
Peritoneal dialysis (PD) is associated with functional and
structural changes of the peritoneal membrane. In this re-
view we describe factors contributing to peritoneal tissue
remodeling, including uremia, peritonitis, volume loading,
the presence of a catheter, and the PD fluid itself. These
factors initiate recruitment and activation of peritoneal
cells such as macrophages and mast cells, as well as activa-
tion of peritoneal cells, including mesothelial cells, fibro-
blasts, and endothelial cells. We provide an overview of
cytokines, growth factors, and other mediators involved in
PD-associated changes. Activation of downstream pathways
of cellular modulators can induce peritoneal tissue remod-
eling, leading to ultrafiltration loss. Identification of mo-
lecular pathways, cells, and cytokines involved in the
development of angiogenesis, fibrosis, and membrane fail-
ure may lead to innovative therapeutic strategies that can
protect the peritoneal membrane from the consequences
of long-term PD.
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Peritoneal dialysis (PD) is a therapy used to replace
kidney function in end-stage renal disease patients.

The therapy is based on the ability of the peritoneal mem-
brane to function as a dialyzing membrane, allowing
exchange of solutes and waste products between the PD
fluids (PDF) and the circulation. Peritoneal dialysis fluid
is instilled in the peritoneal cavity via a permanent cath-
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eter and contains an osmotic agent, mostly glucose,
which facilitates fluid movement from the bloodstream
to the peritoneal cavity, leading to removal of metabolic
waste products and water. Continuous removal of waste
products achieved using PD results in improved well-
being of patients (in contrast to hemodialysis, where
waste products accumulate between dialysis treat-
ments). Furthermore, patients on PD have increased
mobility compared to patients on hemodialysis since PD
can be done at home. In addition, PD is less expensive.
Drawbacks of PD include the risks of peritonitis and peri-
toneal membrane damage upon exposure to PDF. The lat-
ter induces inflammation and regeneration processes,
as well as tissue remodeling.

In this review we describe causes, mediators (perito-
neal cells, cytokines), and molecular pathways involved
in PD-related tissue remodeling. In addition, we discuss
possibilities for intervention strategies aimed at prolon-
gation of PD treatment and regression of peritoneal
damage.

PERITONEAL DIALYSIS-RELATED TISSUE REMODELING

The efficacy of PD depends on the structural and func-
tional integrity of the peritoneum, that is, the inner

 by guest on M
ay 9, 2016

http://w
w

w
.pdiconnect.com

/
D

ow
nloaded from

 

http://www.pdiconnect.com/


606

SCHILTE et al. NOVEMBER 2009 – VOL. 29, NO. 6 PDI

of the catheter, and instillation of the PDF itself. Differ-
ent components of PDF, including buffer, low pH, glu-
cose concentration, and glucose degradation products

surface of the abdominal wall (parietal peritoneum),
omentum, and mesentery (visceral peritoneum). The
peritoneum consists of a mesothelial cell monolayer and
underlying connective tissue interstitium comprising
extracellular matrix (ECM), blood vessels, lymphatics,
fibroblasts, and innate immune cells.

Peritoneal dialysis exposure models have shown that
several weeks of PD results in loss of mesothelial cells
and denuded areas in the mesothelial layer [Figure
1(a,b)] (5). Liver imprints of rats show increased
mesothelial cell density, indicating mesothelial regen-
eration [Figure 1(c,d)] (4,6). Vimentin-positive spindle-
shaped cells are found among the mesothelial cells,
indicating the process of epithelial-to-mesenchymal
transition (EMT) (2). Changes also take place in the
submesothelial interstitium. Thickness of ECM is signifi-
cantly increased upon PD [Figure 1(e,f)] (3,7,8). In the
parietal peritoneum, granulation tissue (immune cell
aggregates) is observed within the matrix layer (4). Sig-
nificantly higher numbers of leukocytes are found in the
effluents of PD-treated animals compared to non-treated
animals. Although the percentages of macrophages and
lymphocytes do not change, an exchange of mast cells
and eosinophils for neutrophils is seen after PD treat-
ment (3,8). Increased numbers of activated macrophages
are seen in peritoneal tissues upon PD (2), including ac-
cumulations around vessel networks in the omentum,
known as milky spots [Figure 1(g,h)] (3,9). Normally,
milky spots occupy a small percentage of the total sur-
face area of the omentum, whereas, after PDF exposure,
this percentage increases dramatically (6,10). New blood
vessels [Figure 1(i,j)] (3) and lymphatics are formed
throughout the peritoneal tissues. Angiogenesis leads
to a large effective surface area exchange, whereas
lymphangiogenesis results in increased lymphatic ab-
sorption rates (11,12). (Lymph)angiogenesis enhances
reabsorption of glucose, causing a decrease in the glu-
cose-driven osmotic pressure of the PDF and subtle
changes in the vessel wall, leading to elevation of small
solute transport across the peritoneal membrane, thus
contributing to ultrafiltration loss (11,12). The thickened
submesothelial fibrotic layer hampers osmotic pressure
further and reduces the efficacy of the exchanges (7).

In summary, loss of mesothelium, submesothelial fi-
brosis, and (lymph)angiogenesis are typical morphologic
features seen in long-term PD contributing to technique
failure (7,13).

CAUSES OF PD-INDUCED PERITONEAL MEMBRANE CHANGES

Several factors can contribute to PD-related tissue
remodeling, including uremia, peritonitis, the presence

Figure 1 — Histological changes after long-term peritoneal
dialysis (PD) treatment. Electron microscopy shows loss of
mesothelial cells, leukocyte adhesion, and PD-induced new
vessel formation (B) compared to untreated rat (A) [adapted
from Ref. (1)]. May–Grünwald–Giemsa staining of liver imprint
shows increased PD-induced mesothelial cell density and
spindle-shaped cells (indicated by circles) (D) compared to
control (C) [adapted from Ref. (2)]. Van Gieson staining of
parietal peritoneum shows thickening of extracellular matrix
upon PD (F) compared to control (E) [adapted from Ref. (3)].
Toluidine blue staining of omentum shows induction of milky
spots and angiogenesis in PD-treated rats (H) and control rat
(G) [adapted from Ref. (4)]. Staining of mesentery of macro-
phage influx (ED2, green) and blood vessel formation (CD31,
red) of PD-treated rats (J) and control (I).
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(GDPs) generated during heat sterilization, influence
peritoneal remodeling (14) (Table 1). The presence of
the catheter partly induces PD-related morphological
changes (8,15). Moreover, pressure itself is an inflam-
matory trigger. Zareie et al. showed that instillation of
lactate buffer without glucose or GDPs results in in-
creased cell influx, mesothelial regeneration, angiogen-
esis, and increased number of milky spots, although it
does not significantly enhance fibrosis (3,8). Addition
of glucose to the buffer enhances angiogenesis and me-
sothelial regeneration and induces fibrosis and cell in-
flux (3,8,13). The presence of GDPs further enhances all
mentioned peritoneal changes except cell influx and
mesothelial regeneration (3,8,16–18). In addition to
GDPs, advanced glycation end products (AGEs) formed
by heating of glucose contribute to the toxicity of PDF
(19).

It has become increasingly clear that more biocom-
patible PDF (bicarbonate/lactate buffer, low GDPs) in-
duce less damage and less impaired ultrafiltration (6,8,
17,20). In addition, supplementing PDF with amino-
guanidine, which scavenges GDPs and prevents AGE for-
mation, results in less mesothelial denudation (21),
fibrosis, and angiogenesis in omentum and parietal peri-
toneum (22).

Apart from the composition of PDF, other factors have
been suggested to contribute to PD-related tissue re-
modeling. In uremic patients, AGEs, vascular endothe-
lial growth factor (VEGF), and inflammatory cytokines
such as interleukin (IL)-1β and tumor necrosis factor-
alpha (TNF-α) are significantly increased and are known
to modulate the structure and function of the peritoneal
membrane (23). Studies have shown that uremia leads
to thickening of the ECM and mild vasculopathy, indi-
cating that uremia induces inflammation and tissue re-
modeling in the peritoneum (7,24). Animal studies

confirmed the increase in vascular network as a result of
uremia in non-PD treated animals. However, only minor
differences between uremic and nonuremic PD-treated
rats were found, suggesting that there is no prominent
effect of uremia in PD therapy (4,25).

In contrast, peritonitis episodes significantly contrib-
ute to peritoneal changes by inducing mesothelial dam-
age, massive inflammatory response, and increased
vascularization of peritoneal tissue, leading to impaired
membrane function (11,26,27).

CELLS THAT CONTRIBUTE TO PERITONEAL TISSUE REMODELING

Peritoneal tissue remodeling resembles a chronic low-
grade inflammation. Major cell types involved include
macrophages and mast cells, together with mesothelial
cells, fibroblasts, and endothelial cells. Figure 2 shows
the cellular system known to contribute to PD-induced
changes and includes the cytokines and chemokines
produced.

Peritoneal Macrophages: Mononuclear phagocytes
are the predominant cell type found in dialysates and
form the first line of defense against invading micro-
organisms (28). During PD, macrophage numbers
increase due to recruitment of their precursors (mono-
cytes) from the blood (28,29). Activated macrophages
release prostaglandin-E2 (PGE-2), IL-1, IL-6, IL-8,
monocyte chemoattractant protein-1 (MCP-1), and
TNF-α and thereby participate in intraperitoneal in-
flammation (11,30,31). In addition, macrophages can
produce growth factors that enhance cell proliferation
and ECM production, leading to fibrosis (31,32). We are
not aware of any PD intervention studies aimed at block-
ing macrophage recruitment (chemokine receptor an-
tagonists) or macrophage function (corticosteroid
treatment).

TABLE 1
Peritoneal Changes Occurring After Long-Term Exposure to Peritoneal Dialysis Fluid in Rats

Fluid characteristics
Extrinsic factors Buffer + Buffer + glucose

Peritoneal changes Catheter Uremia Peritonitis (Lactate) Buffer  glucose + GDPs

Ultrafiltration failure – + + + ++ +++
Effluent cell number – – + – ++ ++
Angiogenesis + + + + ++ +++
Fibrosis – – + – ++ +++
Omental mast cells – + + ++ ++ +++
Omental milky spots – – + ++ ++ +++
Mesothelial regeneration – – + ++ +++ +++

GDPs = glucose degradation products.
Peritoneal changes are indicated as – (no changes) and + (weak) to +++ (very strong) compared to control rats.
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Mesothelial Cells: By secreting prostaglandins,
chemokines, and cytokines, mesothelial cells contribute
to the recruitment of leukocytes (11,33). Chronic expo-
sure to PDF and peritonitis episodes damage mesothe-
lial cells, which leads to their partial disappearance from
the peritoneal membrane (34). The remaining mesothe-
lial cells become activated (35,36) and produce angio-
genic and fibrotic factors such as VEGF, basic fibroblast
growth factor (FGF-2), transforming growth factor-beta
(TGF-β), and hyaluronic acid (HA) (37). Exposure of
human mesothelial cells to GDPs specifically resulted in
a dose-dependent inhibition of cell growth, cell viabil-
ity, and IL-6 and TNF-α release, and increased synthesis
of TGF-β and VEGF (37). Regeneration of denuded areas
occurs by proliferation and migration of the remaining
mesothelial cells (36,38). Although mesothelial cell
transplantation may seem beneficial, animal studies
have shown that successful mesothelial cell transplan-
tation is accompanied by enhancement and prolonga-
tion of the inflammatory status of the peritoneum
(35,39).

Recent data suggest that mesothelial cells undergo
EMT during PD, which may play an important role in peri-
toneal fibrosis leading to failure of peritoneal membrane
function (5,40,41). Mesothelial cells undergoing EMT
show increased expression of angiogenic molecules, in-
cluding VEGF, suggesting that EMT, angiogenesis, and
fibrosis may be interconnected processes mediated by
injury to and response of the mesothelium (42). Since
TGF-β is the major inducer of EMT, strategies inhibiting
TGF-β signaling are a plausible way to prevent EMT dur-
ing PD. Treatment of cultured human mesothelial cells
with either bone morphogenetic protein-7, an endog-
enous antifibrotic protein and member of the TGF-β
superfamily, or the TGF-β inhibitor rapamycin respec-
tively reverted or inhibited TGF-β-induced EMT (43,44).

Mast Cells: In the normal peritoneum, mast cells are
present and their numbers increase upon inflammation.
High mast cell numbers have been found in peritoneal
tissues of PD patients and during peritonitis (45,46). The
biological functions of mast cells include a role in
immunomodulation, tissue repair, fibrosis, and angio-

Figure 2 — Cellular system of inflammatory response, including production of cytokines and chemokines, upon exposure to peri-
toneal dialysis (PD) fluid. Extrinsic factors and PD fluid characteristics activate macrophages and mesothelial cells, which start
producing inflammatory cytokines and growth factors. These activate fibroblasts, endothelial cells, and mast cells, which secrete
angiogenic and fibrotic cytokines and growth factors, which play a role in tissue remodeling after long-term PD. Dotted lines
indicate activation of peritoneal cells; straight lines indicate production of cytokines and growth factors. IL = interleukin; PGE2 =
prostaglandin E2; VEGF = vascular endothelial growth factor; FGF-2 = basic fibroblast growth factor; TGF-β = transforming growth
factor beta; TNF-α = tumor necrosis factor alpha; NOS = nitric oxide synthase; ROS = reactive oxygen species; VCAM = vascular cell
adhesion molecule; ICAM = intercellular adhesion molecule; MCP-1 = monocyte chemoattractant protein 1.
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genesis (46,47). Activated mast cells can induce angio-
genesis by producing potent proangiogenic factors such
as VEGF, FGF-2, and TGF-β and can also produce TNF-α
and IL-8, as well as tryptase and chymase (48,49).

Peritoneal cell influx and omental changes (milky
spots and angiogenesis) are significantly reduced in mast
cell-deficient rats. Mesothelial damage, angiogenesis,
and fibrosis in other peritoneal tissues as well as func-
tional parameters proved to be mast cell independent.
Similar results were observed in wild-type rats treated
orally with the mast cell stabilizer disodium cromo-
glycate (50). These data show that mast cells contribute
to PDF-induced omental tissue remodeling and perito-
neal cell influx and may be targeted therapeutically.

(Myo)Fibroblasts: Many inflammatory mediators pro-
duced by damaged/activated mesothelial and inflamma-
tory cells can affect peritoneal fibrosis by stimulating
resident fibroblast proliferation, inducing tissue repair
and ECM deposition. In addition, dedifferentiated me-
sothelial cells can acquire fibroblast characteristics after
EMT (51–53). Fibroblasts can in turn produce cytokines
(including IL-8) upon their activation with IL-1 and
TNF-α, suggesting a role in the regulation of inflamma-
tory events (54–56). (Myo)fibroblasts are stimulated to
secrete PGE-2, HA, and collagen, which alter the struc-
ture of the peritoneal membrane (57,58). Deleting fi-
broblasts prevented f ibrosis in a mouse model for
peritoneal fibrosis (59). Due to these characteristics,
(myo)fibroblasts likely play a role in fibrosis during PD.

Endothelial Cells: Prominent changes in endothelial
activation can be observed upon PD. For example, expo-
sure of endothelial cells to high glucose concentrations
induces the expression of reactive oxygen species (ROS)
(60). Exposure of endothelial cells to proinflammatory
cytokines, including IL-1β and TNF-α, induces the pro-
duction of IL-8 and MCP-1, the recruitment of leukocytes
to the cell surface, and cell death (61).

Endothelial cells of the vessels observed in the milky
spots of PD-treated animals are greatly enlarged, sug-
gesting their activation (6). Indeed, rolling, adhesion,
and extravasation of leukocytes is dramatically increased
in newly formed blood vessels in mesenteries of animals
treated long term with PD (62,63). Apart from its role in
inflammation, the endothelium lining peritoneal capil-
laries is the most important barrier for solute transport
during PD. Water transport during PD requires ultrasmall
pores in capillary endothelium and is impaired in the case
of peritoneal inflammation (64). The water channel
aquaporin-1 has been proposed to be the ultrasmall pore
in animal models (64). Neither uremia nor PD alters
aquaporin-1 expression within peritoneal capillary
endothelium, suggesting that a quantitative loss of

ultrasmall pores itself may not be responsible for ultra-
filtration failure (64).

CYTOKINES, GROWTH FACTORS, AND HORMONES THAT
MEDIATE PERITONEAL TISSUE REMODELING

Proinflammatory Cytokines/Chemokines: As men-
tioned, activated macrophages play a key role in PD-
mediated tissue remodeling as one of the main producers
of proinflammatory cytokines, including IL-1β, IL-6,
IL-8, TNF-α, and MCP-1 (65).

Overexpression of IL-1β and TNF-α in the rat perito-
neum leads to an acute inflammatory response and ex-
pression of VEGF and TGF-β, resulting in angiogenesis
and fibrosis (66). Interleukin-8 promotes accumulation
and activation of neutrophils (65), whereas MCP-1 re-
cruits mononuclear cells (30). Interleukin-8 and MCP-1
are found in steady state PD effluents and their levels
increase upon peritonitis. However, even after recovery
from the infection, continuous production of these
chemokines has been observed in PD effluents (27). In-
terestingly, HA fragments induce the release of IL-8 and
MCP-1 by mesothelial cells (67). Mesothelial cells are
considered a source of HA upon inflammation and wound
healing (68). High molecular weight HA is thought to
support healing of the injured mesothelium by creating
a fibrin network and limiting the damaging effects of
free radicals (67). Increased levels of HA are found in PD
effluents although it is not clear whether this represents
HA fragments or high molecular weight, or both.

Growth Factors: Several growth factors contribute to
peritoneal tissue remodeling, of which VEGF and TGF-β
are the most important. VEGF is an endothelial-specific
growth factor produced in the peritoneum by mesothe-
lial cells. VEGF affects endothelial permeability and con-
tributes to the induction of angiogenesis (69). Inhibition
of VEGF function by anti-VEGF antibodies prevents peri-
toneal angiogenesis, leading to normalized small solute
transport rates upon high glucose exposure (70). It is
noteworthy that glucose may exert little effect on VEGF
production, whereas GDPs or AGEs greatly enhance VEGF
production. TGF-β is strongly upregulated by high glu-
cose concentrations, inducing peritoneal fibrosis (69).
Overexpression of TGF-β in the peritoneum causes peri-
toneal fibrosis, angiogenesis, EMT, increased peritoneal
membrane transport, and reduced ultraf iltration
(40,71). On the other hand, inactivation of TGF-β does
not affect ultrafiltration rate or angiogenesis but does
reduce fibrosis (72). Some experimental work done on
platelet-derived growth factor and FGF-2 (73–76) sug-
gests that these growth factors might be involved in PD-
related tissue remodeling.

 by guest on M
ay 9, 2016

http://w
w

w
.pdiconnect.com

/
D

ow
nloaded from

 

http://www.pdiconnect.com/


610

SCHILTE et al. NOVEMBER 2009 – VOL. 29, NO. 6 PDI

Prostaglandins: Prostaglandins are mediators of in-
flammation and are released upon exposure to PD (77).
PGE-2 is produced by many cells, including fibroblasts,
mesothelial cells, and macrophages, by the action of
cyclo-oxygenase-2 (COX-2), which can be induced by IL-1
and TNF-α (58). Topley et al. showed increased prostag-
landin release by mesothelial cells after incubation with
supernatant from IL-1- and TNF-α-stimulated peritoneal
macrophages (78). Analysis of the effluents of PD pa-
tients demonstrated increased levels of PGE-2 (79). Also,
during peritonitis, which is associated with vasodilata-
tion and decreased peritoneal membrane function, the
concentration of PGE-2 in the effluent is markedly el-
evated (79).

Renin–Angiotensin–Aldosterone System (RAAS): The
RAAS plays an important role in the progression of renal
disease and peritoneal injury. Renin increases TGF-β in
mesangial cells and the synthesis of fibrotic extracellu-
lar components, suggesting that renin contributes to fi-
brotic diseases (80). Angiotensin II (AII) is the main
peptide of RAAS and is a growth factor that regulates
cell proliferation, apoptosis, and fibrosis (81). Angio-
tensin II stimulates macrophages and fibroblast-like
cells to secrete TGF-β and regulates the synthesis of
proinflammatory cytokines (IL-6, TNF-α), chemokines
(MCP-1), and angiogenic growth factors such as VEGF
(82,83). Angiotensin II also stimulates the production
of aldosterone, which plays a role in regulating extra-
cellular volume (84) and in the development of fibrosis
(85,86).

The RAAS plays a key role in the regulation of perito-
neal function in rats on PD (87). Early intervention with
angiotensin-receptor blockers (ARBs) protects against
deterioration of peritoneal function, fibrosis, and peri-
toneal sclerosis during PD. Aldosterone-receptor blockers
as well as ARBs were able to reduce peritoneal fibrosis in
a rat model of bacterial peritonitis (88). In models of renal
injury, blocking AII via angiotensin-converting enzyme
inhibitors or ARBs decreased fibrosis but also proteinuria,
inflammatory cell infiltration, and gene expression of
matrix proteins and growth factors (81). This suggests
that angiotensin-converting enzyme inhibitors and ARBs
may have beneficial effects in preventing long-term peri-
toneal membrane changes induced by PD.

Reactive Oxygen Species (ROS): ROS are continuously
generated in living organisms by metabolic pathways and
are molecules that activate protein kinases, transcrip-
tion factors, and gene expression (89). High glucose,
AGEs, AII, and TGF-β all increase intracellular ROS (90).
ROS can mediate TGF-β-induced cellular responses, in-
cluding EMT, in various cells and activate mitogen-acti-
vated protein kinases (MAPK) (91). Generation of ROS

as a consequence of high glucose can be prevented by
extracellular neutralizing TGF-β antibodies (92). Noh
et al. have shown that ROS generated by conventional
PDF is responsible for progressive membrane hyper-
permeability, angiogenesis, accumulation of ECM, and
peritoneal fibrosis. Treatment with antioxidants or AII
inhibitors resulted in preservation of the structural and
functional integrity of the peritoneal membrane during
long-term PD (93).

SIGNALING PATHWAYS INVOLVED IN PERITONEAL TISSUE
REMODELING

Activation of peritoneal cells, including mesothelial
cells and recruited leukocytes, induces a number of cel-
lular signaling pathways.

Cyclo-Oxygenase-2: The COX pathway is known to af-
fect tissue remodeling during PD. COX-2 is an inducible
enzyme that catalyzes the rate-limiting step in prostag-
landin synthesis from arachidonic acid. Its expression
has been demonstrated in several tissues and cells under
inflammatory and proliferative conditions (94). COX-2
is present at the site of inflammation and is expressed
by macrophages and monocytes. It is induced by IL-1,
TNF-α, and growth factors (95). In cancer, COX-2 down-
stream products (mainly PGE-2) mediate angiogenic pro-
cesses through mechanisms including VEGF production
and enhanced endothelial cell survival (96). In vitro ex-
periments demonstrated that mesothelial and inflam-
matory cells express COX-2 under PD-like conditions
(73,97). Fibroblasts involved in peritoneal healing after
abdominal surgery have been found positive for COX-2
expression (98). In a recent chronic PD animal study, the
COX-2 inhibitor celecoxib improved ultrafiltration and
largely prevented angiogenesis and fibrosis in perito-
neal tissues (99).

p38 MAPK: The p38 MAPK pathway is strongly activated
by environmental stressors, including proinflammatory
cytokines and osmolality changes. It leads to alterations
in cell growth and cellular dysfunction (100–102). The
p38 MAPK is critical for the production of nuclear factor-
kappa B (NF-κB)-dependent inflammatory cytokines,
including TNF-α, IL-8, and IL-6 (103). Increased p38
MAPK activity has been demonstrated in mesothelial cells
cultured under high glucose conditions (100). The use
of p38 MAPK inhibitors may be an attractive strategy in
the PD setting due to their ability to reduce the synthe-
sis and signaling of proinflammatory cytokines. Indeed,
p38 MAPK inhibitors have been found to reduce the pro-
duction of TNF-α, IL-6, and IL-10 (104,105).

Reactive Oxygen Species (ROS)–Protein Kinase C:
Protein kinase C (PKC) is a family of serine/threonine
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kinases that regulate cell functions, including prolifera-
tion, cell cycle, differentiation, cell migration, and apo-
ptosis (106). High glucose has been shown to trigger PKC
activation as well as elevation of ROS, which in turn may
result in MAPK activation via PKC (107,108). This implies
that ROS are not only downstream but also upstream sig-
naling molecules to PKC (109). Both high glucose and
ROS activate PKC transcription factors such as NF-κB as
well as the upregulation of TGF-β and ECM genes in cul-
tured mesothelial cells (89,109). In vitro studies showed
that inhibition of PKC can both prevent high glucose-in-
duced intracellular ROS generation and inhibit NF-κB
activation in mesangial cells (110).

Tyrosine Kinase Receptors: Tyrosine kinases are central
components of cell signaling in processes such as apo-
ptosis, proliferation, migration, and differentiation
(111). Receptors of the tyrosine kinase pathways include
VEGF, platelet-derived growth factor, FGF-2, and colony
stimulating factor-1, the latter being involved in the dif-
ferentiation, proliferation, and activation of macro-
phages. Inhibition of tyrosine kinase receptors is one of
the most promising new anticancer strategies (112).
These inhibitors block endothelial cell migration, new
blood vessel formation, and the early phase of fibrosis
(113,114), which may reduce tissue remodeling in PD.

Receptor for AGE (RAGE): Most PDFs contain GDPs,
which are identified as toxic compounds and lead to the
formation of AGEs, contributing to the toxicity of PDF
(115). RAGE is the best-characterized signal transduc-
tion receptor for AGEs. Stimulation of RAGE results in
mesothelial cell activation, which may promote local in-
flammation and is thus implicated in the peritoneal in-
jury seen in long-term PD patients (116). Ligand binding
of AGE to RAGE results in activation of signal transduc-
tion pathways, including NF-κB and MAPKs (117). In
RAGE-deficient mice, fibrosis, angiogenesis, inflamma-
tory cell influx, and TGF-β upregulation were inhibited
upon treatment with high-GDP PD solution (118). Inhi-
bition of AGE-RAGE interaction with anti-RAGE antibod-
ies did not prevent peritoneal angiogenesis but did
prevent upregulation of TGF-β and development of sub-
mesothelial fibrosis (119). Both in vitro and in vivo block-
ing of AGE-RAGE interaction by soluble RAGE or anti-RAGE
antibodies reduces the cellular alterations secondary to
RAGE activation (116). The fact that inhibition of the AGE-
RAGE interaction reduces peritoneal changes stresses the
importance of AGEs in peritoneal membrane damage and
their potential as therapeutic targets.

Janus Kinase 2 (JAK2), Signal Transducers, and Activa-
tors of Transcription (STAT; JAK-STAT): Exposure of mes-
angial cells to high glucose concentrations activates the
growth-promoting enzyme JAK2 and its latent STAT fac-

tors (120). JAK-STAT signaling is activated by several
hormones, cytokines, and growth factors and partici-
pates in cell proliferation, differentiation, survival, and
apoptosis (121). Upon exposure to high glucose, the
JAK-STAT pathway is activated by AII and responds to
intracellular ROS, leading to TGF-β expression (122,123).
Incubation of mesangial cells with specific JAK2 or STAT1
inhibitors prevented the high glucose-induced synthe-
sis of TGF-β and fibronectin, implicating direct linkages
between JAK2, STAT, and glucose-induced overproduc-
tion of TGF-β in mesangial cells (120).

PERITONEAL REST AND REVERSIBILITY

Activation of peritoneal cells, mediators, and path-
ways results in functional and structural changes in peri-
toneal membranes in long-term PD. Some of these
changes can be reversed by peritoneal rest. Peritoneal
rest by switching temporarily to hemodialysis can help
restore ultrafiltration (124,125). Also, switching from
chronic ambulant PD to daytime ambulatory PD with a
nocturnal “empty belly” has been reported to improve
ultrafiltration (126). Apart from these clinical implica-
tions, the reversibility of both morphological and func-
tional alterations in the peritoneal membrane by
peritoneal rest was shown in animal studies (127,128).

Peritoneal rest of more than 4 weeks restored ultra-
filtration capacity as well as peritoneal permeability to
glucose and total protein (127,128). Moreover, the thick-
ness of the parietal peritoneum was reduced and omen-
tal and mesenter ial vessel density was restored
(127,128). Furthermore, peritoneal rest reversed the
increased mast cell density and milky spot response and
recovered PD-induced mesothelial damage (128). These
data suggest that PD-induced changes in the peritoneal
membrane are generally reversible after peritoneal rest,
as shown in the rat model.

SUMMARY AND CONCLUSION

In long-term PD, uremia, peritonitis, and permanent
exposure to PDF result in morphological and functional
changes in the peritoneal membranes. The ultrafiltration
loss seen in PD patients is caused in part by the
bioincompatibility of PDF. Novel PDFs offer an improve-
ment in biocompatibility and further development of
biocompatible fluids will probably lead to better preser-
vation of the peritoneal membrane. However, the addi-
tion of a specific (pathway) inhibitor will most likely be
needed to prevent peritoneal damage and improve ultra-
filtration. Figure 3 shows possibilities for therapeutic in-
terventions on the different levels that contribute to
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PD-related changes. Inhibitors of pathways involved in
angiogenesis, such as the COX-2 or the tyrosine kinase
pathway, are thought to be promising strategies in pre-
venting ultrafiltration failure. We therefore foresee a com-
bination therapy using most biocompatible fluids along
with specific inhibitors involved in peritoneal tissue re-
modeling to be the most effective approach in future PD.
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