Figure 2: Cell numbers and macrophage migration.
Total peritoneal cell number in effluent after 90 minute PET with 30ml of conventional PD fluid (2A,*
p<0.03) and effluent concentration of MCP-1 (2B, * p<0.01). Macrophage migration towards paricalcitol,
MCP-1 in standard medium (white bars) or Dianeal containing medium (1:4) (grey bars) (2C, * p<0.05 vs
medium, # p<0.05 vs Dianeal+medium).

better ultrafiltration capacity.
Cell differentiation of peritoneal cells in the effluents revealed a reduction of mast
cell and eosinophil count and an increase in neutrophils after PD treatment. In all
four groups macrophages remained the dominant cell type (+/- 80%) (Table 3).
Paricalcitol treatment did not induce significant differences in leukocyte composition
in control or PD treated rats.
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Table 3: Composition of peritoneal leukocytes
C
Cell number *106
Macrophages (%)
Lymphocytes (%)
Neutrophils (%)
Eosinophils (%)
Mast cells (%)

22.1
[12.5-24.8]
77.0
[74.0-81.0]
0.0 a
[0.0-0.0]
0.0
[0.0-0.0]
11.3
[9.0-13.9]
9.8
[8.8-13.6]

C+
paricalcitol
19.5
[16.2-24.2]
80.0
[76.6-82.1]
0.0
[0.0-0.0]
0.0
[0.0-0.0]
13.8
[11.3-14.6]
7.3
[4.5-10.4]

PD
99.8
[89.0-130.1]
84.7
[72.3-90.4]
0.5 a
[0.3-1.3]
7.25 a
[2.5-25.8]
2.3 a
[1.5-5.4]
0.0 a
[0.0-0.3]

PD+
paricalcitol
153.9
[108.1-186.1]
78.9
[68.8-87.7]
0.4
[0.0-0.9]
14.1
[10.6-20.2]
1.75
[0.6-11.9]
0.0
[0.0-0.2]

All data presented as Median and Inter Quartiles.
p<0.001 compared to C group.

a

MCP-1 was measured in the PET effluents and showed to be unaffected by
paricalcitol treatment in the control situation (Figure 2B). After PD treatment, MCP-1
levels were ~5 fold increased in the PD group compared to control rats (p=0.001).
Paricalcitol treatment in combination with PD even further increased MCP-1 levels
(p=0.01).
To examine the effect of paricalcitol on macrophage migration, we performed in
vitro migration assays with primary rat macrophages. As expected, MCP-1 induced
macrophage migration. Paricalcitol did not enhance migration under these (control)
conditions (Figure 2C, white bars). However, when Dianeal was added to the culture
medium (1:4), which is known to result in macrophage activation21, paricalcitol in
itself was able to enhance migration, similar to the levels of MCP-1 induced migration
(p<0.05) (Figure 2C, grey bars). Simultaneous addition of paricalcitol and MCP-1 did
not further increase macrophage migration.
Analysis of peritoneal effluents
VEGF levels in peritoneal effluents were below detection limits in most control
animals and significantly increased in the PD group (p=0.01). No effect of paricalcitol
treatment on effluent VEGF concentration was found in control or PD rats (Figure
3A). As shown previously, PD treatment induced a 15 fold increase in HA production,
indicating an inflammatory state in the peritoneum (p=0.0001) (Figure 3B). Paricalcitol
treatment significantly reduced HA concentrations in the PD+paricalcitol group
(p=0.02). In PD treated animals, TGFβ concentrations were found to be ~3 times
higher compared to control animals (p=0.01) (Figure 3C). Addition of paricalcitol did
not influence TGFβ production.
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Figure 3: Peritoneal effluent concentrations of VEGF (4A,* p< 0.03), HA (4B, * p< 0.02), and TGFβ (4C,
* p<0.05).

Peritoneal tissue remodeling
Frozen sections of parietal peritoneum were stained with Van Gieson to determine
changes in the extra cellular matrix (ECM) layer. Histological analysis of the
peritoneum showed that PD fluid exposure resulted in increased submesothelial
matrix thickness compared to control rats (p=0.01 vs C) (Figure 4). Additional
paricalcitol treatment completely prevented thickening of the parietal mesothelial
matrix layer (p=0.02 vs PD).
Chronic PD treatment resulted in increased recruitment of activated M2 tissue
macrophages and in new vessel formation in omentum and mesentery, determined
by respectively ED2 and CD31 staining (Figure 5). In control rats, no effects of
paricalcitol treatment were found on these parameters. In the mesentery, paricalcitol
treatment could not prevent PD induced macrophage accumulation or angiogenesis
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Figure 4: Extra cellular matrix (ECM) thickness of parietal peritoneum (4A, * p<0.02). Figure 4B shows
representative examples of peritoneal sections of control, PD and PD+paricalcitol treated animals, arrows
indicate ECM thickness.

(Figure 5A+B). However, in PD-treated animals, paricalcitol tended to reduce omental
macrophage accumulation compared to the PD group (Figure 5C+E). PD-induced
angiogenesis in the omentum was largely prevented by paricalcitol treatment in the
PD+paricalcitol group, almost reaching control levels (p=0.04 vs PD, p=0.06 vs C)
(Figure 5D+E).
VDR activation by paricalcitol in 1,25-vitamin D3 deficient rats
To study the effect of paricalcitol in 1,25-(OH)2D3 deficient rats, a PTX was performed
and half of the animals were treated thereafter with paricalcitol for five weeks.
Similar to the first part of the experiment, no effect of VDR modulation, either by
PTX or a combination of PTX and paricalcitol treatment, was found on inflammation
or morphology in non-PD treated control groups (data not shown). However, upon
exposure to PD fluid, modulation of VDR activation did indeed affect peritoneal
outcome (Table 4).
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Figure 5: Angiogenesis and macrophage accumulation in visceral peritoneum.
Macrophage accumulation (Ed2 positive staining) (5A; *p< 0.04) and angiogenesis (CD31 positive
staining) (5B; *p< 0.001) in mesentery, and in omentum (5C; *p<0.05 and 4D; *p<0.001 respectively).
Figure 5 E shows representative examples of the omentum with ED2 in green and CD31 in red of control,
PD and PD+paricalcitol treated rats.
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PTH levels remained undetectable throughout the study in animals that underwent
PTX, indicating that PTX was successful. Similar Ft4 levels in PTX animals and
standard PD treated animals showed that the thyroid was not damaged during
surgery. Endogenous 1,25-(OH)2D3 levels were significantly decreased by PTX in
the PD+PTX group (p=0.0001, vs. PD), and reduced further by paricalcitol in the
PD+PTX+paricalcitol group. PTX led to a significant increase in phosphate levels and
significantly reduced calcium concentrations (p<0.01), which remained unaffected
by paricalcitol treatment in PD+PTX+paricalcitol rats.
PD induced loss of ultrafiltration capacity was even larger after PTX in the PD+PTX
group resulting in a significant difference in ultrafiltration between the PD+PTX group
(low VDR activation) and the PD+paricalcitol group (high VDR activation) (p<0.01).
Similar to the first part of the experiment, addition of paricalcitol after PTX partially
recovered ultrafiltration in the PD+PTX+paricalcitol group. Peritoneal transport
parameters remained unaffected by PTX or PTX+paricalcitol treatment.
Cell numbers and MCP-1 concentration were reduced in the effluents of PD+PTX
animals and similar to experiment 1, addition of paricalcitol increased both
parameters. Again, cell differentiation did not reveal any significant differences in
peritoneal leukocyte composition between the different groups.
VEGF levels were significantly reduced upon PTX, but addition of paricalcitol in
PD+PTX+paricalcitol treated rats enhanced VEGF concentrations back to standard
PD levels. HA production as well as the ECM thickness was significantly reduced
in the PD+PTX as well as in the PD+PTX+paricalcitol group (Table 4). Tissue
macrophage accumulation (determined by ED2) in mesentery and omentum was
significantly reduced by PTX and brought back to the same level as the standard
PD group by paricalcitol treatment in the PD+PTX+paricalcitol group. PTX had no
effect on angiogenesis in omentum or mesentery. Addition of paricalcitol was, unlike
in the first part of the experiment, not able to prevent angiogenesis under these
circumstances, although a slightly decreased CD31 positive surface area in the
omentum was noted.
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Table 4: Peritoneal changes after paricalcitol treatment in 1,25-(OH)2D3 depleted animals

PTH (pg/ml)
Ft4 (pmol/l)
1.25 vitaminD3 (pmol/l)
Phosphate (mmol/l)
Calcium (mmol/l)
Ultrafiltration (ml)
Glucose absorption (%)
D/P Creatinine (μmol/l)
D/P Urea (mmol/l)
D/P Sodium (mmol/l)
Cell number *106
Macrophages (%)
Lymphocytes (%)
Neutrophils (%)
Eosinophils (%)
Mast cells (%)
MCP-1 (ng/ml)
VEGF (pg/ml)
HA (ng/ml)
TGFbeta (pg/ml)
ECM (μm)
Ed2 omentum
(% positive area)
ED2 mesentery
(% positive area)
CD31 omentum
(% positive area)
CD31 mesentery
(% positive area)

PD

PD+PTX

PD+PTX+
paricalcitol

241.5
[202.1-322.1]
21.6
[18.8-27.4]
564.0
[427.5-673.5]
3.3
[3.2-3.4]
3.5
[3.2-3.5]
7.3
[6.0-8.0]
46.5
[35.3-54.9]
0.4
[0.3-0.5]
0.6
[0.5-0.7]
0.9
[0.8-0.9]
99.8
[89.1-130.1]
84.7
[72.3-90.4]
0.5
[0.3-1.3]
7.25
[2.5-25.8]
2.3
[1.5-5.4]
0.0
[0.0-0.3]
1.2
[0.9-1.4]
3.7
[2.4-7.4]
50.6
[45.4-62.6]
359.9
[178.3-642.4]
21.9
[16.7-26.1]
6.3
[3.1-20.8]
19.5
[12.8-31.2]
13.3
[9.3-20.1]
23.0
[15.3-31.2]

undetectable a

undetectable a

29.9
[21.7-31.8]
111.0 a
[75.0-144.0]
4.3 a
[3.9-4.8]
2.6 a
[2.4-2.8]
6.0
[5.0-6.2]
50.3
[42.9-58.7]
0.3
[0.3-0.5]
0.6
[0.5-0.7]
0.8
[0.8-0.9]
40.4 a
[32.3-54.4]
91.4
[76.9-94.9]
0.4
[0.3-1.4]
2.0
[0.4-14.6]
4.5
[2.5-7.8]
0.0
[0.0-0.4]
0.9
[0.6-3.0]
0.8 a
[0.5-2.2]
38.1 a
[34.8-46.2]
430.5
[203.5-558.3]
18.1 a
[14.2-19.4]
1.12 a
[0.0-3.7]
9.1 a
[5.5-15.4]
15.4
[6.8-19.5]
16.7
[13.4-23.6]

24.9
[21.4-26.3]
63.0 a
[37.0-111.0]
4.0 a
[3.7-4.8]
2.5 a
[2.3-2.7]
6.5
[5.6-7.4]
59.4
[49.7-70.9]
0.4
[0.3-0.5]
0.7
[0.6-0.7]
0.8
[0.7-0.9]
79.9
[58.8-141.6]
87.8
[81.9-91.0]
0.4
[0.0-1.4]
8.1
[3.9-17.1]
1.1
[0.0-4.5]
0.0
[0.0-0.1]
2.0 a
[1.5-2.6]
3.0 b
[2.3-5.8]
38.9 a
[34.6-44.4]
846.6 a,b
[491.1-1026.1]
18.1 a
[16.3-19.5]
11.5 b
[7.7-11.9]
19.6
[11.4-29.1]
10.3
[6.5-13.1]
23.7
[18.1-28.0]

All data presented as Median and Inter Quartiles.
p<0.05 compared to PD group; b p<0.05 compared to PD+PTX group.

a
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Discussion
In the present study we investigated the possible role of VDR activation on peritoneal
changes in a chronic rat PD-model in healthy and 1,25-(OH)2D3 deficient rats, due to
its potential immunomodulatory properties.
Firstly, we studied the peritoneal changes after VDR activation by oral paricalcitol
administration. Under control and PD conditions, paricalcitol treatment significantly
decreased endogenous 1,25-(OH)2D3 levels compared to animals without PD
treatment, which has also been found by others in both animal and human
studieRegarding anti-inflammatory and tissue remodeling features of VDR activation,
we found no effects of paricalcitol treatment in an untreated control situation on
morphology or inflammatory markers in the peritoneum. However, in our rat PD
model, when the peritoneum becomes activated, VDR activation by paricalcitol
restored ultrafiltration and significantly decreased angiogenesis and fibrosis,
indicating the importance of inhibition of angiogenesis and fibrosis in the prevention
of ultrafiltration failure. Furthermore, we showed a significant reduction in HA levels
whereas MCP-1 and cell numbers were increased upon VDR activation. Because
these animals had normal physiology of vitamin D metabolism these results suggest
differential effects between paricalcitol and calcitriol.
Secondly, we reduced endogenous 1,25-(OH)2D3 levels by performing a PTX. The
results of the PD+PTX group show that PTX itself induced significantly reduced
fibrosis as well as decreased HA and VEGF levels. Indeed some studies have
described the influence of PTH in cardiac fibrosis in animal models24, HA synthesis
in osteoblasts25 and endothelial expression of VEGF26. These studies suggest
that changes seen in the PD+PTX group are likely a result of the minimized PTH
levels in these animals (not necessarily related to vitamin D deficiency) and show
the importance of preventing hyperparathyroidism in PD patients. Furthermore, the
statistically changed phosphate and calcium levels may also have played a role in
the differences seen between the PD and the PD+PTX group.
Despite the fact that several critical parameters were already improved after PTX, the
ultrafiltration capacity of these rats was worsened after PD fluid exposure. Additional
paricalcitol treatment prevented this loss of ultrafiltration. In addition, paricalcitol
restored PTX-induced reduced cell numbers, VEGF levels and ED2 accumulation,
back to the same level of standard PD treated rats. HA levels and ECM thickness
remained decreased in the PD+PTX+paricalcitol group.
Altogether, this indicates that also during vitamin D deficiency, paricalcitol is capable
of inducing potentially beneficial peritoneal changes. However, further investigation
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is warranted using a model for vitamin D deficiency without disturbing PTH levels,
since PTH showed to be involved in several inflammatory processes.
An important cause of technique failure in PD patients is loss of ultrafiltration
capacity in combination with fibrosis and new vessel formation27. In accordance to
our results, the inhibitory effect of paricalcitol on renal fibrosis has been described28.
Possible explanations for reduced fibrosis after paricalcitol treatment may be found
in proteins involved in the thickening of the ECM-layer such as collagen type-1 and
the renin-angiotensin-aldosterone system (RAAS), which are down regulated upon
VDR activation8;29.
The anti-angiogenic effect of vitamin D analogues has also been reported previously30.
Indeed in our study paricalcitol treatment decreased angiogenesis in the omentum,
although VEGF synthesis was not reduced by paricalcitol treatment. These results
correspond to an earlier study with mast cell deficient rats which showed a role
of mast cells in the prevention of angiogenesis but where also no role for VEGF
in omental angiogenesis was found31. Interestingly, it has been shown that VDR
activation regulates mast cell maturation and inhibits the final maturation of mast cell
precursors5. Furthermore, it is known that mature mast cells can produce and release
many potent angiogenic factors like tryptase, chymase, VEGF, basic fibroblast
growth factor and IL-832. Since in our model VDR activation most likely inhibited the
maturation of the mast cells present in the omentum, less angiogenic factors are
produced resulting in reduced vessel formation. Unaffected VEGF levels may be
explained by the fact that VEGF is not stored in mast cell granules33, and therefore
the other mentioned angiogenic factors produced by mast cells are more likely to be
inhibited. The fact that VEGF levels remained unaffected whereas angiogenesis was
clearly prevented by paricalcitol, may explain why the ultrafiltration capacity was not
restored completely but remained in between the PD and the control group.
Another interesting result was that peritoneal cell numbers as well as MCP-1 levels
were enhanced by paricalcitol treatment compared to the standard PD group. In line
with this we showed in our in vitro study that not only MCP-1, but also paricalcitol
itself is able to induce migration of macrophages upon activation by PD fluid, which
may explain the high number of macrophages found in the peritoneal cavity. The
increase in peritoneal cell number is often associated with inflammatory processes.
Nevertheless, in this study we found a positive correlation between cell number and
ultrafiltration capacity in the PD treated groups, indicating that higher cell numbers
do not necessarily result in an impaired performance. The tendency where enhanced
cell numbers are accompanied by improved ultrafiltration was also seen in previous
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animal studies34;35. This is in line with the possibility that the elevated numbers of
macrophages found in the peritoneal effluents are regulatory macrophages, in
contrary to the reduced M2 macrophages in the omentum after paricalcitol treatment.
It is well established that macrophages express the vitamin D receptor, and have
the capacity to produce 1,25-(OH)2D3 themselves36. Upon 1,25-(OH)2D3 treatment,
macrophage production of IL-12 is reduced whereas IL-10 production is enhanced37,
levels which are consistent with the phenotype of regulatory macrophages38. As
IL-10 can inhibit the production and activity of various pro-inflammatory cytokines,
regulatory macrophages are potent inhibitors of inflammation38. The induction of
inflammatory cytokines during PD is associated with increased fibrosis and increased
angiogenesis39;40. The inhibitory effect of regulatory macrophages on inflammation
may therefore contribute to the favourable outcome seen in this study, despite the
increased cell numbers after paricalcitol treatment during PD.
Taken together, our study clearly indicates that VDR activation with paricalcitol
improves peritoneal changes during PD. Paricalcitol showed positive effects on the
prevention of PD-induced peritoneal remodeling, even when compared with calcitriol
sufficiency. Chronic PD patients may therefore benefit from the effects of oral
paricalcitol treatment on peritoneal tissue remodeling and further studies in clinical
settings would be appropriate.
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