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H I G H L I G H T S

• The peritoneum is an extensive serous membrane with both epithelial and mesenchymal features, essential for maintaining an intra-abdominal homeostatic
equilibrium.

• The peritoneum covers the abdominal walls and all intra-abdominal structures, with exception of the bare area of the liver. Comprehension of the anatomy of the
peritoneum and its reflections is essential for surgeons performing intra-abdominal surgery.

• The peritoneum and the peritoneal vasculature play a central role in many intra-abdominal conditions such as peritoneal adhesions, the production of ascites and
peritoneal carcinomatosis.

• The peritoneal microcirculation is located in submesothelial stroma and is characterized by a relatively low vessel density, but this may alter under pathological
conditions.

• Understanding of the interaction between cancer cells, the peritoneum and the peritoneal vasculature is crucial for the development of new treatment strategies
for peritoneal carcinomatosis.
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A B S T R A C T

The peritoneum is a large serous membrane with both epithelial and mesenchymal features, and is essential for
maintaining an intra-abdominal homeostatic equilibrium. The peritoneum plays a central role in the patho-
genesis of a number of disorders. Pathological processes affecting the peritoneum such as inflammation and
carcinomatosis can have serious clinical consequences, but the pathophysiology of these conditions is poorly
understood. Understanding peritoneal embryology, anatomy and physiology is crucial to comprehend patho-
physiological mechanisms and to devise a new focus for research. The vascular response to pathological pro-
cesses appears to be of considerable importance, since the peritoneal vasculature plays a pivotal role in most
associated diseases. Therefore, this review summarizes currently available literature with special emphasis on
the development, anatomy and function of the peritoneal vasculature. Pathological processes are described to
illustrate physiological and pathophysiological characteristics of the peritoneum.
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1. Introduction

The peritoneum is a large serous membrane, essential for main-
taining an intra-abdominal homeostatic equilibrium. Peritoneal struc-
ture and function can be affected by the following pathological pro-
cesses: 1) adhesion formation as a consequence of surgical trauma,
inflammation (peritonitis) or endometriosis, which in turn complicates
surgical interventions and can lead to abdominal symptoms and female
infertility; 2) fibrosis due to inflammation or long-term peritoneal
dialysis and that can decrease the peritoneal diffusion capacity; 3) gy-
necologic or gastro-intestinal malignancies that can cause peritoneal
carcinomatosis, which in turn can lead to ascites and impaired bowel
function. However, the pathophysiology of the above-mentioned pro-
cesses is not well understood. Despite extensive research and proposed
interventions, peritoneal adhesions and fibrosis cannot be adequately
prevented or treated. Additionally, peritoneal susceptibility for metas-
tases in patients with cancer is still an enigma, and the behavior of
carcinoma cells on the peritoneal membrane remains largely un-
explained. This stresses the need for new insights into peritoneal phy-
siology and pathophysiology. In turn these may guide research and
development of new treatment strategies. Understanding basic princi-
ples is a necessary first step. We previously reviewed the literature on
the histophysiology and pathophysiology of the peritoneum [1]. How-
ever, current knowledge on the peritoneal vasculature has not pre-
viously been reviewed, even though the vascular response to peritoneal
pathology seems of considerable clinical importance. Therefore, this
review summarizes currently available literature with special emphasis
on the development, anatomy and function of the peritoneal vascu-
lature.

2. Embryology

2.1. Embryology of the peritoneum

Embryonic development of the peritoneum starts during the gas-
trulation stage, at which point a 3-layered disc is formed and a layer of
endoderm, ectoderm and mesoderm emerge [1–4]. The mesodermal
layer consists of cells that have an irregular shape with large inter-
cellular spaces and no recognizable extracellular matrix. Around Car-
negie Stage (CS) 9 (25 days development), mesodermal cells start to
transform into cubically shaped cells. This causes the intercellular
spaces to merge and form larger cavities. These cavities, the so-called
coelomic vesicles, eventually consolidate to one coelomic cavity, lined
with a layer of cuboidal mesodermal cells. The caudal part of the coe-
lomic cavity will give rise to the peritoneal cavity, and the layer of
mesodermal cells will form the peritoneal membrane (Fig. 1) [5,6].

In later stages of the embryonic development, the shape of the
embryo changes from a 2-dimensional embryonic disc to a 3-dimen-
sional embryo (CS 10, 28 days development). In the cranial part of the
embryonic coelomic cavity, the primitive pericardial region is formed
first. From here, two extensions develop in a caudal direction: the
pericardioperitoneal canals (Fig. 1). These expanding canals connect to
the extraembryonic coelomic cavity (chorionic cavity). In this process,
part of this extraembryonic coelom is incorporated in the embryo. This
will form the future peritoneal cavity below the umbilicus [5,6] (Fig. 2).

The embryonic peritoneal cavity is separated from the pleural cavity
by the formation of pleuroperitoneal membranes halfway along the
pericardioperitoneal canals. These membranes are the cranial parts of
the urogenital ridges. They do not contribute to the urogenital organs,
but instead form part of the adult diaphragm. Once the peritoneal
cavity is separated from the pleural cavity, a right and left cavity is
present above the level of the umbilicus (which has developed from the
pericardioperitoneal canals) and an undivided cavity is present below
the level of the umbilicus (which has developed from the extra-
embryonic coelom) [5,6].

The peritoneal cavity is empty, but the embryonic gut protrudes in

it. Mesodermal cells that line the protruding embryonic gut will form
the future visceral peritoneum, and mesodermal cells that line the body
wall and the septum transversum will form the future parietal perito-
neum. Cells in the transition zone between visceral and parietal peri-
toneum (which become peritoneal ‘reflections’ in the adult) are “ag-
gressive” towards their microenvironment, digesting underlying
mesodermal cells. Therefore, the coelomic cavity has the ability to
enlarge at the expense of non-differentiated sub-coelomic tissue. In this
way, the liver (which will form in the septum transversum) is separated
from the diaphragm, the foregut (i.e. esophagus, stomach and proximal
duodenum) and the ventral body wall. Only the falciform ligament, the
bare area of the liver (area nuda hepatis) with the surrounding coronary
ligament and the lesser omentum persist. In the adult human, remnants
of the septum transversum occur in these structures anterior to the
embryonic foregut and below the embryonic pericardial cavity. The fact
that the liver originates from the septum transversum explains why the
future peritoneum covering the liver is derived from the embryologic
parietal peritoneum instead of the visceral peritoneum (which covers
most other abdominal organs) [5,6].

In the dorsal body wall, two genital ridges develop from the me-
sonephros. The mesonephros is initially situated retroperitoneally and
therefore covered with parietal peritoneum. Consequently, when the
mesonephros proliferates and differentiates into ovaries or testes, these
organs are covered with parietal peritoneum as well. The left and right
genital ridges form a V-shape in the dorsal body wall, meeting in the
midline at the caudal boundary of the peritoneal cavity. The peritoneal
cavity enlarges in a caudal direction, and the caudal ends of the two
genital ridges enlarge in a cranial direction, and move from a sub-
peritoneal to an intraperitoneal position. As the caudal end of the
genital ridges contains the fused genital ridges (which will from two
Fallopian tubes, the uterus and the cranial part of the vagina in women)
the latter moves in a similar manner. Consequently, these structures are
covered with peritoneum of parietal origin [5,6].

The sensory innervation of the peritoneum is derived from mi-
grating neural crest cells. An important difference in the number and
type of sensory nerve receptors arises between parietal and visceral
peritoneum. Precisely when receptor differentiation occurs and whe-
ther this is preceded by an embryologic event, is not clear yet [5,6].
Anatomical differences and nerve trajectories are discussed in more
detail in paragraph 3.3.

2.2. Development of the (peritoneal) vasculature

The vascular system starts to develop when gastrulation is com-
pleted. Mesodermal cells differentiate into hemangioblasts in em-
bryonic and extraembryonic mesoderm. The latter overlies the outer
surface of the ectoderm (of the amniotic cavity) and endoderm of the
yolk sac. At CS 6 (embryonic day 13 to 15), these cells form small
clusters in a process known as blood island formation (Fig. 3). Around
embryonic day 16, cells in the blood islands further differentiate into
angioblasts (which will differentiate into endothelial cells) and hema-
topoietic precursors (which will differentiate into blood cells). Blood
islands fuse and create a primitive vascular network of primordial blood
vessels. The formation of endothelial cells from mesodermal cell pre-
cursors is defined as vasculogenesis [7–10] (Fig. 3).

From embryonic day 18 onwards, new blood vessels arise from
vessels initially formed by vasculogenesis. When capillaries arise from
pre-existing vessels, the process is called sprouting angiogenesis. During
‘intussusceptive angiogenesis’ an intussusceptive cylindrical tissue
pillar is formed within an existing vessel, thus splitting the lumen of
that vessel into two vessels. This form of angiogenesis is not well un-
derstood, partly because (and in contrast with sprouting angiogenesis)
it is an intravascular process which cannot be visualized by light mi-
croscopy [11]. Intussusceptive angiogenesis can radically alter the
structure of the microvasculature. During ‘bridging angiogenesis’, en-
dothelial cells form bridges between capillary walls, thus creating two
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or more capillaries from one vessel (Fig. 3). Angiogenesis is responsible
for the formation of the majority of the embryonic blood vessels and for
vascularization of organs of endoderm and ectoderm origin [12–14].

Vasculogenesis is regulated by various growth factors. Fibroblast
growth factors induce differentiation of mesodermal cells into he-
mangioblasts and signaling through Hedgehog ligands and their re-
ceptors is considered crucial for blood island formation [15]. Trans-
forming growth factor-β (TGFβ) plays a critical role in vasculogenesis
as well [15,16]. Three TGFβ ligands have been identified (TGFβ1,

TGFβ2 and TGFβ3) that can bind to receptors on endothelial cells (type
1 receptor TGFβRII and type 2 receptors Alk1 and Alk5) [15,17]. When
TGFβ signaling is altered, for example because of deletion of a ligand or
receptor, this results in embryo lethality due to defective vasculogenesis
in the yolk sac [18].

Vascular endothelial growth factor (VEGF) is a signaling protein
that is essential in vasculogenesis and angiogenesis. The VEGF family
consists of 6 members (VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and
placental growth factor), of which VEGF-A is the most potent

Fig. 1. Ventral view of reconstructions of human embryos. The coelom is reconstructed in white, the embryo is transparent. 1: pericardial cavity, 2: pericardio-
peritoneal canals, 3: coelomic vesicles. From https://www.3dembryoatlas.com/ with permission of Bernadette de Bakker, Amsterdam UMC.

Fig. 2. Schematic drawing of a mid-sagittal section through a human embryo. 1: amniotic cavity, 2: yolk sac/gut, 3: coelom, o and x: parts of the extra-embryonic
coelom that, due to the folding of the embryonic disc, become situated in the embryo as part of the embryonic coelom.

ectoderm
mesoderm
mesothelium coelomic cavity
endodermal lining yolksac and gut
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angiogenic factor. Three VEGF receptors have been identified, namely
VEGFR1, VEGFR2 and VEGFR3 [14]. Signaling through VEGFR2 is
considered the most important initiator of sprouting angiogenesis [19].
Knocking out of a VEGF receptor in mice results in lethal vascular de-
fects during embryonic development. Deletion of a single VEGF allele
results in lethal blood vessel formation defects [20].

Other signaling pathways are also involved in angiogenesis. For
example, neuropilins act as co-receptors for VEGF-A and can bind VEGF
ligands [21,22]. Notch receptors and ligands regulate proliferation and
differentiation of endothelial cells [23]. Tie receptors in conjunction
with angiopoietin ligands, regulate angiogenesis and vessel maturation
[24].

In the dorsal mesentery, endothelial cells develop into dorsal-ven-
tral cords during gut rotation. These cords become the major arteries
supplying the midgut. To avoid strangulation of these vessels, vascular
development is adapted to gut-rotation. Hence, formation of dorsal-
ventral cords occurs solely in the left side of the dorsal mesentery.
Asymmetrical development of the vasculature is regulated by the
transcription factor pituitary homeobox 2 (Pitx2) [25].

3. Anatomy

3.1. General anatomy

The peritoneum has a surface area of approximately 1.8 m2 [26].
Parietal peritoneum lines the abdomino-pelvic cavity whereas visceral
peritoneum covers most visceral organs. As a consequence, the ab-
dominal walls and all intra-abdominal structures are covered with
peritoneum, with exception of the bare area of the liver. Most caudally
in the abdomino-pelvic cavity, the peritoneum covers the dome of the
bladder and the anterior rectal surface. Hence, the bladder and rectum
are located ‘under’ the peritoneum, in the subperitoneal space. The
uterus and uterine tubes are situated between rectum and bladder.
These organs are initially situated in the sub- and retroperitoneal
spaces, covered with parietal peritoneum. As these organs develop, they
will protrude into the intra-abdominal cavity and are therefore covered
for a large part by parietal peritoneum [27,28]. The double layers of
peritoneum on the lateral sides of the uterus are identified as the broad
ligament (consisting of mesometrium), the mesosalpinx and the meso-
varium [29].

The uterus, Fallopian tubes and ovaries are covered with parietal
peritoneum. The peritoneum covering the ovaries is also known as
ovarian surface epithelium. This epithelium is continuous with the
parietal peritoneum that covers the fallopian tubes, but has different
properties [1]. The peritoneum is discontinuous at the fimbrial open-
ings. Consequently, in women, there is a connection between the
peritoneal cavity and the outer world, allowing transport of an oocyte

from the peritoneal cavity, through the fallopian tubes to the uterus
after ovulation. In contrast, the male reproductive organs are situated
outside the peritoneal cavity. Therefore, in men the peritoneal cavity is
a completely closed sac, continuously covered by peritoneum [27,28].

Several virtual spaces can be distinguished between the pelvic or-
gans. Males exhibit a recto-vesical pouch situated between the rectum
and bladder. In women, the uterus divides this space into the vesico-
uterine and recto-uterine pouch (or Douglas’ pouch). In an upright
position, the recto-vesical and recto-uterine pouches are the lowest
parts of the peritoneal cavity [28]. Consequently, intra-abdominal fluid,
e.g. peritoneal fluid, ascites, and blood, tends to accumulate here.
Therefore, this region requires special clinical attention, for instance,
when imaging the abdominal cavity [30,31].

A series of peritoneal ‘folds’ are situated at the anterior abdominal
wall, below the umbilicus, where the peritoneum is reflected over
(obliterated) structures. The median fold is formed by the obliterated
urachus, the medial folds are formed by the obliterated umbilical ar-
teries and the lateral folds overlie the inferior epigastric vessels.

The peritoneum also covers the intestines and contributes to the
mesentery. The mesentery consists of connective tissue, adipocytes, the
intestinal vasculature, lymphatics and two layers of mesenteric perito-
neum, which are a further region of the visceral peritoneum [32]. The
mesentery suspends the intestines and is characterized by a ‘root’,
where the parietal peritoneal lining of the abdominal wall detaches,
and where the celiac trunk branches and the superior and inferior
mesenteric arteries enter the mesentery. The small intestinal mesentery,
the transverse mesocolon and lateral mesosigmoid are mobile, whereas
the left and right mesocolon and the medial mesosigmoid are flattened
against the posterior abdominal wall [32].

The mesentery of the small intestine and colon have been con-
sidered separate entities, with the right and left mesocolon being ‘fused’
with the underlying retroperitoneum. However, between the right and
left mesocolon and the underlying retroperitoneum, a separating layer
of connective tissue (also known as Toldt’s fascia) can be identified.
This means that the mesentery is in fact continuous, from duodenum to
rectum [32,33].

The transition zone between the visceral and parietal peritoneum is
also termed ‘peritoneal reflection’. In regards to the mesentery, the
peritoneal reflection is important for colorectal surgeons, because dis-
section provides access to surgical planes, for example when detaching
the mesentery during mesocolic or mesorectal surgery [33]. Toldt’s
fascia is also continuous, but has different names at different anatomic
locations [32]. In the pelvis, surgeons know this fascia as the ‘holy
plane’ of rectal surgery.

Superior to the mesenteric root, the peritoneum contributes to the
greater omentum and forms the anterior layer of the lesser omentum.

The peritoneum almost covers the entire liver, except for the bare

Fig. 3. Schematic drawing of the development of the vascular system within the mesoderm.
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area of the liver (area nuda hepatis), where the liver is attached directly
to the diaphragm. The peritoneum around the bare area forms the
coronary ligament, and the peritoneum around the obliterated umbi-
lical vein (ligamentum teres hepatis) forms the falciform ligament,
which is the most anterior remnant of the septum transversum, that
forms the embryonic ventral mesentery. Finally, the peritoneum lines
the lesser sac and contributes to the lieno-renal and gastro-splenic li-
gaments and covers the posterior wall of the stomach, where it folds
into the greater omentum and continues posteriorly towards the pos-
terior abdominal wall [27,28]. The described ligaments are mostly lo-
cated where the peritoneum is reflected and changes from parietal to
visceral peritoneum. In this sense, these ligaments can be considered as
a transition zone between the two different types of peritoneum.

3.2. Microscopic anatomy

The peritoneum is often defined in literature as a 3-layer structure: a
mesothelial cell layer, a basal lamina and submesothelial stroma [1,34].
In contrast, the peritoneum is sometimes defined as a single layer of
mesothelial cells. According to the latter definition, the basal lamina
and submesothelial stroma are not considered to be part of the peri-
toneum [27,35]. In the present review, the first definition is used be-
cause of the important role of the basal lamina and structures such as
blood and lymphatic vessels in the submesothelial stroma in physiolo-
gical and pathological processes.

3.2.1. Mesothelium
The mesothelial layer is the innermost layer of the peritoneum, and

is in contact with the abdominal cavity. Mesothelial cells are meso-
dermal in origin and possess both epithelial and mesenchymal features.
Three types of mesothelial cells have been described [36–38]. Flattened
mesothelial cells are characteristic of the intestinal, omental and par-
ietal mesothelia. A cuboidal cell type occurs in visceral peritoneum
whilst the diaphragm and gastric peritoneum have an intermediate
mesothelial cell type [34]. Morphologic heterogeneity suggests there
are functional differences between mesothelial cells at different ana-
tomical locations. Cuboidal cells contain more mitochondria and en-
doplasmic recticulum, a well-developed Golgi apparatus, microtubules
and a greater number of microfilaments, suggesting increased meta-
bolic activity in these cells [39].

Mesothelial cells are linked by intercellular junctions, including
tight junctions, gap junctions and desmosomes (Fig. 4) [1,40–42]. At
the junction of two or more mesothelial cells, stomatal openings may be
present. These openings are 3–12 μm in diameter and provide direct
access to the submesothelial lymphatic system, allowing rapid trans-
portation of fluid [1,43–46]. It is suggested that stomata provide a
gateway between pleural and peritoneal cavities [46]. Lymphatic sto-
mata are extensively present in the mesothelium, but the distribution of
stomata has not been characterized for all mesothelial regions (e.g. for
different regions of the mesentery) [43].

At the apical mesothelial cell membrane, numerous microvilli are
present [46,47]. On top of these microvilli, a glycocalyx is present,
which creates a stagnant fluid layer consisting of proteoglycans and
glycosaminoglycans to promote lubrication [39]. This glycocalyx has an
anti-inflammatory function and plays an important role in intercellular
contacts, tissue remodeling and possibly transport of growth factors and
nutrients across the peritoneal membrane [46,48].

Mesothelial cells contain a number of intracellular vesicles with
secretory products. These vesicles can be excreted as exosomes at the
apical cell membrane [49]. The exact function of mesothelium-derived
exosomes is unknown, but they may play a role in intercellular com-
munication [50]. Mesothelial cells also contain lamellar bodies. These
organelles have a lipid storage function [34]. In fact, the main function
of lamellar bodies is to supply lipid components to the apical membrane
[51]. Lamellar bodies in general were first identified in type 2 pneu-
mocytes. In these cells, lamellar bodies store alveolar surfactant. In

mesothelial cells, lamellar bodies produce a similar surfactant-like
substance, that helps to provide a friction-free peritoneal surface
[52,53]. Besides lubrication, surfactant proteins may also have im-
munological functions [1].

A recent study has suggested that mesothelial cells are also a po-
tential source of adipocytes. The authors demonstrated that visceral fat
depots (which are associated with metabolic dysfunction) have a layer
of mesothelial cells, that can differentiate into adipocytes [54].

3.2.2. Basal lamina
The basal lamina supports mesothelial cells. It is less than 100 nm

thick and consists of an extracellular matrix, mainly composed of col-
lagen type IV and laminin [1]. The collagen type IV fiber network acts
as a skeleton of the basal lamina, whereas laminin provides binding
sites for adhesion of mesothelial cells via hemi-desmosomes [55].
Binding of mesothelial cells to the basal lamina is not strong, explaining
why minor injuries can result in cellular detachment [56].

3.2.3. Submesothelial stroma
Stroma underneath mesothelial cells and basal lamina provides

support to the mesothelial cell layer. This layer consists of collagen type
I fibers, laminin, fibronectin, proteoglycans, glycosaminoglycans, fi-
broblasts, adipocytes, blood and lymph vessels and nerves [57]. The
thickness and composition of submesothelial stroma varies with age
[58] and can change in response to disease [59]. Within the stroma, a
continuous layer of elastic fibers is present as elastic lamina [60].
Knowledge of its function is limited, but a relation has been described
between the thickness of the elastic lamina and motility of the organ the
peritoneum covers [60]. Organs with peristaltic movements are covered
by peritoneum with a more prominent elastic lamina, whereas the
elastic lamina is thinner in static organs. In some organs, such as the
omentum and bladder, the elastic lamina is absent, although it is not
clear whether this holds for both lesser and greater omentum.

The submesothelial stroma can also be described as ‘interstitium’. A
recent study has suggested that the interstitium consists of macro-
scopically visible spaces within tissues through which interstitial fluid
flows [61]. These authors consider the submesothelial layer of the
mesentery an interstitium, that functionally communicates with the
lymphatic drainage of the gastrointestinal tract. Another study also
demonstrated that the submesothelial stroma of the mesentery is con-
nected to the intestinal serosa, which means that intestinal and me-
senteric connective tissues are continuous [32]. These findings are of
clinical importance, for example in inflammatory bowel disease or with
respect to the spread of cancer cells.

In the mesentery, adipose tissue in the submesothelial layer has
been identified as a source of C-reactive protein (CRP). This protein is
widely used as marker for inflammation and previously was considered
as exclusively produced by the liver. However, emerging data suggests
that mesenteric fat tissue can also contribute to the inflammatory re-
sponse by producing CRP, and that this may be relevant in patients with
Crohn’s Disease [61].

3.3. Anatomy of the peritoneal (micro)vasculature, lymphatics and nerves

3.3.1. Microvascular anatomy
The blood supply of the parietal peritoneum is provided by arteries

of the abdominal wall and by parietal pelvic arteries. In contrast, blood
flow to the visceral peritoneum comes from mesenteric, coeliac and
visceral pelvic arteries. Venous blood from the visceral peritoneum
drains into the portal vein, whereas vessels of the parietal peritoneum
drain into the inferior vena cava [62].

The peritoneal microcirculation is located in submesothelial stroma
and comprises arterioles, venules and capillaries. The morphology of
these vessel types differs: arterioles have a round lumen of 20–130 μm,
whereas the lumen of venules is often not round and can be larger than
that of arterioles. Capillaries located between arterioles and venules
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have a diameter of 5–10 μm [63,64]. The walls of arterioles and venules
consist of several layers. From lumen to adventitia, the following layers
can be identified: endothelium, tunica elastica interna, tunica media,
tunica elastica externa and tunica adventitia. The thickness of the tu-
nica media differs between arterioles (thick) and venules (thin). The
wall of a capillary is morphologically different from that of arterioles
and venules and consists of a single endothelial cell layer, on top of
which pericytes are located [63,64]. Pericytes are morphologically
heterogenous cells that play a key role in blood flow regulation and
endothelial proliferation [65]. Trans-sectional imaging of the peritoneal
submesothelial stroma demonstrates that vascular networks are si-
tuated in three horizontal planes [58] (Fig. 4).

Arterioles and venules are transport vessels, which means that no
exchange of substances between these vessels and surrounding tissues
occurs [63]. Exchange of substances occurs in capillaries. In the capil-
lary bed, hormones, gases (like oxygen and carbon dioxide), immune
cells, nutrients, water and waste products are exchanged between the
capillary lumen and surrounding tissue [66].

The solute and water transport capacity of the peritoneum depends
on the capillary density (the spatial arrangement of capillaries) and
perfusion of these [67]. The peritoneal microcirculation is character-
ized by a relatively low vessel density [68], but this can be altered
under pathological conditions. The density of peritoneal micro-
vasculature under physiological conditions depends on age. The highest
density is found in infants younger than 1 year, the lowest density is
found in children 7–12 years of age, and density increases again in
adults older than 18 years of age [58]. The thickness of the endothelial
wall also varies with age. The endothelium is thickest in children 7–12
years of age, and thinnest in infants younger than 1 year and adults
older than 18 years of age [58]. It is hypothesized that the reduced
capillary density in childhood is caused by stretching of the growing
peritoneal surface, in which angiogenesis cannot keep up with the rapid
expansion of the peritoneal surface [58]. With regard to the mesenteric
peritoneum, Culligan et al. have described that certain submesothelial

areas of the mesocolon are highly vascularized [69].

3.3.2. Lymphatic anatomy
Different pathways of fluid drainage have been described by which

fluid drains from the peritoneal cavity [70,71]. Fluid can be transported
across the mesothelial lining of the peritoneum (i.e. through lymphatic
stomata), into the celiac, superior mesenteric, and periportal lymph
node groups. Subsequently, lymphatic fluid is transported to the thor-
acic duct by efferent visceral lymphatics [72,73]. Fluid in the abdom-
inal cavity can also drain via diaphragmatic lymphatic channels to-
wards the caudal and anterior mediastinal lymph nodes [1]. These
channels may explain the occurrence of isolated mediastinal lymph
node metastases in patients with ovarian cancer.

3.3.3. Nerve anatomy
Sensory nerve fibers arising from the abdominal wall and (partially)

from the parietal peritoneum reach the central nervous system (CNS)
via segmental spinal nerves. The most cranial part of the parietal
peritoneum (covering the diaphragm) is innervated by the phrenic
nerve and its fibers connect to corresponding cervical segments C4, C5
and C6. More caudally, parietal peritoneum derives its nerve supply
from thoraco-abdominal nerves, segmental spinal nerves, subcostal and
lumbosacral nerves. The obturator nerve innervates parietal perito-
neum in the pelvis.

Sensory nerve fibers of the intestine (and the visceral peritoneum)
have a more complex route to the CNS. Depending on the location,
nerve fibers reach the CNS via the superior celiac and mesenteric plexus
as well as via vagus and splanchnic nerves [74,75]. The sensory in-
nervation of the viscera is derived from neural crest cells and consists
mostly of small, thinly myelinated or unmyelinated afferents that ap-
pear in a mesh-like complex [76]. The majority of mesenteric afferents
are located near or on blood vessels [77]. An important difference be-
tween parietal and visceral peritoneum is the amount and type of
sensory nerve receptors. In the parietal peritoneum, pain receptors,

Fig. 4. Schematic representation of the peritoneum.
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stretch receptors and temperature receptors are found. These receptors
have a relative low threshold and are therefore very sensitive to pres-
sure, pain, temperature and laceration. In the visceral peritoneum only
stretch receptors are present. The visceral peritoneum is insensitive to
pain, but sensitive to stretch and chemical irritation [78]. These dif-
ferences explain why movements in hollow organs (i.e. intestines)
covered by visceral peritoneum do not cause pain, but are registered by
stretch receptors.

4. Physiology and pathophysiology

4.1. Tissue repair and adhesion formation

Peritoneal injury (for example due to surgery or peritonitis) acti-
vates the coagulation cascade, which generates fibrin that is deposited
on the injured peritoneal surface [79]. Fibrin deposition is part of
normal tissue repair, but complete degradation of fibrin (fibrinolysis) is
necessary for adequate peritoneal healing. The balance between fibrin
deposition and its degradation is crucial for normal peritoneal healing.

The conversion of plasminogen into plasmin is an important step in
fibrinolysis, since plasmin is highly effective in the degradation of fi-
brin. Mesothelial cells produce tissue-type plasminogen activator (tPA)
and urokinase-type plasminogen activator (uPA), which are both plas-
minogen activators [80]. However, mesothelial cells also produce
plasminogen-activating inhibitor (PAI), which inhibits plasminogen
activation and thus prevents fibrin degradation. When fibrin is not
degraded completely, the fibrin matrix forms a scaffold for collagen-
secreting fibroblasts and capillary ingrowth, contributing to peritoneal
adhesion formation [81]. Peritoneal adhesions can cause pelvic pain,
intestinal obstruction and female infertility, and complicate abdominal
surgical interventions. Despite extensive research, peritoneal adhesions
still represent an important clinical challenge and as yet there is no
definitive strategy to prevent their formation [82].

There are considerable inter-individual differences in susceptibility
to develop peritoneal adhesions. Various factors have been identified
that increase the risk of post-operative adhesion development, such as
genetic polymorphisms in PAI and the interleukin-1 receptor antagonist
[83]. In addition, the formation of adhesions may be affected by the
levels of hypoxia that occur during or after surgery.

4.2. The role of hypoxia and angiogenesis in adhesion formation

During laparoscopic surgery, carbon dioxide is used for insufflation
of the peritoneal cavity in order to visualize intra-abdominal organs. In
this way, a so-called pneumoperitoneum is established.
Pneumoperitoneum may cause local tissue hypoxia due to the use of
carbon dioxide and the increase in intra-abdominal pressure, com-
pression of capillaries and decreased blood flow. Hypoxia, with atten-
dant oxidative stress,free radical production and angiogenesis, may
induce formation of peritoneal adhesions [84,85]. Free radicals are
toxic to cells at higher concentrations and impair cellular functions.
Free radicals can modify proteins, affect proper functioning of orga-
nelles and disturb intracellular signal transduction pathways. Induction
of oxidative damage contributes to vascular dysfunction and remodel-
ling, and can initiate and stimulate the development of adhesions [85].
Therapeutic strategies that target free radicals in preventing adhesion
formation, are emerging. Pneumoperitoneum-induced adhesions were
absent in mice that not expressing genes encoding for factors regulated
by hypoxia, such as VEGF, hypoxia inducible factors and PAI-1
[86–90]. Moreover, in vitro studies demonstrate that exposure of peri-
toneal fibroblasts to hypoxia modulates expression of TGF-β, a major
profibrotic factor [91–94]. These studies suggest that mesothelial hy-
poxia plays a key role in adhesion formation and that prevention of
hypoxia or the use of antiangiogenic drugs may prevent or reduce
peritoneal adhesion formation [95].

4.3. Peritoneal fibrosis and mesothelial-to-mesenchymal transition

Peritoneal fibrosis is often observed in patients undergoing perito-
neal dialysis, and partially arises from dialysate with high glucose levels
and low pH. Dialysis-induced fibrosis significantly decreases diffusion
capacity, leading to failure of ultrafiltration. Peritoneal fibrosis is
characterized by submesothelial thickening, vasculopathy, and auto-
crine proliferation [96,97].

Epithelial-to-mesenchymal transition of mesothelial cells can be
triggered by factors affecting mesothelial cells, and plays a central role
in peritoneal fibrosis (Fig. 5). During this so-called mesothelial-to-me-
senchymal transition (MMT), mesothelial cells lose intercellular adhe-
sions, microvilli and apical-basolateral polarity. Subsequently, they

Fig. 5. Schematic representation of a cross-section of the peritoneum showing mesothelial-to-mesenchymal transition (MMT) as a consequence of cancer or, for
example, long-term peritoneal dialysis.
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transform into migratory and invasive cells with a myofibroblastic
phenotype [98] (Fig. 5). These express high levels of cyclooxygenase-2,
connective tissue growth factor and VEGF, and induce angiogenesis.
MMT is initiated by cytokines and growth factors such as TGF-β1, in-
terleukin 1β and hepatocyte growth factor [99]. TGF-β1 has been
suggested to be a key player in the induction of peritoneal fibrosis,
whereas inhibition of TGF-β1 protects the peritoneum from dialysis-
induced fibrosis [100].

4.4. Fluid transport across the peritoneal membrane and the formation of
ascites

Under physiological conditions, the peritoneal cavity contains ap-
proximately 5–20ml of peritoneal fluid. Peritoneal fluid is for the larger
part produced by the peritoneal capillaries. From the peritoneal cavity,
peritoneal fluid is transported through lymphatic stomata to the thor-
acic duct and back into the intravascular space. Renewal of the peri-
toneal fluid occurs every 1–2 hours [67]. Pathological disturbance of
this equilibrium can lead to accumulation of peritoneal fluid, called
ascites. Severe ascites causes abdominal distention and reduced quality
of life as it impairs intestinal function, and leads to abdominal pain,
anorexia and restrictive breathing. Ascites can be categorized based on
the presence of high (exudate) or low levels of albumin (transudate).
The amount of albumin present depends on the underlying pathophy-
siological process. Obstruction of the portal vein is a common cause of
ascites. In this setting fluid with low levels of albumin (transudate)
leaks directly from the liver surface and mesenteric vessels, through the
peritoneum into the peritoneal cavity [101,102]. In addition, increased
intra-abdominal pressure often decreases the absorptive capacity of the
peritoneal surface and lymphatic system [102]. Other pathological
conditions such as peritonitis and peritoneal carcinomatosis cause as-
cites without obstruction of the portal or hepatic vein. In these cases,
ascites results from increased permeability of the capillary endothelium

in the submesothelial layer of the peritoneum. In general, this fluid is an
exudate, because albumin also leaks out of the capillaries and thus
colloid osmotic pressure cannot counteract the formation of ascites
[103].

4.5. Cellular signaling inducing vascular leakage in peritoneum

Increased vascular permeability can be induced by various inter-
cellular and intracellular signaling pathways that target the endothelial
barrier [104]. One of the most potent inducers of such signaling path-
ways is VEGF. Once VEGF binds to VEGFR2 on endothelial cells, an
intracellular signaling pathway triggers β-arrestin dependent en-
docytosis of VE-cadherin (Fig. 6). Since VE-cadherin is a key adhesion
molecule, endocytosis of VE-cadherin reduces the adhesion capacity of
endothelial cells, thus increasing permeability of the capillaries [104].

Blockade of VEGFR2 in patients with peritoneal carcinomatosis can
restore the endothelial barrier and prevent production of ascites.
Therefore, the VEGF receptor antagonist bevacizumab, currently used
in the treatment of epithelial ovarian cancer, can affect the production
of ascites [105]. Alternatively, inhibition of tyrosine kinase phosphor-
ylation of VEGFR2 decreases receptor activity, thus inhibiting VEGF-
induced processes such as angiogenesis and aforementioned en-
docytosis of VE-cadherin. When a tyrosine kinase inhibitor is ad-
ministered to mice with peritoneal implants of ovarian cancer, perito-
neal dissemination and ascites formation are inhibited [106,107].
Moreover, intraperitoneal administration of monoclonal antibodies di-
rected against VEGF receptors in mice with peritoneal carcinomatosis
prevents recurrence of malignant ascites [108].

4.6. The role of the peritoneal vasculature in peritoneal carcinomatosis

Gastro-intestinal or gynecologic cancer that metastasizes intra-ab-
dominally can cause peritoneal carcinomatosis, a condition in which

Fig. 6. Schematic representation of VEGF induced VE-cadherin endocytosis that increases vascular permeability in the peritoneum.
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the peritoneum is affected by numerous small-sized lesions. The role of
the peritoneum in metastatic tumour spread has been studied ex-
tensively. Peristaltic bowel movements and respiratory movements
contribute to dissemination of peritoneal fluid in the peritoneal cavity,
enabling exfoliated cancer cells to adhere to peritoneal surfaces.
Ovarian cancer cells express surface integrins which can bind efficiently
to components of the ECM, such as collagen, laminin, fibronectin, fi-
brinogen and vitronectin. Once adhesion is established, the sub-
mesothelial stroma supplies mediators enabling metastatic cancer cells
survive, proliferate and invade the peritoneum. Subsequently, a tumor-
supportive microenvironment is created by attraction of inflammatory
and stromal cells and chemokines. However, despite this tumor-sup-
portive environment, peritoneal metastases remain small-sized with
only superficial invasion of the submesothelial stroma. Mechanisms
underlying this restrictive growth and invasion are still virtually un-
known, but this phenomenon points to a complex interaction between
cancer cells, peritoneal cells and the microenvironment. The process of
peritoneal metastasis in epithelial ovarian cancer was recently sum-
marized by van Baal et al [4]. Few studies investigated peritoneal
vasculature in the presence of cancer deposits. Increased vasculariza-
tion occurs in biopsies from peritoneum surrounding tumour deposi-
tions, a finding that can be explained by the fact that angiogenesis is
initiated by cancer cells and ‘cancer-associated mesothelial cells’ [109].
Moreover, peritoneal deposits are more frequently observed at locations
with immune cell aggregates, referred to as ‘milky spots’. Milky spots
contain mesothelial cells that secrete VEGF and they have a high ca-
pillary density. Studies in mice demonstrated improved survival of
deposits in proximity with milky spots [110,111]. Hypothetically, in-
creased vessel density in the peritoneum is important for attachment,
survival and growth of peritoneal metastases [112].

5. Concluding remarks

The peritoneum is a complex structure with a variety of functions.
This review provides an overview of current knowledge of embryonic
development, anatomy, physiology and pathophysiology of the perito-
neal membrane with special emphasis on microvasculature. The vas-
cular response in pathological processes such as adhesion formation,
inflammation and cancer is of considerable clinical importance and
remodeling of peritoneal vasculature is involved in almost all asso-
ciated diseases. The exact role of peritoneum in pathological conditions
requires further elucidation. In order to develop new therapeutic stra-
tegies, it is imperative that the peritoneum, its physiology and patho-
physiology are studied in detail.
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