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Preface

A relatively detailed understanding of normal organ structure and function is
essential to adequately evaluate, diagnose, and manage disease. The American
Board of Internal Medicine has endorsed this proposition by including ques-
tions about the normal anatomy and physiology of digestive organs in the
Gastroenterology Certification Examination. According to a statement published
by the Board, approximately 10% of the Certification Examination questions
test knowledge of these subjects.

Many years ago, during our training, we had our first discussion of how best
to learn about gastrointestinal anatomy and physiology. Predominantly regional
organization made it difficult to acquire an overall understanding of many impor-
tant topics by studying some standard texts: in these books, conceptually related
information about microscopic anatomy, motility, absorption and secretion, and
of other topics was divided among chapters principally devoted to major organs,
for example, the stomach or the small bowel. In addition, the overwhelming
quantity of information in reference works made finding and selecting the details
that were relevant to clinical practice a near-impossible task, at least from the
point of view of two novice practitioners.

Several years later, we were able to persuade the members of the Educational
Affairs Committee of the American College of Gastroenterology to allow us to
create a review course dedicated exclusively to the subjects of normal gastroin-
testinal structure and function. Until its recent discontinuation, this course was
offered every other year at the College’s annual meeting in conjunction with its
regular board review. Hundreds of gastroenterologists have benefited from the
excellent presentations made at the course by many of the same individuals
who have contributed chapters to this book.

It is, therefore, with great pleasure that we have seized the opportunity
offered us by the people at Wiley to address in book form the subject of basic
gastrointestinal structure and function. Our intention is to create a review
from the perspective of what is needed to practice clinical gastroenterology and
to present it in chapters devoted to specific topics in anatomy and physiology.
We hope you enjoy it.

John F. Reinus and Douglas Simon
The Albert Einstein College of Medicine



About the companion website

Gastrointestinal anatomy and physiology has its own resources website:

www.wiley.com/go/reinus/gastro/anatomy

The website includes all figures from the book



CHAPTER 1

Structure and innervation
of hollow viscera

Laura D. Wood & Elizabeth A. Montgomery
Department of Pathology, Johns Hopkins Hospital, Baltimore, MD, USA

The tubular gastrointestinal (GI) tract consists of hollow organs composed of
distinct tissue layers: mucosa, submucosa, muscularis propria, and serosa or
adventitia. The mucosa of each GI organ has a unique cellular structure, whereas
the other layers are similar throughout the GI tract. Innervation of the hollow
viscera consists of postsynaptic sympathetic and presynaptic parasympa-
thetic neurons with parasympathetic ganglion cells present in the myenteric
(Auerbach’s) and submucosal (Meissner’s) plexi. It is important to note that
there is more lymphoid tissue (mucosa-associated lymphoid tissue) in the GI
tract than there is in all the rest of the body combined.

The mucosa

The mucosa is the innermost layer of the GI tract; its function will be discussed

in detail in the succeeding text. The mucosa has three components:

1 The epithelium, which has protective and secretory or absorptive properties.

2 The lamina propria, a loose connective tissue zone supporting the avascular
epithelium. In the esophagus, stomach, and small intestine, but not the
colorectum, the lamina propria has many lymphatics, allowing mucosal
tumors to easily invade the lymphatics of the upper GI tract. In the upper
GI tract, there are fewer immune cells (lymphoid and plasma cells) in
the lamina propria than there are in the lamina propria of the small
bowel and colon.

3 The muscularis mucosae, a narrow double layer of inner circular and
outer longitudinal smooth muscle separating the mucosa from the
submucosa. The muscularis mucosae resembles the muscularis propria but
in miniature.

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E. Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
www.wiley.com/go/reinus/gastro/anatomy
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The submucosa

The submucosa is composed of connective tissue and contains Meissner’s nerve
plexus as well as large-caliber blood vessels.

The muscularis propria

The muscularis propria gives structural strength to the hollow viscera. It is com-
posed of an inner circular and outer longitudinal layer of smooth muscle.
Between these layers is Auerbach’s nerve plexus.

Serosa or adventitia

The outermost layer of the GI tract is either a serosa or an adventitia. The latter
is distinguished by its lack of a mesothelial membrane lining.

Parasympathetic ganglion cells are found in Meissner’s and Auerbach’s nerve
plexi. The submucosal Meissner’s plexi also contain neuronal cell bodies of the
intrinsic sympathetic nerve system that function on the local area of the gut.
These are the neurons that have chemoreceptors and mechanoreceptors. They
synapse on both other ganglion cells and on muscle and secretory cells.

Esophagus

The esophagus is about 25 cm in length and consists of a cervical and upper-,
mid-, and lower-thoracic segments. It is physiologically constricted by the cricoid
cartilage, the aortic arch, the left atrium, and the diaphragm. The esophagus is
unique among the hollow viscera in that it has skeletal (voluntary) muscle,
which surrounds its upper portions. The vagus nerve provides the esophagus
with parasympathetic innervation, whereas its sympathetic innervation is from
the cervical and paravertebral ganglia.

Histologically, the squamous mucosa of the esophagus is heaped up in folds
(Figure 1.1a and b). The mitotically active basal layer matures completely into
a surface layer containing tonofilaments within 10 days. The basal layer com-
prises about 15% of the esophageal epithelial thickness. The cells become flatter
and more eosinophilic as they approach the surface. The normal esophageal
epithelium lacks a granular layer (present in skin) and does not keratinize.
A small number of T lymphocytes are normally present in the epithelium.

Beneath the esophageal epithelium is the lamina propria, which contains
numerous small capillary-sized blood vessels and lymphatics as well as elastic
fibers. The esophageal lamina propria has very few lymphocytes and essentially no
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Figure 1.1 Normal histology of the esophagus. (a) Low-power image (H&E stain) of normal
esophagus illustrating the characteristic layers of the wall — mucosa, submucosa, muscularis
propria, and adventitia/serosa. A submucosal gland can be seen at the right side of the image.
(b) Medium-power image (H&E stain) of the esophageal mucosa, with stratified squamous
epithelium, lamina propria, and muscularis mucosae. Note the rich vascularity in the lamina
propria. (c) High-power image (H&E stain) of an esophageal submucosal gland. (d) High-power
image (PAS-AB stain) of an esophageal submucosal gland with characteristic dark blue color.

eosinophils or plasma cells. The lymphovascular network of the lamina propria
facilitates spread of invading cancers, as do similar networks in the stomach and
small intestine (but not the colon).

The muscularis mucosae of the esophagus is a slender layer that rapidly
thickens in response to injury; resultant reduplication of this layer may make
cancer staging difficult. Normally, the smooth muscle fibers of the muscularis
mucosae are mostly longitudinal in orientation. There is no skeletal muscle in the
esophageal muscularis mucosae (in contrast to the esophageal muscularis propria
which contains skeletal muscle fibers). In the upper esophagus, the muscularis
mucosae blends with the fibrous membrane of the hypopharynx, whereas in the
lower esophagus, it merges with the muscularis mucosae of the stomach.

The submucosa of the esophagus is composed of loose connective tissue with
abundant elastic fibers, a rich lymphovascular network that has well-developed
venous plexi, scattered ganglion cells, and nerve fibers of Meissner’s plexus.
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The esophageal submucosa also contains glands (Figure 1.1c and d). These glands
are composed of mucin-producing cells that are deeply alcianophilic on periodic
acid-Schiff-Alcian blue (PAS-AB) staining. They may undergo various types of
metaplasia in response to injury. Ducts lined by cuboidal epithelium convey
mucus secreted by the glands to the luminal surface of the esophagus where it
lubricates the passage of food.

The esophageal muscularis propria is composed of striated muscle in the
upper esophagus, smooth muscle in the lower esophagus, and a mixture of the
two in between. The amounts of smooth and striated muscle are said to become
equal about 5cm below the esophageal-pharyngeal junction. There is a well-
developed neural plexus (Auerbach’s plexus) between the inner circular and
outer longitudinal muscle layers. The inner circular layer of the lower esoph-
agus, or lower esophageal sphincter (LES), contracts or relaxes in response to
gastrin or secretin. There are no specific histologic features that distinguish the
LES from the rest of the muscularis propria.

The esophagus has an adventitia, a layer of coarse connective tissue that
connects the esophagus to adjoining structures, in particular the mediastinum.
The adventitia contains thick nerves, blood vessels, and lymphatics.

Stomach

The stomach has four parts, each with different mucosal features: the cardia
(most proximal), fundus, body, and antrum (most distal). The cardia and antrum
are histologically similar and have the function of protecting the esophagus
(cardia) or duodenum (antrum) from the acid and enzymes present in the rest
of the organ. The cardia expands, and may even be acquired, as a result of acid
injury and other insults in the region of the gastroesophageal junction [1-5].
The stomach receives sympathetic innervation from the celiac plexus and
parasympathetic innervation from the vagus nerve.

The luminal surface of the empty stomach has thick longitudinal folds, or
rugae, with tiny surface invaginations called gastric pits, which allow gastric
glandular secretions to reach the mucosal surface. These glands, regardless of
their location in the stomach, have an isthmus, neck, and base and are complex,
convoluted structures that are difficult to visualize in three dimensions based on
their microscopic appearance in two dimensions (Figure 1.2a and b). The entire
surface of the stomach, including the gastric pits, is lined by foveolar cells that
secrete neutral mucin and appear pink on PAS stain (Figure 1.2¢ and d).

The glands of the gastric body and fundus are similar in structure. The most
common cell type of the gland isthmus is the mucous neck cell. These cells also
are found in the neck where parietal (oxyntic) cells are most numerous. The chief
cell is found at the base of the gland. The areas of the gland with parietal and chief
cells do not stain with PAS-AB because they do not contain mucin (Figure 1.2d).
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Figure 1.2 Normal histology of the stomach. (a) Low-power image (H&E stain) of normal
stomach (body) illustrating the characteristic layers of the wall — mucosa, submucosa,
muscularis propria, and serosa. (b) Medium-power image (H&E stain) of transitional gastric
epithelium. On the right, oxyntic epithelium consists of surface foveolar cells overlying
oxyntic glands with parietal and chief cells. On the left, antral epithelium consists of foveolar
cells overlying mucin-producing antral glands. (c) Medium-power image (PAS-AB stain) of
antral epithelium, illustrating the bright pink staining of both the foveolar cells and the antral
glands. (d) Medium-power image (PAS-AB) stain of oxyntic epithelium, with bright pink
staining of foveolar cells but lack of staining in the parietal and chief cells of the oxyntic
glands. (e) Antral mucosa (gastrin immunohistochemical stain), illustrating the presence of
gastrin-producing G cells in the antral glands. Gastrin immunohistochemical stain is negative
in oxyntic mucosa and in cardiac mucosa.
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Endocrine cells are found in the deep isthmus toward the gland base. The cardiac
and antral glands are neutral mucin-producing glands that stain pink with PAS-AB
(Figure 1.2c). The cardia and antrum are very similar histologically, but the antrum
contains G cells, whereas the cardia does not (Figure 1.2e).

The G cells of the antrum secrete gastrin, which stimulates enterochromaffin-
like cells of the gastric body and fundus to secrete histamine. Histamine in turn
stimulates acid secretion by parietal cells of the gastric body and fundus. In
addition, gastrin has a trophic effect on parietal cells. The antrum also contains
D cells that secrete somatostatin, which inhibits G-cell gastrin secretion. All
these endocrine interactions are important in disease states. For example, in
autoimmune gastritis, patients have immune damage to parietal cells that results
in hypergastrinemia, because antral G cells secrete excess gastrin in an attempt
to stimulate acid production. Autoimmune damage to parietal cells, which pro-
duce intrinsic factor, results in pernicious anemia.

The lamina propria of the stomach contains small numbers of plasma cells,
eosinophils, mast cells, and lymphocytes. Lymphatics and blood vessels are less
numerous than they are in the lamina propria of the esophagus. Scattered lym-
phoid aggregates are present. Bacteria are absent from normal gastric mucosa,
whereas mucosal bacteria are seen in the esophagus and ileocolon.

The muscularis mucosae of the stomach contains an inner circular and outer
longitudinal layer of smooth muscle. In some instances, a third slim circular layer
is present.

The submucosa of the stomach is formed of connective tissue with elastic
fibers and has prominent blood vessels, as does the lamina propria of other parts
of the tubular GI tract. Meissner’s plexus is found in the gastric submucosa.

The gastric muscularis propria consists of three fairly indistinct layers: an
inner oblique, middle circular, and outer longitudinal layer. The layers are some-
what randomly oriented and may be absent or poorly developed in some areas.
This random arrangement of muscle fibers is typical of hollow organs that expel
their contents (e.g., uterus, urinary bladder, gallbladder). The muscularis propria
contains Auerbach’s plexus and ganglion cells. Interstitial cells of Cajal (ICCs),
also called “pacemaker” cells, can be readily identified in the muscularis propria
using immunolabeling with antibodies directed against CD117 (c-kit protein).

The stomach is encased by a serosa that is composed of connective tissue and
a lining of flat-to-cuboidal peritoneal cells, a unique type of modified epithelial
cell. This contrasts with the connective tissue covering the esophagus.

Small bowel

The small bowel is divided into three major sections. The duodenum extends
from the gastric pylorus to the ligament of Treitz and is formed sequentially of a
bulb and descending, horizontal, and ascending portions. The duodenum is
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Figure 1.3 Normal histology of the small bowel. (a) Low-power image (H&E stain) of normal
small bowel with plicae circulares and epithelial villi. The small bowel contains the same layers
as the other organs of the tubular GI tract — mucosa, submucosa, muscularis propria, and serosa.
(b) Medium-power image (H&E stain) of the duodenal mucosa and submucosa, illustrating the
presence of Brunner’s glands in the lamina propria and submucosa. Strictly speaking, Brunner’s
glands should be restricted to the submucosa, but most adult patients have Brunner’s glands in
the duodenal lamina propria, presumably a reparative change. (c) Medium-power image
(PAS-AB stain) of the duodenal mucosa and submucosa, illustrating the bright pink staining of
Brunner’s glands. Note that the goblet cells contain alcianophilic purple-colored mucin, whereas
the absorptive cells lack mucin.

mostly retroperitoneal, whereas the jejunum and ileum are intraperitoneal. The
jejunum is distal to the ligament of Treitz and consists, somewhat arbitrarily, of
the proximal third of the intraperitoneal small bowel. The jejunum narrows into
the ileum, which is formed by the distal two-thirds of the intraperitoneal small
bowel and joins the colon at the ileocecal valve. These sections of the small bowel
receive parasympathetic innervation from the vagus nerves and sympathetic
innervation from the celiac plexus.

Like the esophagus and stomach, the small bowel wall consists of layers:
mucosa (epithelium, lamina propria, muscularis mucosae), submucosa, mus-
cularis propria, and serosa or adventitia (Figure 1.3a). The unique gross and
microscopic anatomy of the small bowel reflects its principal function,
absorption of nutrients. Macroscopic plicae circulares and microscopic villous
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projections of the epithelium and lamina propria give a tube 6-7-m long an
absorptive surface of 200-500m?. Villi are broad in the duodenum and ileum
and are long and thin in the jejunum. In between villi, the epithelium forms
invaginations, or glands, referred to as “crypts of Lieberkiihn.” The villus-to-
crypt height ratio is quite variable throughout the small bowel, ranging from
2-3:1 in the proximal duodenum to 4-5:1 in the jejunum.

Small bowel villi and crypts are lined mainly by absorptive cells that have a
microvillus brush border consisting of numerous cytoplasmic projections that
further expand the enterocyte’s absorptive surface. Absorptive cells of the
small bowel lack mucin, including the neutral mucin found in the foveolar
cells of the stomach [6]. Although most epithelial cells are absorptive, the epi-
thelium also contains scattered goblet cells with large vacuoles of acid mucin.
There also are scattered Paneth cells in the crypts of the small bowel, with basal
nuclei and red granular apical cytoplasm, as well as endocrine cells with apical
nuclei and granular basal cytoplasm. These two cell types have a similar
appearance but opposite orientation relative to the basement membrane, and
the granules of endocrine cells are smaller than those of Paneth cells. Paneth
cells have large eosinophilic granules containing growth factors and antimicro-
bial proteins, while endocrine cells have fine granules containing a variety of
peptides and bioactive compounds.

The lamina propria of the small bowel contains numerous lymphocytes and
plasma cells (primarily IgA-secreting) as well as scattered eosinophils. Capillaries
and lacteals, blindly ending lymphatic vessels that absorb chylomicrons, are
found in the lamina propria at the tips of the villi. The lamina propria of the villi
also contains delicate strands of smooth muscle.

The small bowel muscularis mucosae consists of slim inner circular and
outer longitudinal layers of smooth muscle. The crypt bases reach the top of
the muscularis mucosae.

The small bowel submucosa is composed of loose connective tissue and
containslarge-caliber vessels and Meissner’s nerve plexus of both parasympathetic
ganglion cells and sympathetic neurons. In the duodenum, the submucosa is
the site of Brunner’s glands, mucin-producing glands that are unique to the
duodenum and contain neutral mucin (Figure 1.3b and c). The submucosa also
contains lymphoid aggregates, often with germinal centers. These lymphoid
aggregates, or Peyer’s patches (PPs), are present throughout the small bowel but
are most numerous in the ileum. While they have a linear orientation in the
duodenum and jejunum, they are arrayed circumferentially in the ileum where
they create a potential for intussusception if they undergo hypertrophy.
Numerous intraepithelial lymphocytes (IELs) are present in the epithelium over-
lying the PPs; these lymphocytes communicate with the rest of the lymphoid
compartment through specialized epithelial cells known as M cells.

The muscularis propria is a thick double layer of inner circular and outer
longitudinal muscle that generates the propulsive action of the bowel wall and
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is the source of most of its tensile strength. Auerbach’s nerve plexus of
parasympathetic ganglion cells is located between the muscle layers.

The outermost layer of the intraperitoneal small bowel (jejunum and ileum)
is serosa. The retroperitoneal small bowel (duodenum) is covered by mesothe-
lium on its anterior surface only; the posterior surface is covered by loose
connective tissue, so the duodenum has an anterior serosa and a posterior
adventitia.

Colon and rectum

The colon has several anatomically distinct parts: The cecum and ascending colon
are fixed by mesentery to the posterior right abdominal wall; only their anterior
surfaces are covered by peritoneal mesothelium. The transverse colon is suspended
in the abdominal cavity by the lesser omentum and is completely covered by
serosa. The descending colon is adherent to the posterior left abdominal wall and,
like the ascending colon, only has a peritoneal membrane on its anterior surface.
The sigmoid colon is the only part of the colon suspended entirely by mesentery
and is therefore completely covered by serosa. The rectum is adherent to the pos-
terior abdominal wall. The colon receives parasympathetic innervation from the
vagus nerve proximally and pelvic splanchnic nerves distally. Its sympathetic
innervation comes from the superior and inferior mesenteric plexi.

Like the rest of the hollow viscera, the colon has a layered bowel wall with a
mucosa (epithelium, lamina propria, muscularis mucosae), submucosa, muscula-
ris propria, and serosa or adventitia (Figure 1.4a). Because the function of the
colon is to absorb water and electrolytes, its mucosal architecture is different from
that of the small bowel. Grossly, the colon has transverse mucosal folds, plicae
semilunares, with haustral sacs between the folds. The colonic mucosa, unlike
the small bowel mucosa, is mostly flat, although it may have smooth undulations
known as anthemic folds. The colon epithelium does not have villi; it has straight
invaginations called crypts, which line up like “test tubes in a rack” (Figure 1.4b).
The crypt epithelium mostly consists of goblet cells, each with a single large
mucin vacuole, but a few absorptive cells also are present [7]. Scattered IELs nor-
mally are found throughout the colon [8]. In the bases of the crypts, there are
precursor cells as well as endocrine cells that exhibit the same morphology as
endocrine cells in the small intestine. Paneth cells, with basal nuclei and apical
red granular cytoplasm like those in the small intestine, normally are present in
the crypt bases of the ascending and transverse colons but are absent from the
crypts of the normal descending and sigmoid colons.

The colonic lamina propria contains a mixture of lymphocytes, plasma
cells, and eosinophils. Inflammatory cells are more abundant in the lamina
propria of the ascending colon than in that of the descending colon; therefore,
knowledge of biopsy location is necessary to accurately interpret signs of
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Figure 1.4 Normal histology of the colon. (a) Low-power image (H&E stain) of normal colon
illustrating the characteristic layers — mucosa, submucosa, muscularis propria, and serosa. Large
vessels are apparent in the submucosa but not the lamina propria. (b) Medium-power image
(H&E stain) of normal colonic mucosa, with regular crypts lined by mucin-producing goblet cells
arranged like “test tubes in a rack” and abuting on the muscularis mucosae. (c) Muscularis
propria of the colon (CD117 immunohistochemical stain), illustrating the presence of numerous
1CCs scattered throughout the muscularis propria. (d) Lamina propria of the colon (CD117
immunohistochemical stain), illustrating the (normal) presence of mast cells in the lamina
propria — these cells should not be confused with ICCs, which are also positive for CD117.

inflammation. Importantly, the lamina propria of the colon lacks lymphatic
vessels, a critical point in the staging of invading neoplasms. Whereas neo-
plasms invading the lamina propria of other parts of the GI tract may metasta-
size, those that penetrate the colonic lamina propria are considered in situ
lesions (intramucosal carcinoma), as the lack of lymphatics reduces the
likelihood of metastasis.

Beneath the lamina propria is the slender colonic muscularis mucosae, with
inner circular and outer longitudinal layers of smooth muscle. In the normal
colon, the crypt bases line up evenly along the top of the muscularis mucosae.

The submucosa of the colon is composed of loose connective tissue and con-
tains large-caliber vessels as well as Meissner’s nerve plexus of parasympathetic
ganglion cells and sympathetic neurons.
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The colonic muscularis propria has inner circular and outer longitudinal
muscle layers that, as in the rest of the luminal gut, generate propulsive
action and are a source of tensile strength. Auerbach’s nerve plexus of
parasympathetic ganglion cells is located between the layers and includes
ICCs, also called pacemaker cells (Figure 1.4c). The muscularis propria of the
colon is unique in that the circular muscle is continuous throughout the
length and circumference of the colon, whereas the outer longitudinal layer
is discontinuous. The longitudinal smooth muscle is arrayed in three sym-
metrically positioned bundles, the tenia coli. One is at the site of the colon’s
mesenteric attachment (tenia mesocolica), another is at the site of the attach-
ment of the greater omentum to the transverse colon (tenia omentalis), and
a third band is “free” (tenia libera). Polypoid collections of adipose tissue, the
epiploic appendages, project from the outer surface of the colon over the two
antimesenteric tenia. Blood vessels enter the bowel wall on either side of the
tenia mesocolica and on the mesenteric sides of the tenia omentalis and the
tenia libera. These sites of entry create weak points in the bowel wall where
colonic diverticula may develop.

The proximal half of the rectum is within the abdominal cavity and is
covered by peritoneum; the distal half is embedded in the soft tissue of the
pelvis and lacks a peritoneal covering. This point is crucial to the evaluation of
surgical specimens, as the external surface of the distal rectum represents a
true surgical margin rather than a peritonealized surface. In the distal rectum,
the teniae coli merge to once again form a continuous layer of longitudinal
smooth muscle.

Although the rectal mucosa has the same basic components as do the
mucosal surfaces of the rest of the colon, it also has some unique features. The
rectal crypts are often shorter, with wider and less regular spacing. These crypts
may be less numerous and have irregular shapes.

The lamina propria of the rectum is often more cellular than that of the
descending and sigmoid colons, with lymphocytes, plasma cells, neutrophils,
and mucoprotein-containing histiocytes (muciphages). Mild fibrosis also may
be seen.

Anus

Where the bowel joins the anal canal, the transverse plicae semilunares are
replaced by longitudinal anal columns. These columns terminate in the anal
valves, which contain the anal sinuses, mucosal recesses into which the mucin-
producing anal glands empty. This circumferential ring of anal valves is also
known as the dentate line.

The anal mucosa can be divided into three regions based on the characteris-
tics of its epithelial lining (Figure 1.5a). There is, however, considerable individual
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Figure 1.5 Normal histology of the anus. (a) Low-power image (H&E stain) of anus with
dilated hemorrhoidal blood vessels in the submucosa. The mucosa consists of colonic (right),
transitional (center), and squamous (left) regions. The anus consists of the characteristic layers,
with an adventitia due to its retroperitoneal location. (b) High-power image (H&E stain) of a
submucosal anal gland. (c) Medium-power image (H&E stain) of dilated hemorrhoidal vessels
in the submucosa of the anus.

variation in the extent of these epithelial areas. Proximally, the anal epithelium
is similar to the columnar epithelium of the rectum and has crypts lined mostly
by goblet cells. Distally, the anus has a nonkeratinizing stratified squamous epi-
thelium that becomes keratinized skin with adnexal structures distal to the anal
verge. The transition from columnar to squamous epithelia, usually located in
the region of the dentate line, is quite variable in appearance. In some cases,
columnar rectal epithelium is located directly adjacent to stratified squamous
epithelium with little if any intervening transitional epithelium. In other cases,
the columnar and squamous epithelia are separated by a transitional epithelium
consisting of four to nine layers of stratified cuboidal cells that are neither
squamous nor columnar (with a similar morphology to the transitional epithe-
lium of the urinary bladder).

In all three regions, the characteristic layers of the tubular gut underlie the
anal epithelium. The anal submucosa, muscularis mucosae, and lamina propria
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are similar to those elsewhere in the GI tract, with unique anal glands in the
submucosa (Figure 1.5b). In addition, the submucosa of the anus frequently
contains dilated hemorrhoidal blood vessels (Figure 1.5c).

Due to its role in regulation of defecation, the musculature of the anus
(including the muscularis propria) forms unique sphincters. The smooth
muscle of the anal muscularis propria forms the involuntarily controlled
internal anal sphincter, while anorectal skeletal muscle forms the voluntarily
controlled external anal sphincter. The parasympathetic innervation of the
anus comes from the pelvic splanchnic nerves, and the sympathetic innerva-
tion comes from the inferior mesenteric plexus.

The anus lies embedded in the soft tissue of the pelvis covered by an adven-
titia of loose connective tissue.

Multiple choice questions

1 Which of the following cell types is present in the small bowel and ascending colon but not
in the descending colon?
A Endocrine cells
B Goblet cells
C Paneth cells
D Plasma cells
E Eosinophils
2 Which of the following organs lacks lymphatic vessels in the lamina propria?
A Esophagus
B Stomach
C Small bowel
D Colon
E All of the above
Which of the following choices correctly pairs the nerve plexi with their locations?

W

A Meissner’s plexus in lamina propria, Auerbach’s plexus in submucosa
B Meissner’s plexus in submucosa, Auerbach’s plexus in muscularis propria
C Meissner’s plexus in muscularis propria, Auerbach’s plexus in muscularis mucosae
D Meissner’s plexus in muscularis mucosae, Auerbach’s plexus in serosa
E Meissner’s plexus in serosa, Auerbach’s plexus in lamina propria
4 Which of the following layers would be present in a mucosal biopsy?
1) Lamina propria
2) Muscularis propria
3) Epithelium
4) Serosa
5) Submucosa
6) Muscularis mucosae
Al3,6
B 23,5
Cc1235
D 24,5
E 3,4,5,6



14

Chapter 1

5

Which of the following cell types is not present in the body of the stomach?
A Parietal cells

B Chief cells

C Enterochromatffin-like cells

D Foveolar cells

E G cells
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Gastrointestinal hormones
in the regulation of gut function
in health and disease

John Del Valle
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Introduction

GI hormones were first described by Bayliss and Starling [1] who identified a
circulating substance derived from duodenal mucosa that caused pancreatic
secretion when the duodenum was infused with acid. Numerous technical
advances in the laboratory since then have contributed to our understanding of
GI hormone biochemistry and physiology. It is now evident that GI hormones are
short peptides. These peptides act as chemical messengers that facilitate commu-
nication between cells of the GI tract. They are involved in regulating numerous
physiological gut functions, including intake, digestion, and absorption of nutri-
ents; GI motility; gastroenteric pancreatic exocrine and endocrine secretion; and
cellular growth and proliferation. In contrast to Bayliss and Starling who sought
the chemical mediators responsible for physiological actions, we are now attempt-
ing to elucidate the biological function of identified substances and receptors
[2, 3]. Our enhanced understanding of gut hormone biology has made it apparent
that they may be involved in the pathophysiology of several clinical disorders
and, additionally, may be useful as diagnostic and therapeutic tools.

Gut peptide classification and function

Structural analysis has uncovered striking similarities among several GI peptides.
The basis of peptide homology is uncertain, but related peptides presumably have
arisen through duplication of a common ancestral gene. Gut peptides with significant
structural similarities have been grouped into hormone families (Table 2.1). After
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duplication, members of a gene family appear to have developed divergent structural
and regulatory characteristics. GI hormones also may be classified according to cell
of origin or biological action (neuropeptide, growth factor). Before describing the
various GI hormone families, it is worth briefly reviewing several of the basic
concepts related to hormone cells of origin, peptide synthesis, and receptor and
postreceptor steps involved in hormone secretion.

Enteroendocrine cells

Gut hormones are synthesized and stored in specialized enteroendocrine cells
(EECs) that are distributed throughout the GI tract. Together, these cells form
the largest endocrine cell population in the body and produce the largest number
of hormones of any endocrine organ [4]. One of the challenges in studying this
system has been its diffuse and heterogeneous nature. Like endocrine cells found
elsewhere in the body, EECs are highly specialized, stain with silver, and express
specific neuroendocrine markers, such as chromogranin and neuron-specific
enolase [5-10]. It was initially postulated that cells of the nervous system,
endocrine organs, and enteroendocrine system with similar histologic character-
istics are part of a diffuse neuroendocrine system that arises from the neural
crest [11]. Subsequent molecular studies instead have shown that the EECs orig-
inate from the endodermal epithelium [12]. Electron microscopy demonstrates
that they are laden with secretory granules containing peptide hormones
(Figure 2.1). Based on their morphology and peptide product, EECs have been
categorized as being 1 of 16 types, each designated by a letter of the alphabet.
It recently has been proposed, however, that cells should instead be named after
the primary hormone or amine that they secrete and, when possible, their
anatomic location [13].

Individual EECs are located in the epithelial layer of the GI tract and in
pancreatic islets. They are characterized as being either open to the lumen and
able to sample enteric contents or closed (no connection with the lumen). It is
hypothesized that open-cell peptide secretion is triggered by luminal contents,
such as nutrients and bacterial components. Pancreatic endocrine cells are closed.
An additional important characteristic of many EECs is their ability to form long
cytoplasmic processes that facilitate communication with adjacent targets, notably
other cells. This unique trait was first recognized in gastric D cells, which were
postulated to release their peptide product, Somatostatin, to inhibit G- and
parietal cell activity [14]. Multiple additional cells subsequently have been found
to form these processes, including ECL, K, I, and L cells. Recent elegant studies
have found that the basal cytoplasmic processes of EECs increase in length from
the proximal to the distal intestine [15]. These cellular appendages are filled with
hormone vesicles and extend beneath the absorptive epithelium, resembling an
axon that ends in a synapse-like bulb. The location and anatomy of these processes
suggest that they monitor absorbed nutrients and convey electrochemical
information to nerves and intestinal subepithelial myofibroblasts.
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Figure 2.1 EEC of the GI tract. (a) Image of canine antral mucosa immunostained with a
SST-specific antibody. Somatostatin cells are shown as the dark brown staining cells. This
image depicts the small number and diffuse distribution of a typical EEC. (b) Electron
micrograph of a gastrin and Somatostatin cell revealing the numerous secretory granules
and the proximity of these cells to each other and to a capillary bed.

Synthesis and secretion

Synthesis and secretion of gut hormones involves a series of steps that occur
within specialized cell compartments. The genes for the majority of GI pep-
tides have been identified and fairly well characterized. As with proteins in
general, peptide expression is controlled at the DNA level. Physiologic signals,
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Figure 2.2 Diagram depicting the steps involved in the synthesis and processing of GI
hormones. The process is initiated in the nucleus through gene transcription of the
corresponding DNA into mRNA which in turn is translocated to the cytoplasm where it
is translated into the corresponding precursor hormone, the preprohormone polypeptide
chain. The precursor molecule is then processed through several steps in the rough
endoplasmic reticulum (RER) and Golgi apparatus, resulting in the biologically active
molecule which is stored in the secretory granule from which it is released to its target
cell after a specific stimulus.

such as nutrient ingestion and duodenal acidification, will modify expression
of genes for specific GI hormones. Negative feedback loops that shut off the
action set in motion by a stimulus are built into these physiologic systems.
GI hormones are synthesized through transcription of corresponding DNA
into messenger RNA (mRNA) that, in turn, is translocated to the cytoplasm
where it is translated into a precursor hormone, the preprohormone polypep-
tide chain (Figure 2.2). The preprohormone has a characteristic peptide
sequence known as a signal peptide at its amino terminus that directs it to a
ribosome of the rough endoplasmic reticulum (ER). Once bound to the ER,
the signal peptide is cleaved, forming a prohormone that then is modified to
form a biologically active peptide or hormone. The active molecule moves
through the Golgi apparatus to the secretory granule where it is stored. The
biochemical steps involved in making a prohormone an active molecule vary
and can include many processes including amidation, glycosylation, phos-
phorylation, sulfation, and cleavage into peptides of differing lengths [17]. In
fact, carboxyl-terminal amidation is important in over 50% of GI hormones
and neurotransmitters. These posttranslational modifications determine the
degree with which peptides bind to their receptors (see following text) and
lead to a specific biological action [18]. There are also instances in which a
single gene may be transcribed in several ways, leading to different hormone
products. The classic example of this is production from a single gene of
vasoactive intestinal polypeptide (VIP), neuromedin-A, and peptide histidine
isoleucine (PHI) [19].
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Gl hormone-mediated action

As noted previously, GI hormones are important mediators of communication
among key body regulatory systems. The forms of hormonal communication
include the traditional endocrine route, a paracrine pathway (neurocrine, spe-
cialized paracrine), and an autocrine pathway (Figure 2.3) [2]. The endocrine
route consists of delivery of a peptide hormone through the circulation to a dis-
tant target cell. In the paracrine pathway, GI peptides traverse the paracellular
milieu to affect the function of an adjacent cell. The autocrine route involves
hormonal influence on its cell of origin to regulate synthesis and secretion of
additional peptide.

Gl hormone receptors

GI hormones, often short hydrophilic peptides, bind to cell-surface receptors
that span the hydrophobic cell membrane lipid bilayer and translate the binding
action of ligands into downstream molecular intracellular events that lead to the
physiological actions mediated by the target cells. There are three principal types
of cell-surface receptors, each with different topography, that mediate GI
hormone action: heptahelical G-protein-coupled receptors (GPCRs) (the most
common receptor responsible for mediating GI hormone action) [20-22], ligand-
gated channels that traverse the lipid bilayer multiple times and [23], and single
transmembrane-type receptors that bind growth factors such as epidermal
growth factor (EGF) [24].

The action of the vast majority of GI hormones is mediated through a
member of the GPCR family [20-22, 25, 29]. GPCRs are the most common
receptor type in the body; it is estimated that genes encoding the GPCR account
for up to 5% of the genome in some mammals. GPCRs traverse the cell
membrane seven times. They consist of an extracellular amino terminus,

Endocrine signaling

Endocrine cell Target cell
[ o
&
[ R S )
Paracrine signaling Autocrine signaling
Endocrine cell Target cell Endocrine cell
S ».

Figure 2.3 Pathways by which GI hormones mediate their actions. Once released, gut
hormones can lead to subsequent target cell activation through either an endocrine

(peptide reaches its target via the circulation), a paracrine (peptide traverses the paracellular
environment to reach its target), or an autocrine (peptide acts upon its cell of origin).
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lipophilic transmembrane domains, and an intracellular carboxyl terminus
[20-26]. The ligands that bind to these receptors are diverse, ranging from
photons to large viral particles. GPCRs are classified as being one of three gen-
eral types based on their structural characteristics and those of their ligands.
Class A (rhodopsin) receptors are small-molecule peptide ligands, class B
receptors are large-polypeptide glucagon-like peptide-1 (GLP-1) ligands, and
class C receptors are small-molecule glutamate ligands.

Postreceptor signaling

Upon binding its ligand, a receptor undergoes conformational changes that
increase its affinity for a downstream G-protein effector that transduces the signal
to a biological event (Figure 2.4). G-proteins consist of alpha, beta, and gamma
subunits and are classified according to their alpha-subunit type. The alpha sub-
unit contains the guanine-nucleotide binding site and has intrinsic GTPase activity
[28-32]. G-protein activation follows a cyclic pattern. Upon G-protein binding,
the beta and gamma (fy) subunits dissociate from the alpha portion, which is
bound to GDP under baseline conditions. GDP is then displaced by GTP. The GTP-
bound alpha subunit activates a downstream target, for example, adenylate
cyclase (AC), that in turn activates its downstream effector system. The GTPase
activity of the alpha subunit cleaves a phosphate from GTP, converting it to GDP,
which causes the alpha subunit to detach from the ligand receptor and bind to its
corresponding Py subunit, leaving it ready for the next cycle of activation.
Activated alpha subunits interact with numerous effectors, including AC,

Extracellular

Intracellular
events

Intracellular

Figure 2.4 Receptor activation and postreceptor signaling. Diagram of a GPCR. As in the
case of the gastrin receptor, GPCRs traverse the lipid bilayer of the cell membrane seven
times. Upon ligand (gastrin) binding, the receptor undergoes conformational change which
leads to binding of the corresponding G-protein, which, in turn, activates downstream
effectors essential for the ultimate biological action (secretion, contraction, growth).

From Reference [27].
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phospholipases, guanylate cyclase, and ion channels. In addition, it is now clear
that Py subunits also can regulate numerous downstream effectors. A large
number of mammalian genes for alpha subunits and By subunits set the stage for
a multitude of potential combinations of these proteins, thus creating tremen-
dous variety in downstream signaling possibilities. To prevent cell overstimula-
tion, receptors are desensitized and internalized by events initiated within seconds
of receptor activation. They are subsequently recycled to the cell surface, ready
for the next round of cell activation.

Gl hormone families
As noted previously, some GI hormones have been grouped into families on the
basis of structural homology (Table 2.1).

Gastrin and cholecystokinin

Gastrin and cholecystokinin (CCK) are among the most thoroughly studied
GI hormones [3, 17, 18]. They share a five-amino acid sequence at the carboxyl
terminus that includes an amidated phenylalanine, which is important to the
biological activity of this peptide family. In fact, carboxyl-terminal amidation
turns out to be an important step in conferring biological activity on a large
number of gut hormones [19]. Additional posttranslational modifications also
are often important. For example, sulfation of the tyrosine located six amino
acids away from the carboxyl-terminal phenylalanine is particularly important
in making CCK biologically active (see following text).

Gastrin is synthesized primarily in antral G cells, but small quantities also
are produced in endocrine cells of the small intestine and pancreas [33, 34].
G-cell activity is controlled by mediators that reach it through the circulation,
the paracellular milieu, and neural pathways. In addition, it is a classic open
cell, which implies that its activity may be affected by sampled luminal con-
tents. Gastrin exists in several molecular forms, with the 17- and 34-amino
acid variants being the most abundant (G17 and G34, respectively). Gastrin
precursors, including the carboxy-terminal glycine-extended form and larger
variants, also have been detected in tissue and the circulation [35]. The
biological importance of gastrin-precursor forms has yet to be determined. It
has been postulated that gastrin precursors may play a role in regulating
cell proliferation in some malignancies, for example, colon cancer [36-40].
Gastrin activates its target through a GPCR similar to the receptor that binds
CCK [41-44]. Originally referred to as CCK-A and CCK-B receptors, they
have been renamed as CCK-1 and CCK-2, respectively. The genes and
complimentary DNA (cDNA) sequences encoding the two receptors share
50% sequence homology. Ligand-binding studies demonstrate that the CCK-1
receptor has a one thousandfold greater affinity for CCK than for gastrin.
Subsequent studies have documented that the CCK-2 receptor is the gastrin
receptor found in the stomach [16].
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Gastrin stimulates acid secretion and has a trophic effect on the gastric
mucosa [45-47]. Acid secretion occurs through a dual mechanism: directly
through stimulation of parietal cell-surface receptors and indirectly through
stimulation of histamine release from ECL cells. Histamine, in turn, stimulates
parietal cell acid secretion. Amino acids from peptides and proteins are the pri-
mary meal constituents that lead to gastrin release. This interaction is made
possible by the G cell’s open nature, which facilitates its exposure to luminal
contents. Gastrin release also is stimulated by gastric distension. As in many
other biological systems, a negative feedback loop stops acid production; low
gastric pH turns off gastrin release through a hormonal pathway that involves
the inhibitory GI peptide, Somatostatin (discussed in the following text).
Gastrin’s trophic effect plays a role in the physiologic maintenance of the gastric
mucosa and has been theorized to play a pathophysiologic role in certain malig-
nancies, including those of the colon, ovary, and stomach. Elevated serum gas-
trin levels can be due to a gastrin-producing tumor but more commonly result
from natural or pharmacologic states of hypochlorhydria. Examples include
pernicious anemia and atrophic gastritis associated with progression of chronic
gastritis or more commonly from the use of acid-reducing agents, especially
proton pump inhibitors (PPIs). The hypergastrinemia associated with atrophic
gastritis has been thought to cause ECL hyperplasia and possible development
of gastric carcinoid tumors (type I); although drug-induced hypergastrinemia
has been found to cause gastric carcinoid tumors in rodents, this observation
has not been made in humans, although reversible ECL hyperplasia has been
associated with the use of PPIs in man.

CCK is secreted by small intestinal I cells in response to a meal [48]. It has
been postulated that CCK release is in part mediated by a yet-to-be-isolated
trypsin-sensitive CCK-releasing peptide (CCKrp). Trypsin-mediated degrada-
tion of CCKrp is postulated to serve as a built-in negative feedback mechanism
for inhibiting further CCK release [49-51]. The main meal constituents respon-
sible for stimulating CCK release are fat and protein. CCK acts upon a host of
target organs through binding to the CCK-1 receptor. Targets include the gall-
bladder, pancreatic acinar cells, gastric smooth muscle, and peripheral nerves.
CCK is a potent stimulant of gallbladder contraction and pancreatic secretion.
It also plays a role in regulating gastric and intestinal motility. Finally, CCK
appears to have a role in inducing satiety.

Secretin

The secretin family contains multiple hormones; those most relevant to GI
function are highlighted in Table 2.1. Members of this family are relatively large
peptides with substantial homology at the amino terminus. As noted earlier,
secretin was discovered by Bayliss and Starling to stimulate pancreatic secretion [1].
It is released from small intestinal S cells in response to acidification of duodenal
contents and is bound to a receptor on pancreatic acinar cells, leading to secretion
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of pancreatic fluid and bicarbonate, which are essential to neutralization of acid
in chyme [52]. Secretin also acts on bile ductular epithelial, Brunner’s gland,
enteric smooth muscle, and EECs, producing other physiologic effects, including
inhibition of gastric acid secretion (enterogastrone effect) and regulation of
intestinal motility. Neutralization of duodenal pH stops secretin release. It has
been postulated that acid-mediated stimulation of secretin release is caused by a
protease-sensitive secretin-releasing factor [53]. Peptide hormones in the
secretin family bind to a new class of GPCR [54, 55]. Structurally, these receptors
are very similar to other GPCRs but have a unique long amino-terminal tail that
contains six cysteine residues that are important for ligand binding and receptor
activation.

VIP is a 28-amino acid peptide member of the secretin family that functions
primarily as a neurotransmitter with numerous important actions in the GI tract
and the central nervous system (CNS) [56]. VIP is found in and released from
neurons. VIP-receptor binding activates the AC/cAMP pathway leading to a host
of biological events including vasodilation, smooth muscle relaxation (particu-
larly important in sphincter of Oddi and LES relaxation), and secretion of fluid
and electrolytes from intestinal and biliary epithelial cells. VIP also may have
immunomodulatory actions and regulatory effects on pancreatic and gastric
secretion. Two VIP receptors (VIP1 and VIP2) of the secretin-family GPCR type
have been cloned and characterized [57]. The receptors for VIP are distributed
widely throughout the gut, consistent with its wide range of physiologic actions.

Glucagon is another well-known peptide member of the secretin family. It
is a 29-amino acid peptide synthesized in and released from pancreatic alpha
cells and L cells, which are found in the ileum and colon. Known as the insulin
counterregulatory hormone, glucagon regulates glucose balance through stim-
ulation of gluconeogenesis, lipolysis, and glycogenolysis. It is important to note
that the gene for glucagon not only encodes preproglucagon but also encodes
the precursor for GLP (GLP-1 and GLP-2) [58]. GLP-1 stimulates insulin secre-
tion and enhances the stimulatory effect of glucose on insulin release from
pancreatic islets. GLP-2 stimulates intestinal growth, enhancing mucosal mass.
The glucagon receptor is also of the secretin-family GPCR type and is expressed
in liver and skeletal muscle, where glucagon exerts its insulin counterregula-
tory effects.

Glucose-dependent insulinotropic peptide (GIP) was first thought to inhibit
gastric acid secretion (thus initially named gastric inhibitory peptide) [59, 60].
Subsequently, it has become clear that the main biological action of this
42-amino acid peptide is to enhance glucose-dependent insulin secretion
(incretin effect) [61]. GIP is synthesized in and secreted from proximal small
intestinal mucosal K cells in the presence of luminal nutrients, specifically
glucose and fat. It has significant structural homology with secretin and glu-
cagon. GIP only increases insulin release in the presence of hyperglycemia.
The GIP receptor is homologous with other receptors that bind this family of
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ligands and is expressed by the pancreatic beta cell and also by adipocytes, in
which it increases triglyceride storage and fat accumulation.

Pancreatic polypeptide

Pancreatic polypeptide (PP), peptide YY (PYY), and neuropeptide Y (NPY) com-
prise the PP family [62, 63]. These three hormones have significant structural
homology at the carboxyl terminus, which contains the biologically important
and family-defining sequence of arginine-tyrosine amide. They bind to one of
five homologous GPCRs and have relatively unique sites of origin and biological
actions. PPis secreted from pancreatic endocrine cells and has numerous biological
actions including the inhibition of pancreatic secretion, GI motility, and gall-
bladder contraction. NPY is a neurotransmitter that is abundant in the CNS and
the peripheral nervous system. NPY has received much attention as an important
appetite stimulant. PYY is expressed in EECs that are widely distributed throughout
the gut but are most abundant in the ileum and colon. PYY was originally found
to inhibit GI motility and chloride, gastric, and pancreatic secretion and was thus
referred to as the ileal brake. Food is the main stimulant for PYY release, espe-
cially fat. Recently, PYY also has been shown to decrease appetite [64-66], a find-
ing that has led to its consideration as a treatment for obesity.

Tachykinins and gastrin-releasing peptide (GRP)

The tachykinin family of GI hormones includes substance P and neurokinins
A and B. These peptides are made by differential processing of the same preprot-
achykinin precursors and function primarily as neurotransmitters in both the
CNS and peripheral nervous systems [67-69]. They each can bind to three dif-
ferent neurokinin receptors, NK-1, NK-2, or NK-3; however, substance P is the
primary ligand for NK-1, neurokinin A the primary ligand for NK-2, and neuro-
kinin B the primary ligand for NK-3. Substance P may be an important mediator
of neurogenic inflammation in the gut. This hypothesis is supported by experi-
mental models of bacterial colitis and the observation that substance P receptors
are more abundant in the intestines of patients with inflammatory bowel disease
(IBD) than in those of healthy controls [70, 71, 80, 81]. Several neuromedins
also belong to the tachykinin hormone family. Four GPCRs (BB-1 through BB-4)
bind these ligands.

Gastrin-releasing peptide (GRP) has substantial biochemical homology to
the amphibian peptide, bombesin [72]. GRP is present in gastric neurons and
stimulates gastrin secretion. It also may act as an excitatory neurotransmitter
and a trophic factor.

Somatostatin

Somatostatin is found throughout the body, most notably in the gut [17, 18, 73].
It exists primarily in two molecular forms, SS-28 and, as the carboxyl-terminal end
of SS-28, SS-14. A key disulfide bond between two cysteine residues makes
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Somatostatin biologically active. Like many of the peptides discussed thus
far, Somatostatin is expressed by and secreted from both GI neural and endocrine
cells. In the gut, over 90% of Somatostatin is expressed in the mucosa. Well known
for its inhibitory actions, Somatostatin can function via either endocrine, paracrine,
or neurocrine pathways. Somatostatin cells in the stomach are unique in that they
can have either an open (antrum) or a closed (body) configuration. In addition,
some gastric Somatostatin endocrine cells have been found to have long neural-
like processes abutting parietal or gastrin-producing cells. The later observation and
the fact that Somatostatin cells in the antrum are “open” indicate that there is
paracrine Somatostatin inhibition of gastrin release in response to acid secretion
(negative feedback loop) [14]. The list of Somatostatin actions in the GI tract is
extensive and includes the inhibition of gastric, pancreatic, bile, and intestinal
secretion; reduction of splanchnic blood flow; inhibition of cell growth and prolif-
eration; and inhibition of GI motility with, paradoxically, stimulation of the
migrating motor complex (MMC). The later effect may be a dose-dependent
phenomenon. Factors that stimulate Somatostatin release include low gastric pH,
nutrients (fats and glucose), several GI hormones, and neural input. There are five
Somatostatin GPCR subtypes [1-5], each with different tissue distribution and
postreceptor coupling pathways. The broad inhibitory action of Somatostatin and
the finding that a significant percentage of gut neuroendocrine tumors express
Somatostatin receptors have led to the development of stable peptide Somatostatin
analogues with both diagnostic and therapeutic applications [74].

Motilin
As its name implies, motilin is a key regulator of GI motility [75, 76]. Motilin is
synthesized in and released from endocrine cells in the duodenal mucosa. It
binds to specific GPCRs on GI smooth muscle to stimulate contraction and pro-
pulsive activity. Motilin is not stimulated by meal ingestion; it is released in a
periodic or cyclic pattern that correlates with the initiation of MMC in the gut.
Motilin receptors have been identified from the esophagus to the colon.
Ghrelin is a relatively new addition to the catalog of GI hormones [77, 78].
It was initially described as a ligand of the growth hormone secretagogue
receptor. Ghrelin is a 28-amino acid peptide that plays a key role in regulating
food intake and is the only known orexigenic (stimulant of food intake) gut
hormone [79]. It has some structural homology with motilin, making it a
member of this peptide’s hormone family. Although ghrelin can stimulate
gastric smooth muscle contraction, its main physiologic role is as an appetite
stimulant. Within the GI tract, ghrelin is expressed in the stomach, pancreas,
and intestine; the highest ghrelin concentrations are found in X/A-like cells of
the oxyntic glands of the gastric fundus. Circulating ghrelin levels are highest in
fasting and decrease after meals; animal studies have shown that central and
peripheral ghrelin administration stimulates appetite. The peripheral effects of
ghrelin are vagally mediated, while ghrelin acts centrally on NPY/agouti-related
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Table 2.2 Clinical application of GI hormones.

Gl hormone Diagnostic study
Pentagastrin Acid secretory studies
CcK Biliary scanning

Secretin Gastrin provocative testing

Pancreatic function test

Glucagon Gl radiology
Endoscopy
Somatostatin analogue Radionuclide scanning

peptide (AgRP) neurons located in the arcuate nucleus of the hypothalamus.
The gene that encodes ghrelin also encodes obestatin, a peptide initially thought
to play a role in reducing food intake; however, the later action of obestatin has
not been experimentally confirmed [79].

Conclusion

It has been evident since the turn of the last century that gut peptides are critical
regulators of numerous GI functions. When the first endocrine neoplasms of the
pancreas were described, it also became clear that excessive amounts of these
same hormones play a role in the pathogenesis of disease, including the patho-
genesis of obesity and inflammation [82, 83, 84]. Elucidation of gut hormone
biology has made it obvious that they might also be used as diagnostic and
therapeutic tools (Table 2.2).
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Multiple choice questions

1 Which of the following is the most common receptor type associated with GI hormone-
mediated cell activation?
A Intracellular transport receptor
B G-protein-coupled receptor
C Ligand-gated ion channel
D Single transmembrane-type receptor
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A 42-year-old male presents to your clinic with abdominal pain secondary to mild idiopathic
chronic pancreatitis. You decide to manage the patient with pancreatic enzyme supplementa-
tion. Which of the following is the most likely mechanism for pancreatic enzyme replacement-
mediated improvement of abdominal pain associated with chronic pancreatitis?

A Neutralization of duodenal secretion

B Breakdown of CCK-releasing peptide

C Breakdown of secretin-releasing peptide

D Induction of CCK-releasing peptide

E Induction of secretin-releasing peptide
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Answers

1
2

B

B. Chronic pancreatitis is theorized to lead to a relative increase of CCK releasing peptide
(CCKrp) due to the deficiency in trypsin, which is the natural mediator of CCK rp breakdown.
The increased CCK rp, then leads to a tonic increase in CCK release, which is believed to
increase pancreatic enzyme secretion which in turn leads to worsening pain. Providing the
pancreatic enzymes restores the negative feedback loop by destroying the trypsin sensitive
CCK rp and therefore decreasing further CCK release.
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Introduction

Motility is essential to GI function. Motility is involved in swallowing, gastric
mechanical digestion, gastric emptying, intestinal absorption of nutrients and water,
and defecation. This chapter reviews the physiology of gastrointestinal (GI) motility.

Enteric nervous system

The enteric nervous system (ENS), often referred to as the second brain, is
comprised of over 100 million neurons that provide local neural control of many
GI functions. The ENS consists of two plexi: Meissner’s (submucous) plexus bet-
ween the muscularis mucosa and the circular muscle layer of the gut and the
myenteric plexus between the circular and longitudinal muscle layers of the gut.
The ENS contains over 20 neurotransmitters that affect motility, secretion, gut
microcirculation, and immunologic function (Table 3.1). Many prokinetic and
inhibitory agents used in gastrointestinal motility disorders have actions that
involve the neurotransmitters of the ENS (Table 3.2, 3.3).

The ENS is connected to the central nervous system (CNS) by parasympathetic
and sympathetic nerves (Figure 3.1). Parasympathetic fibers reach the gut
through the vagus nerve and sacral outflow tracts. Although the vagus nerve has
connections with the GI organs from the pharynx to the proximal colon, its
principal motility effects are on the esophagus and stomach. Projections of the
vagus nerve directly innervate the pharynx and striated muscle of the esoph-
agus. Vagal innervation of GI smooth muscle is indirect, via the ENS. The vagus
nerve also is involved in secretomotor activity of the stomach and gallbladder.
Preganglionic neurons in the S1-S5 region of the spinal cord (sacral outflow)
innervate the distal colon and anal sphincter.

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E. Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Table 3.1 Putative neurotransmitters of the ENS.

Amines Peptides

ACh Calcitonin gene-related peptide

Norepinephrine cholecystokinin

Serotonin (5-hydroxytryptamine) Galanin

Amino acids gastrin-releasing peptide

Glutamate Neuromedin U

Glycine neuropeptide Y

Gamma aminobutyric acid Neurotensin

Purines Opioids

ATP peptide YY

Adenosine Pituitary adenylate cyclase-activating
polypeptide

Gases SST

NO Substance P

Thyrotropin-releasing hormone
Vasoactive intestinal contractor

VIP

Table 3.2 Prokinetic therapies used in GI motility disorders.

Agent

Mechanism of action

Site of action

Metoclopramide (Reglan®)

Cisapride (Propulsid®)

Erythromycin

Domperidone

Octreotide

Tegaserod (Zelnorm®)

Neostigmine

Dopamine receptor (D2) antagonist

Stimulates ACh release, 5HT4 agonist
5HT3 antagonist

Motilin receptor agonist

Dopamine receptor (D2) antagonist

Stimulates MMC
Decrease antral motility

5HT4 partial agonist

Acetylcholinesterase
inhibitor

ENS
CNS

ENS

ENS (ACh neurons)
Smooth muscle

ENS

? ENS
? Hormone

ENS (ACh neurons)

ENS (ACh neurons)

Sympathetic neural control of gut function originates in preganglionic cholin-
ergic neurons in the spinal cord that synapse with postganglionic noradrenergic
neurons in the celiac, superior mesenteric, inferior mesenteric, and pelvic ganglia.
Sympathetic efferent stimulation generally inhibits GI motor and secretory
function by decreasing release of acetylcholine (ACh) from enteric neurons. These
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Table 3.3 Inhibitory pharmacologic therapies used in GI motility disorders.

Agent Mechanism of action Site of action
Nitrates (sublingual, PO, topical) NO donor Smooth muscle
Sildenafil, tadalafil, vardenafil Selective inhibition cGMP Smooth muscle

phosphodiesterase 5; increase
cGMP (second messenger for NO)

Nifedipine, amlodipine, diltiazem Calcium channel antagonist Smooth muscle

Botulinum toxin Inhibit exocytosis of ACh from ENS
nerve endings

Dicyclomine, atropine, ACh receptor antagonist ENS
methscopolamine, hyoscyamine

Alosetron 5HT3 receptor antagonist ENS

CNS disorder

Stroke, Parkinson'’s

Autonomic neuropathy

Diabetic gastroparesis,
Qgilvie's syndrome

Enteric neuropathy

Achalasia, Hirschsprung’s

Visceral myopathy

| A |

Scleroderma

Figure 3.1 Schematic depiction of the neurologic control of GI motility. The central, autonomic,
and enteric nervous systems work in concert on the smooth muscle effector system of the GI
tract. Disorders at each level of neurologic control or at the visceral smooth muscle end organ
level may result in motility disorders. Specific examples of disorders are listed to the right side
of the schematic. Adapted from Reference [1].
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Figure 3.2 Isobaric color contour plot of normal esophageal manometry. Color denotes the
amplitude of esophageal contractile activity. A swallow is associated with brief relaxation of the
upper esophageal sphincter followed by sequential contractions of the esophageal body
comprising primary peristalsis. Relaxation of the LES corresponds with the onset of swallowing.

effects are most prominent in the stomach and small and large bowels. Sympathetic
afferent nerves mediate visceral pain perception (nociception).

Esophageal motility

Esophageal motility is the best understood motor activity of the GI tract.
Esophageal motility can be divided functionally into that of the esophageal body
and that of the lower esophageal sphincter (LES). Body motility is characterized
by sequential (peristaltic) contractions of circular muscle (Figure 3.2). Peristalsis
in the smooth muscle segment of the esophageal body is under direct control of
the ENS. Excitatory cholinergic enteric neurons and inhibitory nitric oxide (NO)-
generating neurons coordinate peristaltic waves of muscle contraction and
relaxation: cholinergic neurons are responsible for the amplitude of muscle con-
traction, and NO neurons are responsible for the inhibitory phase that precedes
contraction. This inhibitory phase lengthens as it moves down the esophagus, a
phenomenon known as the latency gradient. Inhibition of NO synthase abolishes
the latency gradient, resulting in simultaneous muscle contractions. This motility
pattern mimics that seen in patients with achalasia and diffuse esophageal spasm.

The second functional portion of the esophagus, the LES, is ordinarily closed,
forming the major barrier to reflux of gastric contents. The LES opens in response
to a variety of stimuli, including swallowing (primary peristalsis) (Figure 3.2),
esophageal distension (secondary peristalsis), and gastric distension (as occurs



Gastrointestinal motility 37

mmHg  Swallow

""""""""" P 0 Pharynx

m. ",h' q Upper esophageal sphinct;r
———————————————————————————————————————————— 10

Failed esophageal peristalsis
———————————————————————————————————————————— 15

cm
20

———————————————————————————————— 25

q Lower esophageal sphincter
--------------- N 30

----------------- 1IN 35 Stomach
[ Failed LES deglutitive relaxation

Figure 3.3 Isobaric color contour plot of achalasia. Complete esophageal aperistalsis is event
with failure of deglutitive relaxation of the LES.

in transient LES relaxation). LES resting pressure is maintained by myogenic and
neurogenic inputs, whereas LES relaxation occurs in response to neurogenic
input alone. The intrinsic ability of LES smooth muscle to remain contracted in
the absence of external neural or hormonal influences is referred to as myogenic
tone. Esophageal body smooth muscle, in contrast, generally does not have myo-
genic tone. The myenteric plexus is the source of LES neurogenic input. The
myenteric plexus contains both excitatory and inhibitory motor neurons.
Excitatory neurons release neurotransmitters such as ACh that stimulate the
smooth muscle contraction responsible for LES resting tone. Inhibitory neurons
release neurotransmitters such as NO and VIP that cause LES relaxation.
Experimental NO inhibition results in the elevation of basal LES pressure and
loss of swallow-induced relaxation. This manometric pattern mimics that seen in
patients with achalasia (Figure 3.3). Studies have demonstrated the absence of
NO neurons in the myenteric plexi of patients with achalasia [1].

Gastric motility

The stomach can be divided into two functional areas: the body and the fundus.
Both actively relax during a meal. This accommodation reflex is a vagally medi-
ated event that allows ingested food to accumulate in the fundus where it can
be acted on by gastric acid and pepsin. The gastric fundus generates tonic and
short-duration phasic contractions that gradually transfer ingested food to the
antrum. These contractions promote gastric emptying by creating a pressure
gradient between the stomach and the duodenum. The gastric antrum and pylorus
function in concert to mechanically digest food. The antrum generates high-
amplitude phasic contractions that forcefully propel food against a closed pylorus.
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In doing so, the antrum triturates, or grinds, solid material to particles 1.0-2.0 mm
in diameter. The pylorus acts as a sieve by preventing the passage of larger particles.
Small particle size maximizes the ratio of surface area to volume, optimizing food
exposure to small bowel digestive enzymes. Following completion of this process,
larger indigestible gastric contents are emptied by the migrating motor complex
(MMC). The MMC has three phases: a period of quiescence (phase 1), a period
of intermittent pressure activity (phase 2), and a period of high-amplitude
contractile waves that, in the case of the stomach, propel residual gastric contents
through an open pylorus into the duodenum (phase 3). This sequence of events
occurs approximately every 60-90 min during the interdigestive period.

Slow waves of spontaneous rhythmic electrical depolarization control the
frequency of gastric smooth muscle contraction. They originate in the interstitial
cells of Cajal (ICCs) located in the pacemaker region of the stomach on the
greater curvature between the fundus and the proximal body. These cells are
intercalated between nerve endings and smooth muscle cells and have
spontaneous rhythmic electrical activity known as pacesetter potentials that
propagate circumferentially with a frequency of three cycles per minute. ICCs
are found in the GI tract from the stomach to the colon.

The nature of ingested material determines the kinetics of gastric emptying.
Liquids have a half-life in the stomach of approximately 20-30 min and solids a
half-life of approximately 60-90 min. The slower emptying of solids is due to the
time required for mechanical digestion. The actual emptying time of food also
depends on its calorie and fat content. In the postprandial period, the MMC is
replaced by irregular contractions of variable frequency and amplitude. The
duration of this motility pattern is directly proportional to the calorie content of
the meal. Feedback inhibition of gastric muscle contraction initiated by chemo-
receptors in the duodenum delays gastric emptying of fat, glucose, and hyper-
tonic fluids. Large indigestible solids, such as timed-release medication capsules
and fibrous foods, are emptied from the stomach during the third phase of the
MMC. The MMC is inhibited for more than 2 h after the fed state.

Receptive relaxation and accommodation in the gastric fundus and body are
mediated by the vagus nerve. The loss of the accommodation reflex in patients
who have undergone vagotomy is responsible for accelerated liquid emptying.
Vagotomy also interferes with antral contractile activity, which delays mechanical
digestion and therefore emptying of solids. This is the reason why patients
undergoing vagotomy require pyloroplasty [2].

Small bowel motility
Small intestinal muscle contractions mix digested food with pancreatic enzymes,

bile, and intestinal secretions and propel it across the intestinal mucosa where it
can be further digested and absorbed. The small intestine has two distinct motility
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Figure 3.4 Isobaric color contour plot of phase 3 of the MMC. Phasic contractions of the gastric
antrum occur at a slower frequency than clustered contractions of the duodenum and jejunum.

patterns: a fed pattern and a fasting pattern. The fed pattern is characterized by
segmentation: nonpropagated focal contractions of intestine that occur simulta-
neously at multiple locations in the intestine. This pattern typically lasts 4-6 h
following a meal and is replaced by the fasting pattern. The fasting pattern of small
bowel motility is dominated by the MMC, as previously described (Figure 3.4). In
the small bowel, phase 3 serves to sweep debris and bacteria out of the intestine.

The local peristaltic reflex is one of the better understood small bowel motor
patterns. In this reflex, a food bolus in the gut lumen stimulates mucosal afferent
nerves. A series of interneurons activate motor neurons containing excitatory
transmitters such as ACh and substance P proximal to the bolus and motor neurons
containing inhibitory transmitters such as NO and VIP distal to the bolus. The net
result is aboral propagation of contraction above and relaxation below the bolus.

Chemoreceptors throughout the small bowel help to regulate gastric
emptying and control the rate of nutrient delivery to the small bowel. An
example of this activity is the “ileal brake,” whereby ileal fat delays gastric
emptying. Proposed mediators of the ileal brake include peptide YY, entero-
glucagon, and neurotensin [2].

Colonic motility

Enteric contents are continually delivered to the colon in the fed and fasting
states. The colon stores feces until such time as it can be evacuated conveniently.
Fecal storage facilitates maximal absorption of water, electrolytes, short-chain
fatty acids, and bacterial metabolites. Colonic motility, like gastric and small
bowel motility, is under the involuntary control of the ENS.
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Motor activity in the ascending colon is characterized by ring contractions
that migrate proximally. This reverse peristalsis promotes temporary fecal reten-
tion. The contents of the transverse and descending colons are generally pushed
caudally by mass movement: lumen-obliterating intermittent contractions of
colonic circular muscle that propel feces short distances. As a result of mass
movement, feces gradually moves from the right colon where it was initially
stored to the sigmoid colon and rectum. Mass movement is a motility pattern
that is not regulated by intrinsic slow-wave activity. Instead, it has been pro-
posed that mass movements are under autonomic control, as they can be initi-
ated by stimulation of parasympathetic sacral outflow tracts.

The gastrocolic reflex and the giant peristaltic contraction are propulsive
contractile patterns unique to the colon. The gastrocolic reflex increases colonic
motility within 30 min of a meal. It is stimulated by food in the duodenum and
appears to be a neurally mediated response that involves cholecystokinin release.
The giant peristaltic contraction is a peristaltic reflex characterized by high-
amplitude and long-duration contractions. This reflex can be induced by cholera
toxin and is found in some patients with irritable bowel syndrome. Its electrical
correlate is known as the migrating action potential complex [2].

Anorectal motility

The anorectum has both smooth (internal anal sphincter) and skeletal (external
anal sphincter and puborectalis) muscle components that maintain fecal conti-
nence and allow voluntary control of defecation. The puborectalis originates
from the posterior aspect of the pubic bone and forms a sling around the rectum.
It is tonically contracted at rest, creating an acute angle between the levator ani
and external anal sphincter muscles. This sharp angle assists in maintaining
normal continence. The external anal sphincter muscles are innervated by the
pudendal nerve with fibers originating from S2 to S4. They are responsible for
15-20% of resting sphincter tone, but the external sphincter muscles are 100%
responsible for maintaining fecal continence when a conscious decision is made
to avoid defecation. Phasic contractions of the puborectalis and external anal
sphincter muscles also contribute to the preservation of fecal continence. These
contractions are important during periods of increased intra-abdominal pressure,
for example, during coughing, laughing, sneezing, changes in posture, and lifting
of heavy objects. The internal anal sphincters are smooth muscles innervated by
sympathetic and parasympathetic fibers from the sacral plexus. Input from both
types of fibers is inhibitory and keeps the sphincter in a constant state of contrac-
tion at rest. The internal anal sphincter is responsible for 80-85% of resting anal
sphincter tone and is the primary deterrent to involuntary defecation.
Defecation is a complex process characterized by coordination of the
abdominal- and pelvic-floor musculature and the internal and external anal



Gastrointestinal motility 41

mmHg Bear down Bear down Bear down Bear down

uoojjeg
 m———

wnjlioy

J91uiyds

- - - -

Pressure profile

(@ Normal (b)  Typel () Typelll (d)  Typel

Figure 3.5 Isobaric color contour plots of anorectal manometric responses to attempted defecation.
(a) Normal pattern: There is an appropriate increase in intrarectal pressure (black parenthesis;

>45 mm Hg) with reflexive relaxation of the anal sphincters (red parenthesis). (b) Type I
dyssynergia: There is an appropriate increase in intrarectal pressure but paradoxical contraction of
the anal sphincters. (c) Type II dyssynergia: There is an insufficient increase in intrarectal pressure
with paradoxical contraction of the anal sphincters. This is also known as inadequate defecatory
propulsion. (d) Type III dyssynergia: There is an appropriate increase in intrarectal pressure with

a lack of anal sphincter relaxation.

sphincters. Normal defecation begins with a Valsalva maneuver that increases
intra-abdominal pressure. The pressure is transmitted to the pelvis, resulting in
relaxation of the puborectalis muscle, widening of the anorectal angle, and
relaxation of the internal anal sphincters. The pelvic floor descends, and the
external anal sphincter is voluntarily relaxed. If the pressure in the rectum is
greater than the pressures across the anal sphincters (i.e., a positive pressure
gradient), stool is evacuated. Failure of any of these steps can lead to diffi-
culties with defecation. Dyssynergic defecation, the most common evacuation
disorder, also is known as anismus, obstructive defecation, and pelvic-floor
dyssynergia. It is characterized by poor coordination of abdominal- and pelvic-
floor musculature during attempted defecation and has been classified into
three distinct subtypes: type I, generation of appropriate intrarectal pressure
with paradoxical anal sphincter contraction; type II, inadequate generation of
propulsive force and paradoxical contraction or inadequate relaxation of the
anal sphincters; and type III, generation of appropriate intrarectal pressure
with insufficient anal sphincter relaxation (Figure 3.5). Although each type of
dyssynergia has a different underlying mechanism, the outcomes are the same:
an inability to evacuate stool [3, 4]. Figure 3.6 illustrates the recto-anal
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Figure 3.6 Isobaric color contour plots of normal and abnormal recto-anal inhibitory reflexes
(RAIRs). (a) As the intrarectal pressure increases (black arrow), the internal anal sphincter
reflexively relaxes (red arrow). This is a normal response. (b) As the intrarectal pressure
increases (black arrow), there is no relaxation of the internal anal sphincter (red arrow). This
is an inappropriate response.

inhibitory reflex. Ballon distension of the rectum stimulates reflex inhibition
of the internal anal sphincter. The reflexive inhibition is impaired in
Hirschsprung’s disease.

Motility testing

Historically, physicians have used barium transit, nuclear scintigraphy, hydrogen
breath testing, radio-opaque marker studies, and manometry to evaluate
GI motility. Manometric testing with water-perfused assemblies has now been
replaced by high-resolution solid-state manometric catheter recording. The
advantages of this new technology include greater temporal and spatial fidelity,
sophisticated automated data analysis, portability, and color contour topo-
graphic depictions of pressure data that make data interpretation easier. In
addition, a wireless motility capsule, SmartPill (Given Imaging Ltd., Yokneam,
Israel), has been developed that allows evaluation of gastric, small intestinal,
colonic, and whole gut transit times. This capsule contains an array of sensors
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Figure 3.7 Wireless motility capsule tracing depicting simultaneous recordings of
intraluminal temperature, pH, and pressure. (a) Gastric transit time: This is measured from
the time the capsule is ingested until the time it enters the duodenum. This is best evaluated
via the pH tracings (green lines). Entry into the duodenum is characterized by a large
increase in pH, indicating a shift from the acidic milieu of the stomach to the alkalinized
small intestine. (b) Small intestinal transit time: This is measured from the time the capsule
enters the duodenum to the time it enters the cecum. This occurs when there is a decrease
of at least 1 pH unit lasting more than 10 min and occurring greater than 30 min after entry
of the capsule into the small intestine. The decrease in pH is believed secondary to acidic
fermentation of digestive matter by colonic flora. This is best assessed by the pH tracings
(green lines). (c) Colon transit time: This is measured from the time the capsule enters the
cecum to the time it exits the body. The exit time can be determined using the blue lines.
The temperature will remain stable throughout the study until the capsule is expelled from
the body which will be characterized by a precipitous decrease in temperature correlating

to the temperature of the water in the toilet basin. (d) Whole gut transit time: This is
calculated from the time of ingestion until the capsule is passed as represented by the rapid
decrease in temperature which correlates to passage of the capsule.

that simultaneously measure intraluminal pH, pressure, and temperature,
allowing radiation-free regional transit time assessment (Figure 3.7).
Comparative studies have demonstrated a reasonable correlation between data
obtained with this device and data from conventional motility tests, including
gastric and small bowel scintigraphy, and colonic radio-opaque markers. The
wireless capsule appears most useful in the diagnosis of disorders causing global
GI dysmotility, including scleroderma and amyloidosis, and for assessment of
regional transit in patients with delayed gastric emptying and slow-transit con-
stipation. The utility of pressure data collected throughout the GI tract with this
technology has yet to be established [5].
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Multiple choice questions

1 The abnormality that best describes the pathogenesis of diabetic gastroparesis is:

A Enteric neuropathy associated with increased transient lower esophageal sphincter

relaxation

B Visceral myopathy affecting intestinal transit

C Hypoglycemia-associated delayed gastric emptying

D Central nervous system defect resulting in increased satiety

E Autonomic neuropathy-associated impairment of gastric emptying
2 You are consulted to see a 58-year-old male with abdominal pain and distension. His symptoms
began abrupted 4 days ago following an uneventful hip replacement. He has not moved his
bowels or passed flatus since the surgery. On exam, he appears mildly uncomfortable and is afe-
brile with a pulse of 88. His abdomen is markedly distended and tympanitic with mild diffuse
tenderness to palpation. A KUB demonstrates a diffusely and markedly distended colon filled
with air with a cecal diameter of 12 cm. A gastrograffin enema documents patency of the rectum
and sigmoid with colonic dilation. Appropriate therapy at this point would include which of the
following pharmacologic agents:
A 5HT3 antagonist
B 5HT4 antagonist
C Acetylcholinesterase inhibitor
D Acetylcholine receptor antagonist
E Opioid agonist
Hirschsprung’s disease is caused by which of the following?
A Impaired segmental transit of stool through the colon
B Deficiency of excitatory neuronal innervation of the rectum

w

C Deficiency of inhibitory neuronal innervation of the distal colon and rectum

D Impaired relaxation of the external anal sphincter

E Impaired contractions due to colonic dilation
4 Which statement is true?
A The majority of the parasympathetic fibers innervating the GI tract originate in the spinal cord.
B Parasympathetic innervations of the GI tract is indirect via the Enteric Nervous System
C Sympathetic innervations generally stimulates motor and secretory activities in the GI tract
D Parasympathetic innervations generally inhibits motor and secretory activities in the GI tract
A 56 year old male had a vagotomy for peptic ulcer disease twenty years ago. A nuclear med-
icine emptying study would most likely show?
A Delayed solid and liquid emptying from the stomach.
B Delayed liquid but normal solid emptying from the stomach.
C Delayed solid and accelerated liquid emptying from the stomach.
D Delayed liquid but accelerated solid emptying from the stomach.

Vi

E Accelerated liquid and solid emptying
6 Which of the following is not a factor responsible for anal continence?
A Tonic contractions of the puborectalis muscle
B The external anal sphincter
C The internal anal sphincter
D Pudendal nerve innervation of the external anal sphincter
E Sympathetic and parasympathetic stimulation of the internal anal sphincter
7 Local peristaltic reflexes in the GI tract are contained within the ENS and are characterized by?
A Acetylcholine and Substance P exciting motor neurons above a food bolus
B Nitric oxide and VIP exciting motor neurons above a food bolus
C Acetylcholine and Substance P exciting motor neurons below a food bolus
D Nitric oxide and VIP inhibiting motor neurons above a food bolus
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8 Concerning the Migratory Motor Complex which statement is true?
A Phase 2 propels gastric residue into the duodenum
B Is stimulated immediately after eating
C During phase 3 bacteria and residual food move from the small bowel into the colon
D During phase 3 the pylorus pressure is elevated to inhibit gastric emptying.
E Is inhibited by the hormone Motilin
9 (Pick the wrong answer) In the esophagus
A Each swallow is normally followed by both segmental and peristaltic contractions
B Both gut smooth muscle and striated muscle are stimulated by acetylcholine
C Local stimulus can trigger a myogenic secondary peristaltic wave
D Esophageal contractions can push swallowed material through the LES without the
assistance of gravity
E Esophageal spasms can cause chest pains that are very difficult to distinguish from those
or coronary artery disease
10 Concerning Gastric Motility — all are true except:
The fundus is characterized by receptive relaxation which is mediated by NO and VIP.
Liquids empty faster than solids
Has a gastric basal electrical rate (BER) is 12 cycles/minute
When the pacemaker potentials (slow waves) are linked to action potentials of a great

gowy

enough threshold muscle contractions occur
The pacemaker electrical activity of the stomach is generated by the Interstital cells of Cajal

lus]
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Introduction

The primary function of the immune system is to protect the individual from
pathogens. Physical and chemical barriers limit the ability of harmful molecules
to interact with the immune system outside the GI tract. The GI mucosal immune
system is unique in that it is constantly in contact with the external environ-
ment. All ingested substances contain foreign antigens capable of eliciting an
immune response, and, therefore, GI immune cells must be able to distinguish
between potentially harmful and harmless antigens to avoid a constant state of
gut inflammation. The general strategy of the mucosal immune system to accom-
plish this goal is suppression or downregulation of immune responses. This
strategy is facilitated or characterized by several unique features of mucosal
immunity: secretory IgA production, suppression of IgG and IgM responses,
chronic controlled (physiologic) inflammation, and oral tolerance.

Failure of this tightly regulated system may lead to chronic uncontrolled mucosal
inflammation as exemplified by the IBD. A working hypothesis of IBD pathogenesis
is that there is an inappropriate inflammatory immune response to enteric microbes
that normally coexist in a mutually beneficial relationship with their human hosts.

The anatomy of the mucosal immune system

All mucosal surfaces and their associated lymphoid tissue are part of a common
immune system. Each mucosal surface is formed by a layer of epithelium over-
lying a lamina propria containing loosely organized lymphoid tissue that, in the
GI tract, is referred to as the gut-associated lymphoid tissue (GALT) [1]. The
length and enormous surface area of the GI tract make it the largest lymphoid
organ of the body, containing greater than 10'? lymphocytes and more antibody

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
www.wiley.com/go/reinus/gastro/anatomy

46



Gastrointestinal immunology and ecology 47

than is found at any other site [1]. The GI epithelium is a single layer of columnar
cells covered by an extracellular glycocalyx composed of complex glycoproteins
and mucins. This glycocalyx coat is an important physical barrier to potential
pathogens; microbial organisms become trapped within it and are passed in
stool. The epithelium itself is a second level of physical protection: epithelial cell
membranes prevent most bacteria and viruses from reaching underlying lym-
phoid tissue [2]. Tight junctions joining adjacent cells are a third level of physical
protection. These tight junctions maintain the integrity of the epithelial barrier
and exclude macromolecules and pathogens [2]. Inflammation may compro-
mise the integrity of tight junctions, resulting in a “leaky” epithelium that allows
luminal contents to reach the lamina propria [3]. Indeed, several IBD suscepti-
bility genes may affect intestinal epithelial permeability [4].

Sites of mucosal immune-microbial interactions

Interactions between commensal bacteria, antigens, and immune cells occur at
distinct sites in the GI tract, such as PPs [5]. PPs are organized GI tract structures
analogous to lymph nodes in which naive T and B cells first encounter antigens
from the intestinal lumen [5]. PPs are covered by M cells, specialized intestinal
epithelial cells (IECs) that lack surface microvilli or glycocalyxes [6]. These cells
facilitate passage of antigens, especially large particulate antigens, bacteria, and
viruses, from the gut lumen to T cells in PPs and mesenteric lymph nodes.
Antigens pass through M cells intact and subsequently are taken up by dedicated
antigen-presenting cells (APCs) (dendritic cells (DCs) and macrophages) in the
M-cell pocket. The APCs carry them to T-cell zones in PPs or mesenteric lymph
nodes where they generate an immune response [5, 6]. Activated T cells in the
GALT then circulate back to the lamina propria via the efferent lymph and the
blood stream (Figure 4.1).

Luminal antigens also interact with the mucosal space through M-cell-
independent pathways mediated by DCs from the lamina propria [7]. These spe-
cialized DCs extend dendrites into the lumen and sample its content, much in
the same manner as M cells do [8]. Gut columnar epithelial cells also can process
antigens, albeit far less efficiently than do dedicated APCs (Figure 4.1) [6].

Secretory IgA

Secretory IgA, a unique form of antibody found in mucosal secretions, is an impor-
tant effector of mucosal immunity. While IgG is the most abundant immunoglob-
ulin in serum, IgA is the most abundant in secretions. IgA is secreted by terminally
differentiated B cells (plasma cells) in the lamina propria that recognize antigens
from the intestinal lumen [9]. Secretory IgA differs from IgA in serum. In serum,
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Figure 4.1 The gut immune system. Interactions between commensal bacteria, antigens, and
immune cells occur at PPs and isolated follicles, where M cells in the follicle-associated
epithelium translocate bacterial antigens from the lumen to the dome region beneath the
follicle-associated epithelium. Immature myeloid DCs and macrophages encounter and
process antigen, differentiate into mature DCs, and migrate to T-cell zones in PP or to
mesenteric lymph nodes to activate T cells. The organized GALT serves as the source of the
activated effector cells, which populate the intervening mucosa; cells leave via efferent lymph,
enter the blood stream, and migrate back to the lamina propria. Lymphocyte trafficking to the
intestine is directed by adhesion receptors.

IgA exists as a monomer and is not a particularly useful antibody, whereas in
secretions, it exists as a dimer and is coated with a highly specialized 55-kD glyco-
protein called secretory component that is derived from cleavage of the polymeric
Ig receptor [9].

The polymeric Ig receptor and secretory component serve two purposes.
First, they transport IgA from the lamina propria to the gut lumen. The poly-
meric Ig receptor is expressed on the basolateral aspect of the IEC and binds only
to dimeric IgA or multimeric IgM. IgA complexed with the receptor is actively
transported within vesicles to the apical epithelial cell membrane. The Ig receptor
is partially cleaved within the vesicle, leaving a portion remaining in association
with IgA as the secretory component. The vesicle then fuses with the apical epi-
thelial cell membrane and the secretory component-IgA complex is released
into the lumen. Within the lumen, secretory component serves a second
function: it shields the secretory IgA molecule from degradation by intraluminal
proteases and gastric acid. Secretory IgA and IgM are the only antibodies that
can bind secretory component and thereby withstand the harsh environment of
the GI tract [9].
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In the lamina propria and gut lumen, secretory IgA has a passive function. As
IgA does not activate complement or bind Fc receptors, it does not mediate
inflammatory responses. Rather, secretory IgA directed against microbial
antigens blocks their binding to the epithelium, thereby preventing infection
[9]. Secretory IgA also can agglutinate bacteria and viruses into large complexes
that are trapped in the mucus barrier and passed in stool, sputum, and vaginal
secretions.

Secretory IgA is reabsorbed in the distal small intestine and reused. IgA com-
plexed with antigen is taken up in the distal ileum, enters the portal circulation,
and travels to the liver where sinusoidal Kupffer cells remove and destroy the
antigen, releasing free secretory IgA. Bile duct epithelial cells also express the
polymeric Ig receptor on their basolateral surfaces and actively transport secre-
tory IgA into bile. Because bile flows into the intestine, this IgA ultimately can
be reused against pathogens in the GI tract [9].

B cells in PPs become committed to produce IgA: under the influence of
transforming growth factor beta (TGFf), an IgA switch factor, PP B cells that
make and express surface IgM switch their genetic program to transcribe and
produce IgA [5]. These cells then migrate to mesenteric lymph nodes, enter the
thoracic duct, and ultimately reach the systemic circulation. IgA B cells enter the
LP from the circulation at various mucosal sites where they differentiate into
plasma cells that produce IgA. One key site is the mammary gland, where secre-
tory IgA plasma cells secrete IgA into breast milk. In countries where intestinal
parasites and bacterial diarrheal illnesses are endemic, this is the major means of
passively immunizing the infant: as IgA survives in the gut, it binds parasites and
bacteria in the lumen and prevents disease [9].

Cells of the mucosal immune system

The unique nature of MALT is further exemplified by the distinct phenotypic
and functional characteristics of its constituent immune cells. Several impor-
tant cell types are found in PPs, such as IgA-secreting B cells, which already
have been discussed. Here, we discuss the unique features of T cells in the
epithelial space and LP, as well as DCs and macrophages, the professional APCs
of the MALT.

Intraepithelial lymphocytes (IELs)

IELs are small cells located within the epithelium of mucosal surfaces. More than
98% express cluster of differentiation antigen 8 (CD8), a coreceptor for MHC
class Imolecules. When isolated, they resist activation through the T-cell receptor
and barely proliferate, even in response to potent stimuli. IELs do not appear to
travel in and out of the epithelium; rather epithelial cells grow over them as they
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move from the crypt to the surface. The majority of studies suggest that IELs are
not involved in immune responses against luminal pathogens. Instead, they
appear to be engaged in cytotoxicity, including alloreactive virus-specific and
spontaneous cytotoxicity, activities consistent with an immune surveillance or
first-line-of-defense role. Subsets of IELs provide B-cell help, play a role in the
maintenance of oral tolerance, and regulate epithelial cell function [10].

Virtually, all IELs express the selective integrin aEf7. Its ligand on the IEC
is E-cadherin, which is involved in cell signaling and cytoskeletal rearrange-
ment. Unlike related integrins, it does not appear that «Ep7 is a homing
molecule [10].

Lamina propria lymphocytes (LPL)

Several types of immune cells are found in the lamina propria. IgA-producing
plasma cells predominate, but over half of this population is comprised of T cells,
B cells, macrophages, and DCs. Controlled inflammation is an important
characteristic of the LP [2]. The abundance of activated lymphocytes and APCs in
the GALT would signify chronic inflammatory disease if present in other organs [1].
Control of inflammation in the gut is the result of regulatory mechanisms that
prevent deleterious inflammatory responses to normal luminal contents, such as
dietary constituents and resident nonpathogenic microbes. For example, like IELs,
lamina propria T cells express an activated—-memory phenotype and do not prolif-
erate in response to T-cell receptor ligands. In contrast, they express the mucosal
addressin, a4p7. This addressin recognizes a gut-specific adhesion molecule,
MadCAM-1, expressed solely by GI vascular endothelium [11, 12]. Hence, this
interaction mediates specific homing of leukocytes to the intestine (Figure 4.2).
Lamina propria T cells undergo spontaneous apoptosis at higher rates in vitro and
in vivo than do peripheral blood lymphocytes [13]. Patients with IBD have defects
in the mechanisms that regulate T-cell apoptosis [14].

Mucosal T cells: Inflammatory and regulatory subsets

Cytokines elaborated by CD4-positive helper T cells in the lamina propria play a
key role in the regulation of intestinal immune responses. T-helper-1 (Th1) cells
produce the inflammatory cytokines interferon-y (Ifn-y) and interleukin-2 (IL-2),
which are necessary for eradication of intracellular pathogens and the
development of long-term immunity against these infectious agents [15].
Chronic intestinal inflammation results from persistence of unchecked mucosal
Th1 cell responses. Crohn’s disease is a typical human Thl-mediated chronic
inflammatory disorder, characterized by mucosal granuloma formation (the his-
tological hallmark of a Thl immune response), increased expression of Ifn-y,
and increased expression of IL-12 and IL-18, two cytokines necessary to
development of a Thl immune response [15]. Th2 cells develop primarily in
response to helminth and allergen exposure; IL-4, IL-5, and IL-13 are hallmark
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Figure 4.2 Modulating the immune system in IBD. Therapies for IBD are tailored to specifically
target an immune mediator of disease. (a) Current therapies that target immune cell trafficking to
inflamed intestinal mucosa include corticosteroids and natalizumab (antibody that blocks interaction
between integrin a4 on the leukocyte and MAdCAMI1 on the endothelial cell). Emerging therapies
include inhibition of integrin a4f7 and MAdCAM1 that occurs specifically in the vascular
endothelium of the intestines and other small molecules, for example, silencing RNAs targeting
adhesions molecules in the vascular endothelium(b) T-cell activation is the target of widely used
immunomodulator therapy in IBD that includes azathioprine, 6-mercaptopurine, methotrexate,
cyclosporine, and tacrolimus. Clinical trials for antibodies directed toward T cells (CD3) and subset
populations (CD23, Tregs) are being conducted; (c) the monoclonal antibodies to tumor necrosis
factor (TNF) (infliximab, a mouse-human chimeric antibody; adalimumab, a humanized
recombinant antibody to TNF; and certolizumab pegol, a Fab fragment of a humanized anti-TNF
alpha monoclonal antibody that is attached to polyethylene glycol to increase its half-life in
circulation) are FDA-approved biological therapies for IBD. Future therapies target the IL-12 and
IL-23 axis.
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cytokines produced by Th2 cells. These cytokines aid B-cell antibody production
and, in the mucosal immune system, also are involved in host defense against
extracellular helminthic parasites [15]. Th17 cells are specific effectors that play
arole in host defense against extracellular bacteria and fungi [16]. In contrast to
Crohn’s disease, early descriptive studies of human ulcerative colitis patients
demonstrated colonic Th2 cytokines [17]. Human T-cell biology is complex,
however, and when characterizing intestinal T-cell responses in heterogeneous
disease populations, the Th1-Th2 classification that may be relevant in mice is
overly simplistic.

Several important regulatory T (Treg)-cell populations restrain inflammatory
mucosal Thl immune responses in normally controlled inflammation. For
example, Treg cells downregulate inflammatory responses [18]. Treg cells make
the anti-inflammatory cytokines IL-10 and TGFf, which are important media-
tors of mucosal homeostasis [18]. TGFf also mediates mucosal healing and fibro-
genesis and is necessary to IgA production. Treg cells mediate the phenomenon
of oral tolerance, which is a state of immune unresponsiveness to intestinal
luminal antigens [18]. IBD patients lose tolerance to their own enteric bacteria,
demonstrating the importance of these Treg-cell subsets in maintaining con-
trolled inflammation.

Mucosal macrophages and dendritic cells

Macrophages and DCs are essential to innate immunity against enteric microbes.
Intestinal macrophages represent the largest pool of tissue monocytes in the
human body and are critical to immune interactions with the enteric microbiota.
In comparison to other macrophages, intestinal macrophages express different
phenotypic markers and efficiently eradicate intracellular bacteria, but do not
mount potent inflammatory responses [19].

Both macrophages and DCs play a crucial role in shaping the T-cell immune
response through cognate interactions with T cells and by producing cyto-
kines, some induced by bacteria. They can induce an inflammatory Thl or
Th17 immune response through production of IL-12 and IL-23, respectively,
or divert the immune response toward a regulatory pathway through produc-
tion of IL-10 and TGFp [20]. DCs are the most potent APCs for induction of
primary T-cell responses. DCs that induce Treg-cell populations predominate
in PPs [20]. A distinct population of DCs that transports fragments of apo-
ptotic IECs to the T-cell regions of mesenteric lymph nodes has recently been
described and may serve the primary function of inducing naive T-cell toler-
ance to self-IEC antigens [7, 21]. The importance of functional adaptations
of macrophages and DCs in this unique environment is best illustrated
by failure of these homeostatic mechanisms in the development of IBD
[22, 19] (Figure 4.2).
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Intestinal epithelial cells

The intestinal epithelium plays a critical role in mucosal immune homeostasis.
IECs line the mucosal surface, acting as a physical barrier to invasion by patho-
gens, including organisms that initiate specific and nonspecific host immune
responses. IECs also play an active role in initiating immune responses by elab-
orating cytokines, chemokines, and other inflammatory mediators, some of
which promote migration of T cells to the GI tract [3]. They are one component
of a complex signaling system characterized as a “trialogue” among the intestinal
microbiota, the intestinal epithelium, and the GALT [23].

Infection of human IECs by enteroinvasive bacteria increases expression and
secretion of a number of proinflammatory cytokines, including chemokines that
are potent chemoattractants for acute inflammatory cells [24]. In response to
pathogens, IECs also express inflammatory cytokines that recruit and activate
leukocytes and macrophages, whereas they produce activated TGFp in healthy
individuals [24]. Thus, inflammatory gene expression by IECs is an important
component of the innate immune response against enteric pathogens [25].

Interactions between noninvasive bacteria and IECs are also important, pro-
foundly affecting IEC gene expression, differentiation, growth, and initiation of
immune responses [3]. Resident bacteria induce IEC gene expression required for
normal intestinal development and function [24]. Deviations from this normal
program as a result of transient bacterial colonization, altered host genetics, or both
may initiate inflammatory gene expression and chronic intestinal inflammation [25].

As mentioned previously, M cells sample particulate antigens and intact
microorganisms in PPs [5]. They are, however, inefficient at taking up soluble
proteins [6]. IECs may play a role in sampling luminal antigen by expression of
MHC class Il molecules that take up soluble proteins at the apical cell membrane
and transport them to the basolateral cell membrane. Despite expression of MHC
class II antigens, normal IECs appear to selectively activate CD8+ suppressor T cells,
and, therefore, antigen presentation by IECs may downregulate inflammatory
T cells or may generate regulatory, suppressor, or anti-inflammatory T-cell
subsets [7, 23, 26]. This may help to explain the inhibitory phenomena of con-
trolled inflammation and oral tolerance [27].

Immunosuppression in the Gl tract: Oral tolerance

Oral tolerance, which can be viewed as the opposite of immunization, is a hall-
mark of the gut’s controlled immune response. Soluble antigens administered
orally, instead of subcutaneously or intramuscularly, induce antigen-specific
unresponsiveness [28]. Oral tolerance is likely important in preventing immune
responses to dietary antigens and enteric flora [29]. As oral tolerance is a potent
physiologic mechanism for suppression of immune responses, induction of oral
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tolerance may be of therapeutic benefit in autoimmune diseases. In theory, an
autoantigen can be used to induce Treg cells that attenuate local inflammation
because although induction of oral tolerance is antigen specific, the mechanism
of tolerance (generation of TGFp) is not. Therefore, it may be possible to use an
antigen located in proximity to an autoantigen to trigger TGFp secretion that
inhibits the autoantigen response. This phenomenon has been termed bystander
suppression [30].

The enteric ecosystem

The GI tract is home to a dense, diverse, and dynamic bacterial ecosystem that is
critical to mucosal immune homeostasis. The commensal flora of the gut is esti-
mated to be comprised of 500-1000 distinct bacterial species, with the total
number of bacteria approaching 10' cells and containing 100 times as many
genes as the human genome [31].

This enteric microbiota is important to human health. Commensal bacteria
are essential to the preservation of the integrity of the mucosal barrier, and inter-
ruption of this barrier has been implicated in the pathophysiology of IBD [25].
The enteric microbiota also modulates the intestinal immune system and is
essential to the maturation of the GALT, secretion of IgA, and production of anti-
microbial peptides [32]. Additionally, gut floras have metabolic capabilities lack-
ing in the host, such as fermentation of indigestible fiber, and can help the host
by degrading otherwise indigestible dairy products. Importantly, the microbiota
can modulate host gene expression, and conversely, host metabolism influences
the microbial environment.

Conclusion

The intestinal epithelial barrier and specialized immune cell populations of the
gut differentiate pathogenic from beneficial commensal bacteria and, therefore,
are essential to maintaining immune homeostasis. Given its potentially hostile
environment, an overall tone of suppression is a necessary adaptation of the GI
immune system. Defects in intestinal permeability and regulatory immune cell
populations and alterations in the microbial ecosystem may lead to inappro-
priate immune responses in an otherwise immune-tolerant environment.
A vicious cycle can ensue in which increased intestinal permeability allows
translocation of large amounts of luminal antigen that amplifies ongoing mucosal
inflammation and causes IBD. Thus, IBD results from an inappropriately directed
inflammatory response to the enteric microbiota in a genetically susceptible
host [31] (Figure 4.2).
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Multiple choice questions

1 Based on the functional characteristics of the mucosal immune system, which of these new
therapies for inflammatory bowel disease does not make theoretic sense?
A Antibodies that block interleukin-23
B Altering the intestinal bacterial flora with probiotic bacteria
C Antibodies that block the alpha4beta7-MadCAM-1 interaction
D Antibodies that block TGFbeta
E Antibodies that prevent T-cell activation
2 Sensing of microbes and microbial antigens at the mucosal surface occurs through a series of
“mucosal monitors” which include all of the following except:
A Mesenteric lymph nodes
B Spleen
C Peyer’s patches
D Lamina propria antigen-presenting cells
E Intestinal epithelial cells
3 All the following statements concerning the GI immunology and disease are correct except:
A M cells in the lumen sample antigen and pass the antigen to the Peyer’s patches below.
B Peyer’s patches are the only organized immune cells in the GI tract.
C Inflammatory bowel disease is considered a disease failure of the GI tract immune system
to downregulate.
D Antigens are taken up by M cells, and the M cell presents those antigens to lymphocytes
in Peyer’s patches.
E Secretory component facilitates transport of IgA from the lamina propria to the lumen and
facilitates the enterohepatic circulation of IgA.
4 Which statement is false:
A In the serum, IgA exists as a dimer and in the gut, it is a monomer.
B Secretory component binds to IgA and facilitates its movement into the lumen of the GI tract.
C Secretory component protects IgA from degradation by luminal enzymes.
D The secretory IgA (sIgA) binds to bacteria and viruses in the GI tract.
E After sIgA binds to its antigen, the complex is taken up in the terminal ileum, travels to
the liver, and is taken up by Kupffer cells.
The ability to generate oral tolerance to a specific antigen depends upon:
A The age of the host
B The genetic background
C The solubility of the antigen
D The dose of the antigen
E The chemical composition of the host (protein vs. carbohydrate vs. lipid)
F All of the above

Vi
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Overview

The stomach is an active reservoir that stores, grinds, and slowly dispenses
partially digested food into the intestine for further digestion and absorption. One
of its main functions is the secretion of hydrochloric acid. Gastric acid facilitates
the digestion of protein by converting pepsinogen to the active proteolytic
enzyme, pepsin. Acid also facilitates the absorption of iron, calcium, vitamin B ,,
and some medications (e.g., thyroxin and ketoconazole) and prevents bacterial
overgrowth, enteric infection, and, possibly, community-acquired pneumonia,
spontaneous bacterial peritonitis, and IgE-mediated food allergy [1-9]. Too much
acid, however, may overwhelm mucosal defense mechanisms and cause ulcera-
tion of the esophagus, stomach, and duodenum, as well as malabsorption.

The gastric mucosa secretes pepsinogen, lipase, intrinsic factor, electrolytes, and
mucins, in addition to a variety of neurocrine, paracrine, and hormonal agents.
Neurocrine agents (e.g., acetylcholine (ACh), gastrin-releasing peptide (GRP),
vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-activating polypep-
tide (PACAP) and calcitonin-gene related peptide (CGRP)) are released from
nerve terminals and reach their targets via synaptic diffusion. Paracrine agents
(e.g., histamine and somatostatin (SST)) are released from neuroendocrine cells in
proximity to their targets and reach them via diffusion. Hormones (e.g., gastrin)
are released into the circulation and reach their targets via the bloodstream.

Functional anatomy

The stomach consists of three anatomic (fundus, corpus or body, and antrum)
and two functional (oxyntic- and pyloric-glandular mucosa) regions (Figure 5.1).
There is debate as to whether the cardia, a transition zone of 0-9 mm between
the squamous mucosa of the esophagus and the oxyntic mucosa of the fundus,
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Figure 5.1 Functional gastric anatomy. The stomach consists of three anatomic (fundus, corpus
or body, and antrum) and two functional (oxyntic and pyloric gland) areas. The hallmark of the
oxyntic gland area is the parietal cell, whereas that of the pyloric gland area is the G or gastrin
cell. SST-containing D cells are present in both functional areas. Their cytoplasmic processes
terminate in the vicinity of acid-secreting parietal cells and histamine-secreting ECL cells in the
oxyntic gland area (fundus and corpus) and gastrin-secreting G cells in the pyloric gland area
(antrum). The functional correlate of this anatomic coupling is a tonic restraint exerted by SST
on acid secretion that is exerted directly on the parietal cell as well as indirectly by inhibiting
histamine and gastrin secretion. From Reference [10]. Reproduced with permission of Elsevier.

exists as a normal anatomic structure or develops as a result of gastroesophageal
reflux. Autopsy and endoscopy studies suggest that the cardia is absent in over
50% of people [11].

Oxyntic mucosa, the hallmark of which is the oxyntic or parietal cell, lines
80% of the stomach (fundus and corpus). The gastric gland is divided into four
regions: pit, isthmus, neck, and base. Stem and progenitor cells are located in the
isthmus. Parietal cells reside in the middle regions but are able to migrate upwards
and downwards. Parietal cells secrete hydrochloric acid and intrinsic factor. Chief
cells reside in the base of the gland and secrete pepsinogen. Gastric glands contain
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a variety of neuroendocrine cell types, but the physiologic function of only
some of their products has been discovered. The dominant endocrine cell is the
enterochromaffin-like (ECL) cell that produces and secretes histamine. Other cells
include enterochromaffin (EC) cells (serotonin, atrial natriuretic peptide (ANP),
and adrenomedullin), D cells (SST and amylin), and A-like or Gr cells (ghrelin
and obestatin) [12-16]. D cells possess cytoplasmic processes that terminate
in the vicinity of parietal and ECL cells [14]. This anatomic feature allows
tonic paracrine restraint of acid secretion by SST, that acts directly as well as
indirectly through inhibition of histamine secretion [17] (Figure 5.1).

Pyloric mucosa, the hallmark of which is the gastrin or G cell, lines 20% of
the stomach (antrum) (Figure 5.1). SST-containing D cells are also present in
the pyloric mucosa where they exert a tonic paracrine restraint on gastrin
secretion [18]. Pyloric glands contain chief cells (pepsinogen), EC cells (sero-
tonin and ANP), A-like or Gr cells (ghrelin and obestatin), and endocrine cells
containing orexin [19-21].

An extensive neural network, termed the enteric nervous system (ENS), inner-
vates the stomach. The ENS, the third division of the autonomic nervous system
(the other two being the sympathetic and parasympathetic), is composed of
intrinsic neurons, that is, neurons whose cell bodies are contained within the
gastric wall. Often referred to as the “little brain,” the ENS contains as many neu-
rons as the spinal cord and can function without central input [22]. It should be
noted that the vagus nerve is mainly afferent and contains only 10-20% efferent
fibers. The efferent fibers, which arise from the brain stem, are preganglionic and
do not directly innervate gastric parietal or neuroendocrine cells; rather, they syn-
apse with postganglionic intrinsic neurons of the ENS that contain a variety of
transmitters, including ACh, GRP, VIP, and PACAP. The postganglionic neurons
regulate secretion directly (e.g., ACh) and indirectly by modulating the secretion of
gastrin from G cells (e.g., GRP), SST from D cells (e.g., ACh, GRP, VIP, and PACAP),
and possibly histamine from ECL cells (e.g., PACAP) (Figure 5.2 and Figure 5.3).

Regulation of gastric acid secretion

The human stomach contains one billion parietal cells, each of which secretes
hydrochloric acid at a concentration of approximately 160mM or pHO0.8. In
order to prevent acid from overwhelming mucosal defense mechanisms and
causing tissue injury to the esophagus, stomach, and duodenum, acid secretion
must be precisely regulated according to need. This is accomplished by a coordi-
nated interaction among a variety of neural, hormonal, and paracrine pathways.
These pathways can be activated by stimuli originating in the brain (cephalic
phase) or reflexively by mechanical (e.g., distension) or chemical (e.g., amino
acid, protein, and acid) stimuli originating in the stomach (gastric phase) after
ingestion of a meal. The principal stimulants of acid secretion are (i) histamine,
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Figure 5.2 Model illustrating the receptors and transduction pathways regulating acid
secretion by the parietal cell. The principal stimulants of acid secretion at the level of the
parietal cell are histamine (paracrine), gastrin (hormonal), and ACh (neurocrine). Histamine,
released from ECL cells, binds to H, receptors that activate AC and convert adenosine-5'-
triphosphate (ATP) to adenosine 3’,5’-cyclic monophosphate (cAMP). Increases in cAMP
activate cAMP-dependent protein kinases (PKA) to phosphorylate intracellular proteins that
ultimately elicit acid secretion. Gastrin, released from G cells, binds to CCK, receptors that
activate phospholipase C (PLC) with conversion of phosphatidylinositol bisphosphate (PIP,)
to inositol trisphosphate (IP,). IP,, in turn, induces release of cytosolic calcium (Ca**) with
activation of calcium-dependent enzymes, such as calmodulin kinases, that ultimately elicit
acid secretion. The acid stimulatory effects of gastrin, however, are currently thought to be
mediated primarily by release of histamine from ECL cells (thick arrow). ACh, released from
postganglionic intramural neurons, binds to M, receptors that are coupled to an increase

in intracellular Ca** via similar pathways described previously for gastrin. The intracellular
cAMP- and calcium-dependent signaling systems activate downstream kinases that
ultimately lead to fusion and activation of H*K*-ATPase, the proton pump. SST, released
from oxyntic D cells, is the principal inhibitor of acid secretion. Acting via the SSTR,
receptor, SST inhibits parietal cell secretion directly as well as indirectly by inhibiting
histamine release from ECL cells. +, stimulatory; —, inhibitory. From Reference [10].
Reproduced with permission of Elsevier.

released from oxyntic ECL cells (paracrine); (ii) gastrin, released from antral
G cells (hormonal); and (iii) ACh, released from postganglionic enteric neurons
(neurocrine). These agents interact with specific receptors (H,, cholecystokinin
(CCK),, and M,, respectively) on parietal cells that are coupled to two major
signal transduction pathways: adenylate cyclase (AC) in the case of histamine
and intracellular calcium in the case of gastrin and ACh. The main inhibitor of
acid secretion is SST, released from oxyntic and pyloric D cells (paracrine).
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Figure 5.3 Model illustrating the neural, paracrine, and hormonal regulation of gastric acid
secretion. Vagal efferent fibers synapse with intramural gastric cholinergic (ACh) and peptidergic
(GRP, VIP, and PACAP) neurons. In the fundus and corpus (oxyntic mucosa), ACh neurons
stimulate acid secretion directly (via M, receptors) as well as indirectly by inhibiting SST
secretion (via M, and M, receptors), thus eliminating its restraint on parietal and histamine-
containing ECL cells. In the antrum (pyloric mucosa), ACh neurons stimulate gastrin secretion
directly (via M, receptors) as well as indirectly by inhibiting SST secretion (via M, and M,
receptors). GRP neurons, activated by luminal protein, stimulate gastrin secretion directly.

VIP neurons, activated by low-grade distension, stimulate SST (via VPAC-1 receptors) and
thus inhibit gastrin secretion. PACAP neurons, acting via PAC-1 receptors, stimulate histamine
secretion and, acting via VPAC-1 receptors, stimulate SST secretion; the net effect of PACAP
on acid secretion will depend upon the relative contribution of these pathways. Dual paracrine
pathways link SST-containing D cells to parietal and ECL cells in the fundus/body. Histamine
released from ECL cells acts via H, receptors to inhibit SST secretion; this pathway serves to
accentuate the decrease in SST secretion induced by cholinergic stimuli and thus augments
acid secretion. In the antrum, dual paracrine pathways link SST and gastrin secretion. Release
of acid into the lumen of the stomach restores SST secretion in both the fundus/body and
antrum; the latter is mediated by release of CGRP from extrinsic sensory neurons.

Histamine

Histamine is produced in ECL cells located at the base of oxyntic glands. These
cells possess neural-like cytoplasmic processes that terminate in the vicinity of
parietal cells [23]. Histamine receptors have been classified into four major
subclasses: H,, H,, H,, and H,. The H, receptor shares 40% homology and over-
lapping pharmacology with the H, receptor. Histamine is thought to be the most
important direct activator of the parietal cell. It stimulates the parietal cell by
binding to H, receptors on its basolateral membrane that activate AC to generate
adenosine that, in turn, generates adenosine 3’,5’-cyclic monophosphate (cAMP)
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[24]. Cyclic AMP activates cAMP-dependent protein kinase (protein kinase A
(PKA)) that phosphorylates various intracellular proteins (e.g., the actin binding
proteins, ezrin and lasp-1), resulting in acid secretion [25] (Figure 5.2). In vitro
studies of H, agonists and antagonists suggest that local release of histamine in
the stomach also may stimulate acid secretion indirectly by binding to H, recep-
tors that inhibit SST release [26, 27] (Figure 5.3).

Gastrin

Gastrin, the main stimulant of acid secretion during a meal, is released in response
to dietary proteins, amino acids, and amines as well as by gastric distension [28-31].
Gastrin is produced in G cells of the gastric antrum and, in much lower amounts,
in the proximal small intestine, colon, and pancreas [32]. The major stored form
of gastrin in the antrum is G17, whereas the duodenum contains equal amounts of
G17 and G34. Because the plasma half-life of G17 is 3-7min but that of G34 is
30min, most gastrin in the circulation during fasting is G34. Both forms are metab-
olized primarily by the kidney but also by the intestine [33]. Thus, serum gastrin
may be elevated in patients with renal insufficiency and massive small bowel resec-
tion. The upper limit of normal fasting gastrin concentration is approximately
100pg/ml (~50 pmol/l); in response to a meal, this concentration increases to
approximately 300pg/ml (~150 pmol/l).

Gastrin and Gastrin and cholecystokinin (CCK) belong to the same peptide
family and possess an identical carboxyl-terminal pentapeptide sequence. Two
main classes of gastrin and CCK receptors have been characterized: CCK, (for-
merly CCK-A (alimentary)) and CCK, (formerly CCK-B (brain) or CCK-B/gas-
trin). Gastrin acts via CCK, receptors to stimulate the parietal cell directly and,
more importantly, indirectly by releasing histamine from ECL cells [34, 35]
(Figure 5.2 and Figure 5.3). H, receptor-deficient mice do not produce acid in
response to histamine or gastrin [36].

A variety of factors regulate gastrin expression and secretion, including neuro-
peptides, inflammatory cytokines, meal-related nutrients, and luminal pH. ACh,
GRP, protein, amino acids, amines, calcium, and alcoholic beverages produced by
fermentation stimulate, whereas SST and interleukin-1p inhibit gastrin secretion
[29, 37, 38]. The calcium-sensing receptor and the r-amino acid receptor
(GPRC6A) have been identified on G cells and may provide a mechanism by which
G cells directly sense luminal proteins and their breakdown products [39]. In
addition, two negative feedback pathways, mediated through release of SST, regu-
late gastrin secretion. The first is activated by luminal acidity and involves sensory
CGRP neurons (Figure 5.3). Low intragastric pH (high intragastric acidity) acti-
vates CGRP neurons that stimulate SST and thus inhibit gastrin secretion [40, 41].
Conversely, when intragastric pH rises (low intragastric acidity), for example, due
to the effects of gastric atrophy or antisecretory drugs such as proton pump inhib-
itors (PPIs), SST secretion is inhibited and gastrin stimulated, resulting in hypergas-
trinemia. The second feedback pathway involves a paracrine pathway whereby
gastrin directly stimulates SST and thus attenuates its own secretion [42].
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Gastrin, acting through CCK, receptors, also functions as a trophic hormone
that stimulates proliferation of gastric mucosal cells, including parietal and ECL
cells. Accordingly, chronic hypergastrinemia, due to either a gastrin-producing
tumor or antisecretory medications, induces proliferation of parietal and ECL
cells [43]. In Zollinger-Ellison syndrome (ZES), an acid hypersecretory disorder
caused by a gastrin-producing tumor (gastrinoma), hypergastrinemia produces
rugal hypertrophy. After 2 months of PPI treatment, resultant hypergastrinemia
induces parietal and ECL hyperplasia that persists for 2-3 months after stopping
the PPI [44]. The clinical consequence is rebound acid secretion, which may
exacerbate gastroesophageal reflux disease, induce dyspeptic symptoms, and
provoke symptoms in patients with duodenal ulcer disease [45].

Acetylcholine

In oxyntic mucosa, ACh released from postganglionic neurons whose cell bodies
are located primarily in the submucosal plexus stimulates the parietal cell
directly via M, receptors that increase intracellular calcium and trisphosphate
concentrations (Figure 5.2) and indirectly by inhibiting SST secretion via M, and
M, receptors [46] (Figure 5.3). Inhibition of SST secretion removes the tonic
restraint exerted by this peptide on ECL and parietal cells [47, 48]. ACh does not
appear to stimulate histamine secretion from ECL cells [49, 50]. In pyloric
mucosa, ACh stimulates gastrin secretion directly via M, receptors on G cells
and indirectly via M, and M, receptors on D cells coupled to inhibition of SST
secretion [51, 52] (Figure 5.3).

Gastrin-releasing peptide

GRP immunoreactivity has been identified in gastric mucosal neurons and GRP
receptors have been identified on gastrin-containing G cells [53]. Endogenous
GREP, released in response to luminal protein, stimulates gastrin secretion [29]
(Figure 5.3).

Pituitary adenylate cyclase-activating polypeptide

PACAP, a member of the secretin—glucagon-VIP family of peptides, is present in
gastric intramural neurons [54]. Its effects are mediated via three distinct recep-
tors: PACAP receptor type-1 (PAC-1), VPAC-1 (the classic VIP receptor), and
VPAC-2. The PAC-1 receptor has high affinity for PACAP but low affinity for VIP,
whereas VPAC-1 and VPAC-2 receptors have near-equal affinity for PACAP and
VIP [55]. In the stomach, PAC-1 receptors have been identified on histamine-
containing ECL cells and VPAC-1 receptors on SST-containing D cells [56].
Exogenous PACAP has been reported to either stimulate or inhibit acid secre-
tion, depending upon the relative contribution of histamine release from ECL
cells and SST release from D cells [57, 58]. In rat, a PACAP receptor antagonist
attenuates acid secretion, implying that endogenous PACAP stimulates acid
secretion [58].
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Somatostatin

SST is the main inhibitor of gastric acid secretion. Its actions are mediated via five
G-protein coupled receptors (GPCRs), named SSTR1I-SSTR5. SSTR2, the predom-
inant receptor regulating gastric acid secretion, is present on ECL, parietal, and
gastrin cells [59-61] (Figure 5.2 and Figure 5.3). In the stomach, SST cells are
coupled to their target cells by cytoplasmic processes [14] that release SST, which
exerts a tonic paracrine restraint on ECL cell histamine secretion, parietal cell acid
secretion, and G-cell gastrin secretion [62, 63] (Figure 5.2 and 5.3). Removal of
this restraint (i.e., disinhibition) by activation of cholinergic neurons is an impor-
tant physiologic mechanism for stimulating acid secretion. As mentioned in the
section “Gastrin”, an increase in luminal acidity acts to attenuate acid secretion via
a pathway involving release of SST in the fundus, corpus, and antrum [64].

Enterogastrone

An enterogastrone is an intestinal factor that inhibits gastric acid secretion
when nutrients are present in the intestine. Prime candidates include CCK,
secretin, neurotensin, gastric inhibitory peptide, glucagon-like peptide, glicen-
tin, and oxyntomodulin. All are found in intestinal mucosa, released into the
circulation in response to luminal lipids and carbohydrates, and capable of
inhibiting acid secretion at physiologically relevant blood concentrations [65,
66]. Although enterogastrone activity likely represents the combined influence
of several of these peptides, the strongest evidence favors CCK, which is released
from I cells in the proximal intestine by luminal lipid and protein. The acid
inhibitory effect of CCK is primarily mediated by activation of CCK, receptors
coupled to release of gastric SST [67, 68].

Parietal cell intracellular pathways

Acid secretion from parietal cells is accomplished by activation of intracellular
cAMP and calcium-dependent signaling pathways. These activate downstream
protein kinases, ultimately leading to fusion and activation of the proton
pump of the parietal cell, hydrogen—potassium-stimulated adenosine triphos-
phatase (H*K*-ATPase), with concomitant activation of luminal membrane K*
and Cl~ conductance [10, 69] (Figure 5.4). H'K*-ATPase actively pumps H* out
of the cell in exchange for K*. Cl” is secreted concurrently into the lumen
through apical Cl- channels to create hydrochloric acid. Putative Cl- channels
include chloride intracellular channel-6 (CLIC-6), cystic fibrosis transmem-
brane regulator (CFTR), and SLC26A9 [70, 71]. Cl" is loaded into the cell via
the basolateral CI"/HCO,” anion exchanger (AE2 or SLC4A2), the sodium-2-
chloride—potassium cotransporter (NKCCl), and the SLC26A7 Cl- channel
[69]. A molecule of HCO," exits the cells across the basolateral membrane for
each H* secreted. Entry of HCO,” from parietal cells into blood has been
referred to as the “alkaline tide.” Some of this HCO," is taken up and secreted
by surface epithelial cells.
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Figure 5.4 Model illustrating the generation and secretion of hydrochloric acid (HCI) by the
parietal cell. Acid secretion requires a functional H*K*-ATPase as well as apical K* (KCNQ1,
KCNJ15, and/or KCNJ10) and CI- (CFTR, CLIC-6, and/or CLC26A9) channels and basolateral
Cl” channels (SLC26A7), exchangers (Cl"/HCO,™ anion exchanger 2 (AE2 or SLC4A2)), and
transporters (NKCCI or Na*-2CI'K* cotransporter). Acid is produced by the hydration of CO,
to form H* + HCO,, a reaction catalyzed by cytoplasmic carbonic anhydrase CA. For each H*
secreted, a HCO,~ exits the cell via the basolateral AE2.

H*K*-ATPase is composed of an a-subunit that contains the catalytic site and
is responsible for actual ion exchange and a f-subunit that protects the enzyme
from degradation and is necessary for tratficking to and from the luminal mem-
brane. In the resting state, H'K*-ATPase is sequestered within cytoplasmic
tubulovesicles and is inactive. During stimulation, the enzyme is translocated
into the apical membrane and becomes active. The precise pathways regulating
membrane translocation and fusion are not known [72].

Measurement of gastric acid secretion

Gastric secretory testing measures the basal and maximal capacity of the stomach
to produce acid. It no longer has much clinical utility, but may assist in the diagnosis
and management of patients with hypergastrinemia (e.g., ZES) and in the diagnosis
of incomplete vagotomy in patients with postoperative ulcer recurrence. Normal
acid secretion or a fasting acidic gastric pH excludes the diagnosis of achlorhydria
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as the cause of an elevated fasting serum gastrin concentration. Gastrinoma patients
exhibit hypergastrinemia with elevated basal acid output (BAO).

The most widely used method for measuring gastric acid secretion is aspira-
tion of gastric juice through a nasogastric tube positioned in the most dependent
portion of the stomach during fasting. An endoscopic technique recently has
been described whereby all gastric contents are aspirated and discarded and
then a single 15-min sample of juice is collected under direct endoscopic obser-
vation [73].

The H* concentration in a sample of gastric juice can be determined by back-
titration with sodium hydroxide. The millimoles (mmol) of base needed to
titrate a volume of gastric juice to pH7 represent the “titratable” acidity in mmol
per liter of sample. The H* concentration of the sample in mmol per liter is then
multiplied by the volume of the sample in liters to determine the acid output
during the collection period (e.g., mmol per hour or mmol per kilogram of body
weight per hour).

BAO estimates resting acid secretion and is expressed as the sum of the mea-
sured acid output, in mmol H* per hour, for four consecutive 15-min periods.
The upper limit of normal for men and women is 10 and 8 mmol/h, respectively.
BAO varies during the day, with the lowest rates occurring in the early morning
before breakfast and the highest rates occurring in the evening. Variation is also
related to cyclic gastric motor activity, with increased BAO in late gastric phase
III of the migrating motor complex [74].

Maximal acid output (MAO) and peak acid output (PAO) estimate the acid
secretory response to an exogenous secretagogue, usually pentagastrin. MAO is
the sum of acid output of four consecutive 15-min collection periods, and PAO,
which correlates with parietal cell mass (i.e., the number of functional parietal
cells), is calculated by multiplying the sum of the two highest outputs recorded
in the four test periods by two. Normal MAO levels range from 10 to 50mmol/h
for men and 5 to 30mmol/h for women. PAO is somewhat higher than MAO
and ranges from 10 to 60mmolH*/h. BAO averages about 10% of MAO and
rarely exceeds 20%.

Regulation of pepsinogen secretion

Pepsinogens are inactive proenzymes, termed zymogens, that are synthesized
primarily in chief cells but also in mucous neck cells. Pepsinogens are converted
to pepsins by luminal gastric acid. Pepsins are optimally active at pH1.8-3.5,
reversibly inactivated at pH 5, and irreversibly denatured at pH7. Pepsins act in
concert with acid to digest dietary proteins and may also be important for killing
ingested bacteria [75].

Group I pepsinogens (PGL old term, pepsinogen A) are expressed in chief
and mucous cells of the oxyntic mucosa. Group II pepsinogens (PGIL old term,



68 Chapter 5

pepsinogen C), which represent 20% of total pepsin content, are expressed in
oxyntic and pyloric mucosa as well as in duodenal Brunner’s glands [76]. ACh
released from intramural cholinergic neurons is the most important physiologic
stimulant for pepsinogen secretion. Other stimulants include gastrin, histamine,
CCK, and GRP.

Serum levels of PGI correlate with acid output. A linear relationship exists bet-
ween the loss of chief cells in patients with oxyntic atrophy and serum PGI levels;
a PGI concentration less than 30pg/L or PGI to PGII ratio of 2.5-3.0 or less has
been used as a noninvasive test to detect atrophic gastritis [77]. It should be noted
that PGI is increased in the serum of humans treated with PPIs, although the pre-
cise mechanism for this increase is unknown [78]. Serum PGII concentration is
elevated in Helicobacter pylori infection and a decrease of 23% or greater recently
has been reported to detect successful eradication with 100% sensitivity and 97 %
specificity [79].

Gastric defense

A number of premucosal, mucosal, and submucosal defense mechanisms protect
the gastric mucosa from acid-peptic injury [80, 81] (Figure 5.5). Premucosal
gastric defense consists of a physical barrier of bicarbonate and mucin secreted
by the gastric epithelium. If the buffering capacity of this barrier were absent, the
gastric surface pH would approach that of the lumen. Bicarbonate, however, is
actively secreted by parietal and surface epithelial cells to create a gradient such
that the epithelium is exposed to a pH of 4.0-7.0 when the gastric luminal pH is
as low as 2.0. The production of bicarbonate is primarily mediated by prostaglan-
dins, specifically prostaglandin E, (PGE2) [83]. Prostaglandins are made from
arachidonic acid by the cyclooxygenases (COXs), cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2). Inhibitors of COX-1, such as nonsteroidal
anti-inflammatory drugs (NSAIDs), potentiate gastric mucosal injury, in part by
decreasing bicarbonate secretion. Prostaglandin E synthase, the enzyme respon-
sible for catalyzing conversion of PGH2 to PGE2, is upregulated in response to
gastric mucosal damage and accelerates ulcer healing through stimulation of
bicarbonate, mucous, and phospholipid secretion. PGE2 also increases blood
flow and mucosal repair [84].

The phospholipid caps and tight junctions of gastric epithelial cells act as
physical barriers to injury and prevent back diffusion of acid into the subepithe-
lial space (Figure 5.5). Trefoil-factor family peptides, secreted with mucins,
increase mucous-layer viscosity and promote mucosal restitution independent of
COX-mediated prostaglandin synthesis [85, 86]. Growth factors (e.g., basic fibro-
blast growth factor, hypoxia-inducible factor, and vascular endothelial growth
factor) promote healing by increasing angiogenesis [87, 88]. Heme oxygenase-1,
a stress-inducible reactive oxygen species-scavenging enzyme, protects against



Gastric physiology 69

NSAIDS A
_ Microbes Cytokines
SSSS
\QLepsin_/ \ Pepsin_/

q\)\atol'y Pepy,
COX-1

<€ Traditional
growth factors
Prostaglandins
COX-2

Offense

Pre-epithe\ial

Contraction
restitution
Proliferation

&

Phospholipids

Epithelial

Cytokines

Nerves (CGRP, NO)
myofibroblasts
immune cells

Mucosal
blood flow

Sub-epithelial

Defense

Figure 5.5 Gastroduodenal offense and defense. Mucosal integrity depends upon a delicate
balance between aggressive and defensive factors. When mucosal defense mechanisms are
overwhelmed, ulceration may occur. NSAIDs, nonsteroidal anti-inflammatory drugs; ROS,
reactive oxygen species; HCO,, bicarbonate; H,S, hydrogen sulfide; CA, carbonic anhydrase;
CGRP, calcitonin gene-related peptide; NO, nitric oxide; COX-1, cyclooxygenase-1; COX-2,
cyclooxygenase-2. From Reference [82]. Reproduced with permission of Elsevier.

NSAID-induced gastric injury as does NO and hydrogen sulfide (H,S) [89].
Carbonic anhydrase (CA) generates HCO,~ from CO, and H,O (Figure 5.4 and
Figure 5.5).

The submucosal microcirculation supplies the mucosa with oxygen,
bicarbonate, and nutrients while removing toxins and acid. It is also impor-
tant in removing bicarbonate produced on the basolateral membrane of the
parietal cell during acid production. This “alkaline tide” is absorbed by the
local circulation and distributed to surface epithelial cells where it is taken
up by sodium bicarbonate cotransporters and then secreted to provide the
protective pre-epithelial alkaline layer [90]. A number of neurotransmitters
protect the gastric mucosa including CGRP, NO, and H,S. CGRP, a neuro-
transmitter, protects the mucosa against damage through its vasodilatory,
anti-inflammatory, antiapoptotic, and antioxidant effects, some of which
are mediated by release of NO [91, 92]. H,S upregulates gastric mucosal
blood flow, inhibits leukocyte—endothelial cell adhesion, and serves as an
antioxidant [93].
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Physiologic correlates

Response to a meal

Gastric intramural neurons are the primary regulators of acid secretion. These
effector neurons act on parietal cells directly and also indirectly by regulating the
secretion of SST, gastrin, and possibly histamine (Figure 5.3). In the basal state,
acid secretion is maintained at a low level by the tonic restraint of SST on ECL
(histamine) and parietal (acid) cells in the fundus and corpus and on G (gastrin)
cells in the antrum. Cholinergic neural stimulation removes SST inhibition and
promotes gastrin and acid secretion.

Anticipation of a meal (cephalic phase of digestion) activates central neurons
whose input is relayed by the vagus nerve to gastric intramural cholinergic neu-
rons [94]. In the fundus and corpus, ACh released from cholinergic neurons
stimulates parietal cells directly and also indirectly by eliminating the inhibitory
paracrine influence of SST on ECL and parietal cells [95] (Figure 5.3). The result-
ing increase in histamine stimulates the parietal cell directly via H, receptors and
indirectly via H, receptors [26, 96]. Histamine, acting on H, receptors, amplifies
the ability of secretagogues to stimulate acid secretion by further suppressing SST
secretion. Thus, the net effect of cholinergic neural stimulation is suppression of
paracrine inhibitory influences (i.e., SST) and enhancement of stimulatory influ-
ences (i.e., ACh and histamine).

In the antrum, cholinergic neurons activated by anticipation of a meal stim-
ulate gastrin secretion directly as well as indirectly by suppressing SST secretion
(Figure 5.3). Gastrin, in turn, stimulates the parietal cell directly and, more
importantly, indirectly by enhancing secretion of histamine [97] (Figure 5.2 and
Figure 5.3).

As food enters the stomach, the same cholinergic neurons are further
activated mechanically by distension and chemically by protein [28-31]. Initially,
the meal buffers secreted acid. There is activation of CGRP neurons and a further
decrease in SST secretion and thus increase in gastrin secretion. The decrease in
acidity leads to decreased activation of CGRP neurons resulting in a further
decrease in somatostatin and thus increase in gastrin secretion [29, 98]. It is
worth emphasizing that suppression of SST secretion permits an optimal gastrin
response.

As food leaves the stomach, pathways are activated that restore the inhibitory
influence of SST. First, a stimulatory paracrine pathway linking gastrin to antral
SST cells is activated to restore antral SST secretion after gastrin release [42]
(Figure 5.3). Second, there is decreased activation of cholinergic neurons by
anticipation of the meal, distension, and protein. Third, as distension decreases,
VIP neurons that stimulate SST secretion are preferentially activated [28]. Fourth,
as the buffering capacity of the meal is lost, luminal acidification stimulates SST
secretion. Fifth, enterogastrones released from the small intestine in response
to nutrients (e.g., CCK and secretin) stimulate SST secretion [65]. The resultant
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increase in gastric SST secretion attenuates gastrin and acid secretion, thus
restoring the basal state. This state is manifest by the continuous restraint exerted
on parietal (acid), ECL (histamine), and G (gastrin) cells by contiguous SST cells.
A decrease in this restraint is sufficient to again initiate acid secretion.
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Multiple choice questions

1 During the interdigestive period, gastric acid secretion is maintained at an economically low
level primarily by the action of:
A Histamine released from oxyntic enterochromaffin-like cells
B Gastrin released from pyloric G cells
C Acetylcholine released from postganglionic intramural neurons
D Somatostatin released from oxyntic and pyloric D cells
2 The following factors or disorders lead to increased gastrin secretion:
A Somatostatin, luminal proteins, and increased luminal acidity
B Zollinger-Ellison syndrome, acetylcholine, and secretin
C High distension, luminal proteins, and decreased luminal acidity
D Cholecystokinin, histamine, and increased luminal acidity
3 A 75-year-old woman presents with osteopenia and hip fracture. She is not taking proton
pump inhibitors. Laboratory findings that would best assist in diagnosing the underlying dis-
order would be the following:
A Normal serum gastrin and normal serum pepsinogen I
B Hypergastrinemia with low serum levels of pepsinogen 1
C Hypergastrinemia and high normal basal acid output
D Elevated pepsinogen II and elevated serum iron
4 One best answer: All the following factors contribute to the mucosal barrier (which protect the
stomach from self-digestion) except:
A Endogenous prostaglandins
B Maintenance of the submucosal circulation
C Endogenous corticoids
D The mucus coat, containing trapped HCO,
E Nitric oxide
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Overview

The exocrine pancreas is the master digestive gland of the body, secreting more than
11 of clear, bicarbonate-rich fluid into the small intestine each day. This fluid, often
called pancreatic juice, contains digestive enzymes necessary for the hydrolysis of
dietary macronutrients (protein, starch, fat) and fat-soluble vitamin esters into
smaller molecules. Some of these molecules are modified by bile constituents or
intestinal brush border enzymes before all of them are absorbed by enterocytes.

Activation of pancreatic digestive enzymes within the pancreas potentially
may cause “autodigestion” of the gland and acute pancreatitis. For this reason,
the pancreas has mechanisms to prevent premature enzyme activation and, if it
occurs, to contain it.

Gross anatomy

The pancreas is a soft, elongated organ that, in the adult, is 12-20 cm long and
weighs 70-120 g. The pancreatic head lies to the right of the midline, apposed to
the curvature of the duodenum. Its body and tail extend obliquely cephalad pos-
terior to the stomach toward the hilum of the spleen. The common bile duct
enters the head of the pancreas posteriorly and passes through the pancreatic
parenchyma before joining the main pancreatic duct to empty into the small
intestine through the duodenal (major) papilla (Figure 6.1) [1-3].

The main pancreatic duct (duct of Wirsung) arises in the tail of the pan-
creas and becomes progressively larger as it is joined by branch ducts along its
course through the body and head of the gland to the ampulla of Vater and
major papilla. The accessory duct of Santorini empties through the minor
papilla, which is located in the second portion of the duodenum proximal to

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
www.wiley.com/go/reinus/gastro/anatomy
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Figure 6.1 (a) Anterior and (b) posterior views of the pancreas and some surrounding
structures. A, artery; B, body; H, head; T, tail; V, vein. From Reference [3]. Reproduced with
permission of Elsevier.

the duodenal papilla. The accessory duct usually is patent and communicates
with the main pancreatic duct (Figure 6.2). In approximately 10% of individ-
uals, the duct of Santorini (arising from the embryonic dorsal pancreas) and
the duct of Wirsung (arising from the embryonic ventral pancreas) fail to fuse
during embryologic development, an anatomic variation known as pancreas
divisum. In such cases, secretions from the body and tail of the pancreas
empty through the smaller minor papilla, whereas only secretions from the
head and uncinate process of the pancreas empty through the ampulla of
Vater and major papilla [5, 6].

The pancreas has a rich arterial blood supply derived from interconnected
branches of the celiac and the superior mesenteric arteries (supplying the head
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Figure 6.2 Diagrammatic view of the pancreas showing the main and accessory ducts, common
bile duct, and major and minor duodenal papillae. From Reference [4]. Reproduced with
permission of Elsevier.

and part of the body of the gland) and the splenic artery (supplying the rest of
the body and the tail). Venous drainage from the pancreas enters the portal
venous system, joining either the portal or splenic veins.

The pancreatic lymphatics generally follow the course of the arteries and
veins, with most lymphatic drainage entering the pancreaticosplenic lymph
nodes that, in turn, drain into the celiac nodes. Some of the lymphatic drain-
age enters the pancreaticoduodenal and preaortic nodes. The pancreatic
lymphatics interconnect extensively with those from nearby organs and the
retroperitoneum.

The sympathetic and parasympathetic efferent innervation of the pancreas is
supplied by the vagus and splanchnic nerves by way of the hepatic and celiac
plexi. The vagal parasympathetic efferent fibers pass through these plexi but do
not synapse until they reach the parasympathetic ganglia in the pancreatic inter-
lobular septa. The postganglionic fibers then innervate the acini, ducts, and islets
of Langerhans. Sympathetic nerves arise from the lateral gray matter of the
thoracic spinal cord and pass through the greater splanchnic nerves to synapse
in the celiac ganglia. Postganglionic fibers follow the distribution of the hepatic,
splenic, and superior mesenteric arteries to innervate pancreatic blood vessels.
Visceral afferent fibers (which mediate pain) travel through the vagus nerve to
the celiac ganglia and splanchnic nerves to reach the thoracic sympathetic chain
and the spinal root ganglia.

Microscopic anatomy

The pancreas is formed of lobules surrounded by connective tissue septae contain-
ing blood vessels, lymphatics, nerves, and exocrine secretory ducts. The lobular
parenchyma consists mainly of acini involved in exocrine secretion (>80% of the
gland) (Figure 6.3). Scattered among the acini are the islets of Langerhans (1-2%
of the gland), which are responsible for pancreatic endocrine secretion [7].
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Figure 6.3 Histologic organization of the pancreatic acinus and its relationship to surrounding
capillaries and nerves. From Reference [7]. Reproduced with permission of Elsevier.

Acinar cells are tall and pyramidal and are situated on a basal lamina. They are
highly specialized for the synthesis, storage, and secretion of large amounts of pro-
tein, mainly in the form of digestive enzymes. In the resting state, the apical portion
of the acinar cell is filled with eosinophilic zymogen granules about 1 pm in diam-
eter. After ingestion of a meal or administration of a secretagogue, protein secretion
by acinar cells is accompanied by a rapid decrease in both the size and number of
zymogen granules. The basal portion of the acinar cell contains the nucleus and
extensive rough ER and is separated from the zymogen granules by a highly devel-
oped Golgi complex. The apices of the acinar cells converge on a central lumen
continuous with a duct lined with flattened centroacinar cells that contain relatively
few organelles and no secretory granules. Around each acinus lies a rich capillary
network and nerve fibers that terminate adjacent to the acinar cells.

The acini empty into intralobular ducts lined by cuboidal epithelium. These
then join to form interlobular ducts that empty into the main pancreatic duct.
The larger ducts, lined primarily by tall columnar cells with occasional goblet
and argentaffin cells, are accompanied by arterial and venous blood vessels and
nerves and are surrounded by connective tissue.

Casts formed by retrograde injection of the pancreatic duct system with
silicon demonstrate that the organization of ducts and acini is complex. Acini are
not merely spherical units at the ends of the duct system, similar to a bunch ot
grapes on a stem. Rather, acini are commonly curved, branching tubules that
anastomose, occasionally loop, and ultimately end blindly [8].

Stellate cells similar to hepatic stellate cells have been identified in the
pancreas. In the quiescent state, these cells contain fat storage globules. When
activated, however, they undergo a marked morphologic change to resemble
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myofibroblasts and express genes for collagen synthesis. In the liver, stellate cells
are the major cell type responsible for synthesis of extracellular collagen and are
believed to play a critical role in the development of fibrosis in response to liver
injury. It is likely that stellate cells function similarly in the pancreas and are
responsible for the fibrosis observed in chronic pancreatitis and the desmoplastic
reaction seen in pancreatic cancer [9].

The endocrine pancreas consists of about one million round or oval islets of
Langerhans, each about 0.2 mm in diameter. They are separated from the sur-
rounding exocrine tissue by fine fibers of connective tissue. The most common
types of islet cells are the insulin-secreting beta cell (in the center of the islet)
and the glucagon-secreting alpha cell (in the periphery). The other major cell
types are the SST-secreting delta cell and the PP-secreting PP cell.

Each islet is surrounded by a glomerulus-like network of capillaries lined by
fenestrated endothelium. After perfusing the islet, efferent blood from this capil-
lary network bathes surrounding exocrine tissue. The islet cell blood vessels,
therefore, form an insuloacinar portal system. Other arterioles carry blood
directly to acinar tissue without passing through islets. The result of the insulo-
acinar portal system is that acini surrounding islets (peri-insular acini) are
exposed to much higher levels of islet hormones (e.g., insulin, glucagon) than
more distantly located islets. This likely explains the observation that peri-insular
acini have larger cells and nuclei and more zymogen granules (with different
enzyme composition) than other acini [10].

Pancreatic juice

Water and electrolytes

Pancreatic juice is a clear, alkaline fluid that is isosmotic with plasma. Water
moves into pancreatic juice passively along osmotic gradients [11]. The major
cations in pancreatic juice are Na* and K*, which are secreted at concentrations
similar to their plasma concentrations and independent of the rate of juice secre-
tion. Although the total anion concentration of pancreatic juice does not vary
with its secretory rate, the amounts of the major anions, HCO,™ and CI-, do. At
low rates of juice secretion, the concentration of HCO," is about 30-60 mmol/l
but rises to about 140 mmol/l at high secretory rates, with a corresponding
reciprocal decrease in Cl~ concentration (Figure 6.4).

This flow-related reciprocal relationship of HCO,™ and CI~ concentrations in
pancreatic juice is due to the relative contributions of acinar and ductal epithelial
cell secretions. At low rates of juice secretion in the fasting or interdigestive state
(about 0.2 ml/min), much of the pancreatic juice comes from acinar cells with
anion concentrations similar to those of plasma. Following stimulation of the
pancreas by a meal, however, the secretory rate rises to about 4.0 ml/min and
predominately consists of bicarbonate-rich fluid secreted by ductal epithelial cells.
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Figure 6.4 Concentrations of the major ions in pancreatic juice. The concentrations of Na* and K*
are similar to those in plasma and do not change with increasing rates of secretion. However, as the
rate of secretion rises, the concentration of HCO,™ increases substantially coupled with a reciprocal
decrease in the concentration of CI". From Reference [12]. Reproduced with permission of

Morgan & Claypool Life Sciences.

Pancreatic bicarbonate is essential to the digestive process, neutralizing gastric
acid in the duodenum and raising the duodenal and jejunal pH so that pancreatic
digestive enzymes and bile salts are active. Pancreatic digestive enzymes function
optimally at a neutral to slightly alkaline pH and are progressively inactivated and
ultimately irreversibly denatured as the pH becomes more acidic. Bile salts pre-
cipitate at low pH.

In addition to the four major cations and anions mentioned earlier, pancreatic
juice contains other electrolytes: Ca** (1-2 mEq/l) and minute amounts of Mg?*,
Zn**, HPO,, and SO, 7.

Proteins
Human pancreatic juice has a protein concentration of approximately 1-10%.
Most of these proteins are cofactors and digestive enzymes, including 20 isoforms
of 12 different enzymes. Pancreatic juice also contains pancreatic secretory trypsin
inhibitor and very small amounts of plasma proteins and glycoproteins [13].
The three major categories of digestive enzymes in pancreatic juice are
proteases, which digest proteins and peptides and comprise about 75% of juice
proteins by weight; amylase, which digests starch; and lipases, which digest
triglycerides and phospholipids (Table 6.1). In addition, pancreatic juice con-
tains colipase, a peptide cofactor that contributes to lipolysis by binding to bile
salt-lipid surfaces, enhancing the ability of lipase to digest triglycerides. All of
the proteases and also phospholipase and colipase are secreted by the pancreas
as inactive proenzymes (zymogens). After reaching the duodenal lumen, tryp-
sinogen is converted to trypsin by the brush border enzyme enterokinase,
which cleaves the trypsinogen activation peptide, exposing trypsin’s catalytic
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Table 6.1 Sites of action of pancreatic digestive enzymes.

Enzyme Substrate Sites of action Products
Amylase Carbohydrates  a-1,4 linkage between Maltose,
(amylase, hexoses (but not at branch maltotriose, o-limit
amylopectin, points or endpoints) dextrins
glycogen)
Endopeptidases (trypsin,  Proteins, Internal peptide bonds Smaller peptides
chymotrypsin, elastase) peptides
Exopeptidases Proteins, Peptide bonds at carboxyl Terminal amino acid
(carboxypeptidases) peptides terminal plus remainder of

protein or peptide

Lipase Triglycerides Ester linkage of fatty acid Fatty acid,
in position 1 monoglycerides

Phospholipase Phospholipids Ester linkage in position 2 Fatty acid,
(lecithin) 1,1-diglyceride

(e.g., lysolecithin)

domain. Trypsin can then activate the other proenzymes as well as trypsinogen
molecules. Amylase, lipase, and ribonucleases are secreted in their active forms.

The acinar cell synthesizes and secretes a trypsin inhibitor, pancreatic secre-
tory trypsin inhibitor, in low concentration. This protein protects the pancreas
from damage by premature activation of trypsinogen to trypsin. Once pancreatic
juice enters the intestine, however, trypsinogen is activated to trypsin so rapidly
and completely that the relatively small amount of trypsin inhibitor in pancreatic
juice does not interfere with the normal digestive process.

Cellular mechanisms of secretion

Water and electrolytes
Based on the distribution of aquaporin water channels in the human pancreas,
the small intralobular ducts are likely the main pancreatic site of water and elec-
trolyte secretion. The intestinal peptide hormone, secretin, is the most potent
stimulus to water and bicarbonate secretion. Secretin binds to receptors on the
basolateral duct cell surface and stimulates intracellular cAMP production, result-
ing in activation of PKA. ACh released from cholinergic nerves potentiates the
effects of secretin by binding to a receptor that causes an increase in intracellular
calcium concentration.

Bicarbonate is secreted by pancreatic centroacinar and duct cells against large
concentration and electrochemical gradients. Bicarbonate ions secreted into the
pancreatic duct are formed by hydration of intravascular CO, by CA and direct
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Figure 6.5 Cellular mechanisms involved in the secretion of HCO," by the pancreatic duct

cell. HCO,~ enters the cell via cotransport with Na* on the basolateral surface of the cell and is
formed by the action of CA on H,0 and CO,. Secretion is mediated by secretin which increases
intracellular cAMP and ACh which increases intracellular Ca*". Cl- enters the duct lumen
through conductance channels provided by CFTR (mediated by cAMP) and a Ca*-mediated
channel. HCO; is secreted into the duct lumen in exchange for CI". HCO,™ may also pass into
the duct lumen via CFTR and the Ca*-mediated conductance, at least under some
circumstances. Na* travels into the duct lumen by electrodiffusion through paracellular tight
junction channels, and water enters through aquaporin water channels (not shown). From
Reference [12]. Reproduced with permission of Morgan & Claypool Life Sciences.

uptake of HCO,” by means of a basolateral Na*/HCO," cotransporter. Chloride is
secreted into the duct lumen by activation of both a cAMP-dependent chloride
channel (the CFTR) and a calcium-dependent channel on the apical duct cell sur-
face. The resulting high concentration of Cl- in the duct lumen allows exchange
of CI" for HCO," through a CI"/HCO,  antiport. Recent experimental evidence
suggests that CFTR and the calcium-dependent chloride channel may contribute
to bicarbonate secretion by also serving as bicarbonate conductance channels, at
least under some circumstances. Cations, mainly Na*, are secreted by electrodif-
fusion through paracellular tight junction channels. Water is secreted through
aquaporin water channels (Figure 6.5) [14].

Proteins

The proteins secreted by the exocrine pancreas, primarily digestive enzymes, are
synthesized on ribosomes of the rough ER in acinar cells. Newly synthesized proteins
enter the cisternal space of the ER by insertion of a lipophilic “signal” or “leader”
sequence of amino acids at the amino-terminal end of each protein into the mem-
brane [15]. These proteins may undergo modifications and conformational changes
in the ER before they are transported in transition vesicles to the Golgi complex.
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Additional posttranslational processing (e.g., glycosylation, peptide cleavage) occurs
there. The Golgi complex also plays a key role in sorting and targeting newly formed
proteins so that they reach the appropriate cellular compartment (e.g., digestive
enzymes to zymogen granules, lysosomal enzymes to lysosomes). The final mixture
of secretory proteins buds from the Golgi complex to form condensing vacuoles that
ultimately become zymogen granules, the storage form of digestive enzymes and
other secretory proteins [16]. In zymogen granules, secreted proteins are arranged
in a tightly packed, crystalline-like state [17]. Zymogen granules move toward the
apices of acinar cells by a process involving microtubules.

Stimulation of acinar-cell protein secretion is due to specific binding of ACh
and, at least in some species, of the intestinal peptide hormone CCK to GPCRs
on the basolateral cell surface. Receptor binding begins an intracellular cascade
of events. First, PLC is activated by a G-protein-mediated mechanism. Then,
PLC cleaves phosphatidylinositol to inositol 1,4,5-trisphosphate (IP,) and 1,2-
diacylglycerol (DAG). IP, causes release of calcium from intracytoplasmic stores
and a rapid but transient spike in cytosolic calcium concentration that appears as a
“wave” that propagates from the apical to the basolateral cell surface. Each of these
calcium oscillations results in zymogen granule exocytosis and pancreatic enzyme
secretion into the lumen. Protein kinase C is activated by DAG, and calcium binds
to calmodulin to activate several additional protein kinases and a protein phospha-
tase. These protein kinases and phosphatases likely play a role in initiating and
regulating exocytosis [18].

Exocytosis involves fusion of the zymogen granule membrane with the apical
cell membrane, enabling release of granule contents into the acinar lumen.
Because of the limited apical surface area, the rate of exocytosis observed follow-
ing stimulation of acinar cells suggests that zymogen granules also fuse with each
other to allow exocytosis of zymogen granules deep in the cell through granules
closer to or at the apical cell membrane. This complex process is mediated by spe-
cialized proteins called SNARE proteins, calmodulin-dependent protein kinases,
and interactions of actin and myosin [19].

Acinar cells also have secretin receptors on their basolateral surface. Just as
in duct cells, binding of secretin to its acinar-cell receptor results in an increase
of CAMP and activation of PKA. Secretin can potentiate the effects of ACh and
CCK on pancreatic enzyme secretion, at least in some species.

Regulation of pancreatic secretion

Basal secretion

During the human interdigestive or fasting state, the volume of pancreatic juice
secreted into the duodenum is low. Enzyme secretion is approximately 10%
of maximal and bicarbonate secretion only 2% of maximal. Brief periods of
increased pancreatic enzyme and bicarbonate secretion occur every 60-120 min
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in association with the increased intestinal motor activity of phase III of the
interdigestive MMCs [20]. Cholinergic neural input is the primary regulator of
increased motor and secretory activity during phase III; motilin secretion from
duodenal endocrine cells appears to play a role in its initiation. Alpha-adrenergic
tone acts as an inhibitor of pancreatic secretion in the fasting state.

Postprandial secretion

After ingestion of a meal, the exocrine pancreas secretes enzymes and bicarbonate
at approximately 60-75% of the levels attained after intravenous infusions of
maximally effective doses of secretagogues such as secretin and CCK [21]. This
meal-related regulation of secretion can be understood as having cephalic, gastric,
and intestinal phases, although considerable overlap between phases exists.

The cephalic phase is stimulated by the thought, sight, taste, or smell of food. It
is primarily regulated by vagal cholinergic innervation and accounts for about 25%
of meal-stimulated secretion. The gastric phase is produced by distension of the
stomach, which activates vago-vagal reflexes. It accounts for only about 10% of
meal-stimulated pancreatic secretion. By determining the rate of entry of acid and
nutrients into the duodenum, however, gastric emptying strongly influences the
intestinal phase, the predominant phase in the pancreatic response to a meal.

During the intestinal phase of pancreatic secretion, duodenal acidification
causes release of secretin, which binds to receptors on pancreatic ductal epithelial
cells. Intraduodenal fatty acids and bile may also stimulate secretin release. The
rise in plasma secretin concentration after a meal (potentiated by vagal cholin-
ergic stimulation) is responsible for a marked increase in pancreatic water and
bicarbonate output.

Digestive enzyme secretion is stimulated by the presence of fatty acids, oli-
gopeptides, amino acids, and calcium in the intestine. They cause duodenal
CCK release into the circulation and activation of cholinergic enteropancreatic
reflexes that stimulate pancreatic enzyme secretion. Inasmuch as studies of
human pancreatic tissue have failed to identify CCK-A receptors (high-affinity,
secretion-stimulating receptors) on acinar cells, it is likely that CCK stimulates
pancreatic secretion in humans by binding to afferent sensory vagal neurons
and intrapancreatic cholinergic neurons rather than directly to acinar cells.

The human pancreas has the ability to synthesize and secrete substantially
more digestive enzymes than are required to meet normal demands. An increase
in fecal fat excretion (steatorrhea) does not occur until the pancreas has lost at
least 90% of its exocrine secretory capacity [22].

CCK and secretin-releasing factors

and feedback regulation

The meal-stimulated secretion of CCK and secretin by duodenal mucosal
endocrine cells is caused, at least in part, by releasing factors produced in the
duodenum and secreted into the lumen in response to the presence of peptides
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(for CCK-releasing factors) and acid (for secretin-releasing factors) [23, 24].
Releasing factors for CCK and secretin may also be contained in pancreatic
juice. These factors are susceptible to proteolytic inactivation by the pancreatic
enzymes, trypsin, chymotrypsin, and elastase. When there is no food in the
duodenum to act as a substrate for pancreatic proteases, these enzymes destroy
the releasing factors for CCK and secretin, resulting in feedback inhibition of
secretion.

Feedback inhibition of pancreatic secretion by intraduodenal proteases such
as trypsin, chymotrypsin, and elastase has been demonstrated in the rat; several
studies suggest that bile salts also sometimes may inhibit secretion. More limited
data in humans support the existence of feedback inhibition of pancreatic
digestive enzyme secretion by intraduodenal proteases through a process medi-
ated by cholinergic nerves. The importance of mechanism in either normal
physiology or disease remains to be determined.

Another form of feedback inhibition of pancreatic exocrine secretion results
from neutralization of gastric acid in the duodenum by pancreatic bicarbonate.
This causes an increase in duodenal pH, removing the primary stimulus for
release of secretin by the small intestine and producing a negative feedback
effect on pancreatic water and bicarbonate secretion.

Inhibitors of pancreatic secretion

Postprandial exocrine secretion by the pancreas reaches only 60-75% of the
maximal levels attained when pharmacologic concentrations of secretagogues
are administered to human subjects [21, 23]. This suggests the existence of phys-
iologic inhibitory mechanisms. The pancreatic islet cell peptides glucagon, PP,
and SST (also released from the intestine) have all been suggested as possible
mediators of such inhibitory processes.

Another potential candidate is PYY, found in ileal and colonic endocrine
cells and released in response to the intraluminal presence of lipid. PYY, and
possibly other factors such as GLP-1, may act as an “ileal brake” to reduce
pancreatic secretion after digestion of a meal has been largely completed. It is
likely that most inhibitors of pancreatic exocrine secretion act primarily by
altering cholinergic transmission. SST, the most potent inhibitor, however,
appears to act in multiple sites.

Effects of pancreatic blood flow

Although ingestion of a meal increases overall splanchnic blood flow, postpran-
dial changes in pancreatic blood flow have not been extensively studied, partic-
ularly in unanesthetized subjects. Physiologic levels of stimulation (due to
administration of CCK or secretin or due to duodenal acidification) in several
canine studies [24-26] did not appear to increase total pancreatic perfusion.
This indicates that, under physiologic conditions, pancreatic secretion may not
be limited by blood flow.
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Table 6.2 Protective mechanisms to prevent pancreatic autodigestion.

¢ The potentially most dangerous pancreatic digestive enzymes are secreted as inactive proenzymes
(zymogens)

e Prior to secretion, digestive enzymes are separated from the rest of the acinar cell in membrane-
bound secretory granules (zymogen granules)

* The enzyme enterokinase which initiates the activation of the pancreatic digestive proenzymes is
located on the intestinal brush border, physically separate from the pancreas

e A pancreatic secretory trypsin inhibitor is present in the zymogen granule, which can inactivate
small amounts of trypsin if premature activation occurs within the acinar cell

e The pancreatic duct cells secrete large amounts of fluid to flush digestive enzymes out of the
pancreas and into the duodenum

Protective mechanisms

The premature activation of trypsinogen to trypsin within acinar cells or
pancreatic ducts can lead to activation of pancreatic proenzymes, initiating an
autodigestive process (acute pancreatitis) that can have devastating effects on
the pancreas and other organs. A number of mechanisms have evolved to pro-
tect the pancreas from this eventuality (Table 6.2).

Multiple choice questions

The enzyme responsible for the activation of pancreatic zymogens (inactive

proenzymes) in the small intestine is:
A Cholecystokinin
B Trypsinogen activation peptide
C Pancreatic polypeptide
D Enterokinase
E Elastase
1 Which of the following plays a major role in the exocytosis of pancreatic digestive enzymes
from acinar cells?
A Intracellular calcium oscillations
B Increased intracellular cyclic AMP
C Activation of the cystic fibrosis transmembrane conductance regulator
D Trypsinogen activation to trypsin in zymogen granules
E Bicarbonate/chloride exchange across the zymogen granule membrane
2 In humans, stimulation of pancreatic enzyme secretion by cholecystokinin:
A Requires insulin from the insuloacinar portal system
B Mediates the cephalic phase of secretion
C Can be inhibited by administration of atropine
D Effects only proteases
E Results in the appearance of more zymogen granules in acinar cells
A clinical test of pancreatic exocrine function involves injecting secretin intravenously into a
subject while measuring the concentration of a substance in fluid aspirated from the subject’s
duodenum both before and after secretin injection. Measurement of which of the following

w

would be most useful in assessing pancreatic function using this test?
A Sodium
B Potassium
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C Calcium

D Chloride

E Bicarbonate

Which of the following is most important in helping to protect the pancreatic acinar cell

against autodigestion?

A Carbonic anhydrase

B Pancreatic secretory trypsin inhibitor

C Calcium oscillations

D The “ileal brake” function of peptide YY

E Stellate cell activation

Concerning pancreatic physiology, which statement is false?

A As the rate of pancreatic secretion increases, the concentration of chloride decreases and
bicarbonate increases.

B Pancreatic enzymes function best at a neutral pH.

C Pancreatic acinar cells produce digestive enzymes and the duct cells produce fluid and
electrolytes.

D CCK stimulates the acinar cells and secretin stimulates the ductal cells.

E All the digestive pancreatic enzymes are released in an inactive form and activated in the
duodenum.

The duodenal mucosal enzyme responsible for activating pancreatic proteases is:

A Pepsinogen

B Enterokinase

C Trypsinogen

D Phospholipase A2

E CCK (cholecystokinin)
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Introduction

Approximately 10 1 of ingested liquid and secretions enter the intestine each day,
but only 100 ml of water are excreted in stool, an absorptive efficiency of 99% [1].
The maximum intestinal water-absorptive capacity is theoretically even greater,
perhaps as much as 30 I per day, a rate that exceeds the excretory ability of the
kidneys. In illness, absorptive capacity can decrease; even a reduction of absorp-
tive efficiency of 1-2% can result in diarrhea, and more substantial reductions can
produce life-threatening dehydration and electrolyte depletion. An understanding
of the normal physiology and pathophysiology of intestinal water and electrolyte
absorption is essential to the management of diarrheal diseases.

All organisms must extract needed raw materials from the environment.
Unicellular organisms and simple multicellular organisms have sufficient external
surface areas to do this without dedicated specialized structures. The external sur-
face areas of more complex creatures, however, are insufficient to absorb mate-
rials needed to sustain life. Terrestrial animals face the additional problem that
their skins have evolved to protect the internal environment from drying, not as
an absorptive surface. Thus, most animals have an internal alimentary tract to
handle the essential job of digesting nutrients and absorbing fluid, electrolytes,
and nutrients from the environment. The structure of the alimentary tract and its
lining cells, the enterocytes, is highly evolved to perform these functions.

Structural considerations

Transport processes necessary to sustain human life require a large surface area.
The small intestine, the site of most gut fluid and electrolyte absorption, is a tube
roughly 3-6 m long (depending on its contractile state). It is extensively folded
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Figure 7.1 Basic arrangement of the gastrointestinal epithelium. Epithelial cells are polarized
with distinct apical and basolateral cell membrane domains separated by tight junctions.

and covered by villi making its surface area 15-30-times greater than that of an
unfolded cylinder of the same length and diameter. The luminal surface area of
both the small intestine and colon is additionally increased 20- to 40-fold by the
presence of microvilli on enterocytes. Thus, the total absorptive surface area of
the intestine is estimated to be over 200 m?, roughly the size of a tennis court [2].
This large surface is required to absorb the fluid, electrolytes, and nutrients
needed by a 70-kg human, with some excess capacity to deal with the vagaries of
intake, disease, and dysfunction that commonly occur during life.

The enterocytes lining the intestine have structural complexity that facili-
tates the global function of the intestine (Figure 7.1). Each intestinal cell is polar-
ized, with an apical membrane that faces the lumen and a basolateral membrane
that faces the extracellular space, which is in communication with the blood
stream. These membrane domains are separated by tight junctions that connect
each enterocyte to its neighbors. Different transport proteins are located in dif-
ferent portions of the cell membrane, and thus, the transport properties of the
apical and basolateral membranes differ [3].

There are several different types of transport proteins. Channels are proteins that
create fluid-filled pores in the cell membrane that allow water-soluble (hydrophilic)
molecules, such as sodium and chloride ions, to cross the lipid-rich (hydrophobic)
cell membrane (Figure 7.2) [4]. Channels often are constructed of protein chains
that aggregate to span the membrane and contain a water-filled space within.
Channels are ion specific (e.g., for sodium, potassium, or chloride) and are “gated,”
allowing them to open and close rapidly, thereby constraining the number of ions
that can enter the cell. Channels allow ions to cross the plasma membrane down an
electrochemical gradient (i.e., from higher to lower concentration) and thus are a
mechanism for passive movement across the cell membrane. Channels for water
movement (aquaporins) are present in many body organs, but do not appear to be
essential to water transport in the intestine [5].

Carriers are proteins that facilitate the movement of specific solutes (e.g., glucose,
fructose, and amino acids) across the plasma membrane. The solute may be propelled
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Figure 7.2 Channels are pores in the cell membrane which are specific for a particular ion with
gates that open and close rapidly allowing ions to diffuse down their electrochemical gradients.

by its own concentration gradient (facilitated diffusion) (Figure 7.3a) or by using
energy from the concentration gradients of other solutes. When the concentration
gradient of another solute is used, the other solute can be moved in the same direction
as the solute of interest (cotransport) (Figure 7.3b) or in the opposite direction
(exchange) (Figure 7.3c). Although ATP is not consumed directly by the carrier,
energy in the form of ATP can produce “secondary active transport” if the concentration
gradient for the cotransported or exchanged solute is created by active transport else-
where in the cell. It is thought that carriers produce their effects by conformational
changes that allow cyclic movement across the plasma membrane [1].

Pumps are transport proteins that move ions and other solutes against elec-
trochemical gradients by directly linking energy produced by hydrolysis of ATP
to transport (Figure 7.4) [1]. For example, the sodium—potassium ATPase located
on the basolateral membranes of enterocytes transports three sodium ions out of
the cell in exchange for two potassium ions that enter the cell. This maintains a
low sodium concentration and a net negative electrical charge in the interior of
the cell but requires energy because the sodium concentration in the fluid
outside the cell is so much higher than the intracellular sodium concentration.
The sodium gradient produced by this pump can be used to power sodium-
nutrient cotransport at the apical enterocyte membrane.

Enterocytes in different regions of the intestine express different transport
proteins and thus have different abilities to transport molecules (Table 7.1). The
combination of transport abilities in various regions of the intestine is therefore
different. There are also important differences in transport capabilities between
cells in the crypts and those in the villi. Since the cells in the villi derive from
those in the crypts, this implies that differentiation of these cells as they travel
from crypt to villus tip includes expression of new transport proteins [6].

The point of division between the apical and the basolateral membranes is the
tight junction, the place that cells attach to one another. Tight junctions are part of
the “apical junction complex” composed of a tight junction, an adherens junction,
desmosomes, and gap junctions (from apical to basal) [7]. Tight junctions form
regulated and selective permeation pathways for paracellular transport from the
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Figure 7.3 Carriers are protein complexes which facilitate the movement of specific solutes across
the membrane. The solute may move in response to its own concentration gradient (facilitated
diffusion) (panel a) or by using the energy inherent in concentration gradients of other solutes
produced by other transporters (secondary active transport). Subtypes include cotransporters
(panel b), carriers which move two substances in the same direction across a membrane, and
exchangers (panel c), carriers that move ions in opposite directions across a membrane.

HCO;

lumen to plasma and vice versa. Transmembrane protein particles of claudin form
intimate connections between cells in a pattern resembling fingerprints.
Intracellular actin filaments attach to the plasma membrane immediately below
these strands and also interact with nearby scaffolding proteins, such as ZO-1 and
cingulin. Actin and these scaffolding proteins seem to be part of the regulatory
apparatus for tight junctions.



96 Chapter 7

1919191)
LI

Table 7.1 Some transport proteins of the intestine.
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Figure 7.4 Pumps are transport proteins that move solutes against electrochemical gradients
by directly linking energy production (i.e., ATP hydrolysis) to transport.

Jejunum lleum R colon L colon
Apical transport proteins
Na channel + + + +
K channel ? ? + +
Cl channel + + ? ?
Nutrient-Na cotransporter + + = -
Glucose, galactose, amino acids
Na-bile acid cotransporter - + — _
Na—H exchanger? + + i +
ClI-HCO3 exchanger? - + + +
SCFA-anion exchanger - = 4+ +
H, K ATPase pump - = = +
Basolateral transport proteins
Na, K ATPase pump + + + +
Na:K:2Cl cotransporter + + + +
Na—H exchanger + + i+ +
K channels + + + +

2Coupling of Na-H and CI-HCO3 exchangers = electroneutral NaCl entry

Adherens junctions and desmosomes are located deep to tight junctions (farther
from the apical cell membrane). They are attached to the cytoskeleton and seem to
serve a structural purpose by holding cells together rather than a regulatory one for
paracellular transport. Gap junctions are even further from the apical surface and

serve as pathways for cell-to-cell signaling by small molecules.
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Different amounts and types of tight junction proteins in different parts
of the intestine determine the “tightness” and selectivity of the paracellular
pathway [7] so that tight junctions in different regions of the intestine vary
in their selectivity for different molecules and ions. For example, the tight
junctions in the jejunum are characterized as “leaky” (low resistance) pathways
and are cation selective, whereas those in the colon are “tighter” and anion
selective.

Principles of transepithelial transport

The mucosa forms a barrier between the luminal contents of the intestine and
the extracellular space of the body. Transfer of water and solutes between the
lumen and the extracellular space is controlled by epithelial properties that vary
among the jejunum, ileum, proximal colon, and distal colon [1]. In health, these
different regions work together to accomplish the task of absorbing necessary
dietary contents in an efficient manner. In disease, the different regions may
function abnormally, causing diarrhea, or may minimize diarrhea by compen-
sating for abnormal proximal bowel function.

The basic principle of water movement across the intestinal epithelium is that
water moves passively down osmotic or hydraulic pressure gradients [5]. Reduced
to basic principles, the intestinal epithelium can be envisioned as functioning as a
semipermeable membrane: a membrane that allows solvent molecules to pass
freely but prevents the passage of solute. In the case of the intestine, water moves
freely to equalize osmotic pressure on either side of the epithelium. Thus, water
will leave the lumen when luminal contents are hypotonic to plasma and will
enter the lumen when luminal contents are hypertonic.

The intestine is not a perfectly semipermeable membrane, however, because
solute can cross from the lumen to plasma or vice versa. Solute transport is
accomplished by a variety of mechanisms that vary from region to region of the
intestine. These mechanisms include transcellular permeation by means of ion
channels, ion exchangers, cotransporters, and molecules in the cell membrane
that facilitate diffusion. Paracellular permeation via tight junctions between
epithelial cells also is an important mechanism for solute transport, especially in
the jejunum [1].

Active transport refers to solute translocation that directly or indirectly requires
energy (Figure 7.5) [1]. Hydrolysis of ATP can be used to develop an electro-
chemical gradient between the lumen, the interior of the cell, and the extracel-
lular space. For instance, sodium—potassium ATPase on the basolateral membrane
removes three sodium ions from the cell and allows two potassium ions to enter.
This results in the net removal of sodium and one positive charge from the cell
interior, producing a low intracellular sodium concentration and a negative
electrical potential inside the cell relative to both the lumen and the extracellular
space. This electrochemical gradient favors entry of sodium from the lumen into
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Active transport
Na*

Figure 7.5 Active transport requires production of energy to move solute
across the mucosa. Primary active transport involves pumps that directly
couple energy creation from hydrolysis of ATP to movement of solute
(e.g., sodium—potassium ATPase on basolateral membrane). The ion
gradients produced by active transport can power secondary active transport
at the apical membrane (e.g., glucose—sodium cotransport).

Na*

Passive transport
Fructose Urea

Figure 7.6 Passive transport involves passage of solute down its
concentration through carriers (transcellular pathway) or through
tight junctions (paracellular pathway).

the cell, and this thermodynamically “downhill” entry can be coupled to “uphill”
transport of other solutes (such as glucose and amino acids) against their
concentration gradients by proteins in the apical membrane (nutrient-linked
cotransport). The sodium gradient can also power Na—H exchange across the
apical membrane.

Passive transport refers to movement of solute down its electrochemical gra-
dient (Figure 7.6) [1]. It is subject to differences in solute concentration and
electrical potential between the lumen and plasma. In addition, passive trans-
port depends on the permeability of the epithelium, which can be modulated by
the opening of ion channels or the presence of proteins that facilitate diffusion
or by the selective permeability of tight junctions.

Solvent drag (convective transport) occurs when rapid water transport entrains
solute entry through paracellular pathways (Figure 7.7) [1]. In order to main-
tain osmotic equilibrium, water rushes through relatively leaky tight junctions
in response to translocation of solute into the basolateral space. This flow of
water entrains additional solute from the lumen. Since it depends on large
absorptive fluxes of water through leaky tight junctions, solvent drag is quanti-
tatively important only in the upper small intestine (duodenum and jejunum)
where the epithelium is leakiest.

Intestinal absorption also is modified by the presence of luminal diffusion
barriers. An unstirred water layer covers the apical membrane of the enterocyte
and impedes the diffusion of molecules from the bulk solution in the lumen to
the apical membrane where transport mechanisms can translocate the molecule
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Solvent drag

Figure 7.7 Solvent drag involves entrainment of solute in the
stream of water passing through the tight junctions. It can only
occur in the duodenum and jejunum where tight junctions are

loose enough to produce large paracellular water fluxes.

Laminar
flow

Unstirred
110 ) water layer

Figure 7.8 Fluid flow through the lumen and mixing of contents are optimal in the center of
the lumen and decrease at the mucosal surface where water movement is very slow,
producing an “unstirred water layer” that can serve as a diffusion barrier for large molecular
arrays like mixed micelles.

into the enterocyte (Figure 7.8) [1]. Recent evidence suggests that this layer may
be thinner than previously estimated but still thick enough to modulate the
transport of some substances.

Water transport

As mentioned previously, water transport is thought to be secondary to solute
transport [5]. The details of that coupling are not yet settled. The original concept
was that active solute absorption produces a hypertonic compartment that draws
in water, producing hydrostatic pressure that drives water into the extracellular
compartment (standing-gradient model). Discovery of the basolateral spaces
provided an anatomical basis for this theory. Some experimental observations,
however, are inconsistent with the standing-gradient model, implying that the
model is imperfect. Investigators have proposed that (i) sodium may be recycled
across the basolateral membrane, secondarily drawing water across tight junctions;
(ii) water entrapped in the apical sodium-glucose cotransporter enters the
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Table 7.2 Luminal substances causing secretion.

Physiological agents
Guanylin (cGMP)
Bile acids (cAMP)
Long-chain fatty acids (CAMP)
Bacterial enterotoxins
Cholera toxin (cCAMP)
Heat-labile E. coli toxin (CAMP)
Salmonella toxin (CAMP)
Campylobacter toxin (CAMP)
Heat-stable E. coli toxin (cGMP)

Yersinia toxin (cGMP)

intracellular space as the carrier engages in solute absorption (approximately 220-
400 molecules of water per glucose molecule); and (iii) countercurrent exchange
along the length of the villus results in a hypertonic villous tip that enhances water
absorption. Each of these concepts has flaws too, and the standing-gradient model
remains widely accepted as the standard model [5].

Water secretion in the intestine is thought to be mediated by chloride secretion
across the apical membrane, largely by cystic fibrosis transmembrane regulator
(CFTR), the main chloride channel in the apical membrane. This channel is inac-
tive in persons with cystic fibrosis [4]. Chloride secretion draws sodium and water
across tight junctions by generating electrical and osmotic gradients between the
basolateral space and the lumen. Chloride secretion is regulated physiologically by
guanylin, a peptide that is secreted into the lumen and interacts with the guanylin
cyclase-C receptor on the apical surface of enterocytes to raise cyclic-GTP levels
and open CFTR. This mechanism is co-opted by some bacterial toxins to produce
diarrhea. Other mediators generating cyclic AMP or increasing intracellular
calcium levels also trigger chloride and fluid secretion by the intestine (Table 7.2).

Sodium transport

Sodium-hydrogen exchange is mediated by a series of exchangers (NHEIl-
NHE10) located in mucosal cell membranes [8]. NHE1 is located in the basolat-
eral membrane and is thought to be involved in regulation of intracellular pH
and volume. NHE2 is located in the apical enterocyte membrane especially in
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Indirect stimulation of sodium absorption
by solvent drag

: i . P % * . Hypotonic
’ " ~\Na*ClI” Na*CI”

Na*ClI™

Plasma Hypertonic
Figure 7.9 Glucose-stimulated sodium absorption in the jejunum likely involves solvent drag

since most sodium that is absorbed transcellularly leaks back into the lumen through the
paracellular pathway.

the right colon. Its role in fluid and electrolyte transport in humans is uncertain.
In animals, it is most active in newborns. NHE3 seems to be an important marker
of adult absorptive cells. It localizes to the apical membrane and plays an impor-
tant role in epithelial sodium absorption. In the jejunum, sodium-hydrogen
exchange results in net absorption of sodium and in acidification of the brush
border membrane. In the ileum and colon, sodium-hydrogen exchange is cou-
pled with chloride-bicarbonate exchange and results in neutral sodium chloride
absorption.

Nutrient-coupled sodium absorption is an important mechanism for
sodium absorption. Each molecule of glucose is cotransported with two
sodium ions across the apical membrane and then is transported into the
basolateral space. In the jejunum, this enhances net sodium absorption, in
part by enhancing solvent drag (Figure 7.9) [9]. (Much of the cotransported
sodium must leak back into the lumen, since more than 2 mol of sodium
would be absorbed by cotransport of normal daily glucose intake, far exceeding
renal excretory capacity.) Nutrient-coupled sodium absorption also occurs
with amino acids.

Electrogenic sodium absorption is mediated by a sodium channel (ENaC) and
is common in the distal colon [1]. Because tight junctions in the distal colon are
selectively permeable to chloride and are very tight, sodium does not diffuse
back into the lumen well despite the highest plasma-to-lumen sodium gradient
of the intestine.

Sodium secretion in the small intestine is a consequence of chloride secre-
tion. Entry of negatively charged anions augments passive sodium permeation
through tight junctions [1].
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Potassium transport

Little is known about intestinal mechanisms of potassium absorption and secre-
tion. About 85% of a potassium load is absorbed in the small bowel, perhaps by
means of a potassium-hydrogen exchanger. Potassium secretion by the colon
has been reported in patients with pseudo-obstruction; it appears to be active,
but the precise mechanism is not known [10]. Potassium channels are known to
exist in the intestine [4].

Anion transport

Chloride, bicarbonate, and short-chain fatty anions (SCFA) are the three anions
of most importance to intestinal physiology.

As discussed previously, chloride secretion is mediated by chloride channels
on the apical membrane, mainly CFTR, and also by a lower-capacity channel,
CIC-2 [4]. Chloride for secretion enters the enterocyte from the basolateral side
via a Na—K-2Cl cotransporter (NKCC1) [11]. The activity of this cotransporter is
coordinated with that of the apical chloride channels to maintain cell volume
and integrity during active secretion.

Chloride is absorbed by two ditferent mechanisms: (i) chloride-bicarbonate
exchange in the ileum and colon (either coupled to NHE3 or independent) and
(ii) passive permeation across tight junctions. Transport in the jejunum is mainly
passive across leaky tight junctions in response to electrochemical gradients.
Elsewhere in the intestine and colon, chloride absorption occurs via chloride-
bicarbonate exchange mediated by the chloride-bicarbonate exchangers,
SLC26A3 and SLC26A6 [12].

SLC26A3, originally called “downregulated in colonic adenoma,” is a
product of a large family of genes that is conserved in bacteria, plants, and
animals. The proteins encoded by these genes are responsible for transport of
chloride, sulfate, hydroxyl ion, bicarbonate, and oxalate, among other anions
[12]. SLC26A3 is mutated in patients with congenital chloride diarrhea;
absence of the transporter results in poor chloride absorption and systemic
alkalosis beginning in infancy. SLC26A3 exchangers are functionally coupled
with NHE3 exchangers to produce neutral sodium chloride absorption in the
ileum and colon. The coupling seems to involve intracellular pH: bicarbonate
secretion in exchange for chloride absorption via SLC26A3 acidifies the cell
and stimulates compensatory hydrogen ion secretion by NHE3. Activation of
SLC26A3 can result in net bicarbonate secretion if CFTR is open and allows
chloride to reenter the lumen. This process depends on intracellular genera-
tion of bicarbonate by CA (Carbonic Anhydrase).
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SLC26A6 appears to have similar functions to SLC26A3 in several species; its
effect on chloride and bicarbonate transport in humans is less well understood.
It does seem to be an important oxalate transporter in humans, leading to oxa-
late secretion in exchange for chloride [12].

SCFA are transported by products of the SLC16 gene family, monocarboxyl-
ate transporters and sodium-coupled monocarboxylate transporters [12]. On the
apical surface, these transport proteins work as cotransporters for SCFA with
either hydrogen ions or sodium ions accompanying SCFA into the cells. On the
basolateral membrane, other members of this transporter family work as cotrans-
porters to allow SCFA to exit the enterocyte.

Regional transport properties of the intestine

Transport in the duodenum and jejunum

The leakiest tight junctions in the bowel are in the proximal intestine. This makes
osmotic equilibration quite rapid and water fluxes large. Solvent drag is an impor-
tant mechanism for solute absorption in this part of the intestine. Transmembrane
cation transport occurs by means of nutrient-linked cotransport and apical Na-H
exchange. Because the tight junctions are leaky and cation selective, sodium ions
cannot accumulate on the basolateral side of the enterocyte and diffuse back into
the lumen, largely dissipating the electrical potential difference between the
lumen and the extracellular space. This results in limited passive loss of potassium
from the plasma. Chloride movement is also passive, but since the tight junctions
are cation selective, chloride losses are limited. Bicarbonate transport is due to
apical Na-H exchange that results in disappearance of bicarbonate from the
lumen through reaction with secreted hydrogen ion; bicarbonate is regenerated
within the enterocyte as hydrogen ions are produced by CA. A chloride secretory
mechanism is present and can be activated in various situations (e.g., cholera
toxin or other bacterial toxins). This portion of the bowel is designed to bring
chyme into osmotic equilibrium. It is capable of absorbing most nutrients and
much of the water and salt entering the intestine (Figure 7.10).

10L
Volume
absorbed
6L
. . . Jejunum
Figure 7.10 The bulk of water absorption occurs in the
jejunum and ileum due to vigorous nutrient and sodium 1.5L :> 251

absorption in these regions of the intestine. Adapted from lleum

Reference [13]. Reproduced with permission of Elsevier.
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Transport in the ileum

Ileal tight junctions are tighter than those of the jejunum, and thus, solvent drag
plays a much smaller role in ileal solute transport. Most water transport is in
response to solute movement due to neutral NaCl absorption (by means of
paired Na-H and Cl-bicarbonate exchange) and residual Na—nutrient cotrans-
port. Because the membrane is tighter, luminal potential difference is somewhat
more negative (as compared to the basolateral side of the enterocyte) than in the
jejunum, and passive potassium losses can occur. Chloride secretion can occur in
the ileum and is triggered by similar agents as in the jejunum.

This portion of the intestine is well adapted to absorb salt, water, and residual
nutrients from isotonic luminal contents. Acting together, the jejunum and
ileum normally absorb 90% of the nearly 10 1 of luminal contents passing the
ligament of Treitz each day (Figure 7.10).

Transport in the colon

Transport across the colonic mucosa varies regionally. The tight junctions of the
right colon are tighter than those of the ileum, and the tight junctions of the left
colon are the tightest, maintaining the largest potential differences and chemical
gradients of the entire intestine. The tight junctions are anion and not cation
selective like those of the rest of the intestine. This limits the passive loss of
sodium and potassium from the extracellular space that would occur with a
large lumen-negative potential difference, and therefore, large concentration
differences can develop across the mucosa (i.e., luminal sodium concentrations
can be <10 mmol/l). Sodium transport occurs by neutral sodium chloride
absorption (paired Na-H and Cl-bicarbonate exchange) and by electrogenic
sodium absorption (chloride selectivity and the lumen-negative potential
difference favor passive chloride absorption along with sodium). Nutrient—
sodium cotransport does not occur in the colon, but several mechanisms are
thought to facilitate absorption of short-chain fatty acids, products of bacterial
carbohydrate fermentation. The colon is adapted to extract almost all of the
sodium and most water from luminal contents (Figure 7.11). This is facilitated
by the slow transit of luminal contents through the colon.

Figure 7.11 Colonic absorption removes almost all remaining
water from the lumen as sodium is reduced to very low levels
(~10 mmol/l). Adapted from [13]. Reproduced with permission
of Elsevier.
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Regulation of transport

A number of different regulators are known to affect intestinal transport under
experimental conditions; however, the physiological regulation of transport is
not clearly understood. It is likely that an interplay of luminal, humoral, neural,
and immunological factors is involved. These extracellular signals cause
biochemical changes within enterocytes that regulate transport processes.

Many different substances on the luminal side of the mucosa can affect intestinal
transport (Table 7.2). Guanylin, a peptide secreted into the lumen, can increase
chloride secretion. The extent to which this occurs physiologically and whether
other luminal peptides alter absorption are uncertain. Other components of chyme,
such as bile acids, can affect transport as well. In pathologic states, bacterial toxins
(e.g., cholera toxin, Escherichia coli toxin) can reduce absorption and increase secre-
tion by interacting with receptors on the apical enterocyte surface [1].

A rich collection of basolateral mediators potentially may regulate intestinal
transport (Table 7.3). Steroid hormones, such as mineralocorticoids and gluco-
corticoids, can alter intestinal transport. Neurotransmitters, such as ACh and
norepinephrine, also can affect transport. Peptides released from endocrine and
immune cells and neurons also may be involved. Other agents, such as prosta-
glandins, histamine, and serotonin, released by cells in the submucosa also could
alter intestinal transport.

These extracellular regulators alter transport by interacting with receptors on
the basolateral cell membrane or in the nucleus. Intracellular mediators of their
effects include the AC (G-protein) system, PKA, PLC, diacylglycerol, inositol
triphosphate, calcium, and the guanylate-cyclase system. These mediators act by
altering the activity of transport proteins and the properties of tight junctions.

Table 7.3 Endogenous agents that can alter intestinal transport from
the basolateral surface.

Absorbagogues Secretagogues
Aldosterone Prostaglandins, leukotrienes
Alpha-adrenergic agonists Vasoactive intestinal polypeptide,

peptide-histidine isoleucine

Enkephalins Secretin
SST Substance P
Angiotensin Neurotensin
Neuropeptide Y ACh
Prolactin Serotonin

Glucocorticoids Histamine
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Multiple choice questions

1 As regards tight junctions in the small intestine, which one of the following statements is
false?
A Tight junctions divide the apical domain of the basement membrane from the basolateral
domain.
B Tight junctions are more permeable to sodium ions than to chloride ions.
C Tight junctions entirely prevent permeation of sodium ions from the basolateral space to
the lumen.
D Tight junction permeability is regulated.
E Tight junctions are part of the apical junction complex that binds epithelial cells together.
2 As regards water transport across the gastrointestinal mucosa, which one of the following
statements is true?
A Water absorption is entirely due to active transport of sodium.
B Water transport is entirely via transcellular mechanisms.
C Water secretion may be mediated by chloride secretion.
D Water transport in the jejunum occurs exclusively via aquaporins.
E Water secretion is a result of the lumen-positive potential difference.
Which of the following regulatory substances causes chloride secretion in the small intestine

w

from the luminal (apical) side of the enterocyte?
A Guanylin
B Acetylcholine
C Serotonin
D Epinephrine
E Somatostatin
4 ONE BEST ANSWER: Na*-dependent transport is responsible for the absorption of the
following EXCEPT:
A Amino acids
B Fatty acids
C Glucose
D Galactose
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Introduction

The fundamental function of the gut is to absorb nutrients. Alimentary tracts
evolved in multicellular animals as the increasing complexity of body design
meant that all tissues were no longer in contact with the surrounding environ-
ment. This necessitated the uptake of structural and energy-producing molecules
by an absorptive epithelium and the distribution of these molecules throughout
the body by the circulatory system. The mechanisms by which the absorptive epi-
thelium transports nutrients evolved early in evolution and have been maintained
intact in most existing phyla.

Humans are heterotrophs and must eat organic molecules synthesized by other
living cells in order to survive. Many of the organic molecules that we eat are in
the form of polymers, long chains of simpler compounds. For instance, starches are
composed of long chains of sugars, and proteins are composed of chains of amino
acids. Polymers could be absorbed intact (and to a limited extent are) by endocy-
tosis, but the capacity of such a system is limited and absorption of intact polymers
might induce allergic reactions. The paradigm employed by the human intestine is
to digest polymers into simpler compounds that are moved across the epithelium
by means of high-capacity transport pathways. These mechanisms allow each of
us to efficiently absorb approximately 400g of carbohydrate, 100g of fat, and 90g
of protein daily. Almost all ingested absorbable nutrients are absorbed by the
intestine. In addition to these macronutrients, essential micronutrients, such as
vitamins and minerals, are absorbed by the intestine.

The human small intestine is adapted structurally to provide a large surface
area for absorption [1]. In addition, the small intestine is adapted functionally
to mix ingested nutrients with digestive enzymes and to distribute luminal con-
tents over the absorptive surface in order to allow sufficient time for nutrient
absorption. This process is subject to regulation by the neurohumoral regulatory

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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system of the gut (enteric nerves and hormones). The portion of the small
intestine that is most important for nutrient absorption is the jejunum, where a
leaky epithelium allows rapid absorption of water and salt, thus concentrating
nutrients and increasing the concentration gradients that drive absorptive
processes. The ileum duplicates many of the nutrient-absorptive processes of
the jejunum (and thus can compensate to some extent for malabsorption in the
jejunum) and, in addition, has specialized absorption mechanisms, for example,
for vitamin B ,. The colon has a very limited ability to absorb nutrients and, in
this context, functions mainly to take up short-chain fatty acids (SCFA) that are
products of carbohydrate fermentation by colonic bacteria.

Absorption of nutrients is largely a process of overcoming the thermody-
namic barriers to mixing oil and water. Oily lipid molecules must be suspended
in aqueous chyme, made accessible to water-soluble enzymes, and transported
through aqueous luminal contents to the lipid cell membrane, where they can
enter the cell’s interior. Water-soluble nutrients, like carbohydrates and proteins,
must get through the lipid cell membrane barrier. Nature has solved these prob-
lems by supplying detergent-like amphiphiles (bile acids) to solubilize luminal
lipids and transmembrane transport proteins to allow water-soluble molecules
to pass through the cell membrane.

Lipid absorption

Dietary fats include triglycerides, phospholipids, and cholesterol. Triglycerides
provide a rich source of calories; phospholipids and cholesterol are important
components of cell membranes. Some of these lipids have polar components
that can interact with water. Others are mainly nonpolar and interact best with
other lipids. The chemical characteristics of the lipids determine how these
molecules interact with water. Lipid molecules orient themselves so that their
polar groups interact with water and their nonpolar parts interact with each
other. Because of this, in the aqueous environment of the gut lumen, lipids may
form liquid crystals with lipid bilayers or thicker micelles each with polar
elements facing their aqueous surroundings and nonpolar elements facing their
interiors. Nonpolar lipids can accumulate in the cores of micelles. These transient
structures are the form in which dietary lipid exists in the intestine, especially
after lipolysis begins and fat becomes emulsified with water (Table 8.1).
Triglycerides are the major dietary fat in the human diet. These molecules
have a polar glycerol backbone to which three fatty acid molecules are esterified.
Fat digestion involves hydrolyzing the triglyceride to free fatty acids and mono-
glyceride that can be taken up by cells. This process starts in the acid environment
of the stomach [2]. Lingual lipase is secreted by serous (von Ebner) glands at the
base of the tongue. This enzyme is most active at an acid pH and so it begins to
work in the stomach. Gastric lipase is secreted from peptic (chief) cells that also
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Table 8.1 Schemes for lipid digestion and absorption.

Triglyceride

Phospholipid

Cholesterol

Oral

Gastric

Small bowel
lumen

Apical membrane
digestion

Transport into
enterocyte

Intracellular
processing

Export from
enterocyte

Lingual lipase

Acidic lipases:
diacylglycerol, FA
Lingual lipase
Gastric lipase

Solubilization by bile
acids

Micelles and liquid
crystals

Alkaline lipases:
monoglycerol, FA
Pancreatic lipase,
colipase

None

Diffusion
Carriers (CD36)—FA-
binding proteins

Resynthesis of
triglyceride
Packaging into
chylomicrons

Exocytosis of
chylomicrons,
release of other
lipoproteins

Solubilization by bile acids
Micelles and liquid crystals

Phospholipase A,

None

Diffusion
? carriers

Re-esterification with FA

Packaging into
chylomicrons, other
lipoproteins

Exocytosis of
chylomicrons, release of
other lipoproteins

Solubilization by
bile acids

Micelles and liquid
crystals

Cholesterol esterase

None

NPC1L1—clathrin-
coated pits for
internalization

Re-esterification
with FA

Packaging into
chylomicrons, other
lipoproteins

Exocytosis of
chylomicrons,
release of other
lipoproteins
Secretion of
sitosterol and some
cholesterol across
apical membrane
by ABCG5/ABCG8

FA, fatty acid;

NPC1L1, Niemann-Pick C,-like protein 1;
ABCG5, ABCGS, ATP-binding cassette (ABC) proteins G5 and G8.

secrete pepsin. Like lingual lipase, it also can function in an acidic environment
in the presence of pepsin. Neither of these acidic lipases requires bile acid or
colipase to work. Gastric lipase acts solely on triglyceride (not phospholipid or
esterified cholesterol). Medium-chain fatty acids are preferentially released, and
free fatty acid and diacylglycerol are the predominant products. Gastric lipase is
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especially important in newborns for the digestion of milk fat and is responsible
for most of the residual lipolytic activity in patients with total pancreatic exocrine
insufficiency (about 30% of normal [2]). Production of free fatty acid and diacyl-
glycerol in the stomach assists with emulsification of dietary lipid since these
digestion products are more polar than unhydrolyzed triglyceride.

Chyme entering the intestine is alkalinized by bicarbonate-rich secretions
from the pancreas. Lipid droplets interact with colipase and the alkaline
lipases produced by the pancreas, such as pancreatic lipase and phospholipase
A,. Colipase binds to the lipid-water interface of the lipid droplet and to
pancreatic lipase and facilitates the lipolytic activity of pancreatic lipase, which
produces free fatty acids and monoglyceride that interact with bile acids,
phospholipids, and cholesterol to form mixed micelles and liquid crystalline
vesicles. These structures allow the reaction products to more efficiently cross
the unstirred water layer that separates the brush border of the mucosa from
the bulk phase of luminal fluid and release fatty acids and monoglyceride
at the cell membrane.

The products of triglyceride digestion then are transported through the cell
membrane into the enterocyte. Fatty acid translocase CD36 appears to play an
important role in this process. Fatty acid-binding proteins chaperone potentially
toxic free fatty acids from the cell membrane to the endoplasmic reticulum (ER)
for further processing [3, 4]. Once fatty acid and monoglyceride reach the ER,
triglyceride is resynthesized. Apolipoproteins and other lipids are added in the
Golgi apparatus to form chylomicrons that are released by exocytosis into the
basolateral space for distribution via lymphatics to the rest of the body.

Phospholipid is digested in the small intestine by pancreatic phospholipase A.,.
This enzyme is secreted as a proenzyme, is activated by trypsin, and requires bile
salt for its activity. The hydrolytic products are then taken up by the mucosa in a
process that is thought to be similar to that for the products of triglyceride digestion.
Phospholipids can be resynthesized and exported in chylomicrons or very-low-
density lipoproteins or further degraded and then secreted into portal blood.

Most ingested cholesterol is not esterified, and the cholesterol that is
esterified to fatty acid must be hydrolyzed before absorption. This is accom-
plished by a pancreatic enzyme, cholesterol esterase. Cholesterol uptake by the
cell membrane is specific, is energy dependent, and is facilitated by Niemann—
Pick C -like protein 1 (NPCI1L1), which is expressed in the apical brush border
membrane [5]. NPCIL1 helps to transport cholesterol across the cell mem-
brane and binds to adaptor protein 2 (AP2) and to clathrin to form a small
vesicle analogous to a coated pit that shuttles cholesterol into the interior of
the cell. This process can be inhibited by milligram amounts of ezetimibe, an
inhibitor of the interaction of NPC1L1, cholesterol, and AP2—clathrin. Cycling
of NPCIL1 seems to be regulated by intracellular cholesterol levels [5].
Cholesterol is exported from the basolateral surface of the enterocyte in
chylomicrons and other lipoprotein particles.
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Cholesterol and plant sterols also can be secreted into the lumen across the
apical membrane of the enterocyte. This plays an important role in reducing
absorption of sitosterol, a potentially toxic plant sterol, and may modulate net
cholesterol absorption [6]. Recent work has identified ATP-binding cassette (ABC)
proteins, ABCG5 and ABCGS, as transporters for cholesterol and sitosterol [3].
These proteins may also be responsible for biliary cholesterol excretion.

Protein absorption

Humans rely on ingested protein to supply essential amino acids: valine, leucine,
isoleucine, phenylalanine, tryptophan, tyrosine, methionine, lysine, and histi-
dine. The other amino acids used to make human proteins can be synthesized
from other compounds and also can be absorbed from the diet. Approximately
70-100¢g of protein is contained in the average daily diet. Amino acids are used
to create structural proteins but can be metabolized to produce energy. In order
to be used for structural purposes and not as fuel, sufficient nonprotein calories
must be available for metabolism.

The scheme for protein digestion and absorption is hydrolysis of the linear
polymer into amino acids and di- and tripeptides in the aqueous luminal envi-
ronment and transport of these products across the cell membrane [7]. Since
proteins are water soluble, soluble luminal enzymes can interact with dietary
proteins without encountering a phase boundary. The variety of potential amino
acid combinations makes several types of proteolytic enzymes necessary. Mucosal
transport also must be tailored to the different chemical characteristics of biolog-
ically important amino acids. Thus, several distinct transporters are needed.

Protein digestion begins in the acid environment of the stomach with pepsin
and another gastric protease, chymosin (rennin). Pepsin is synthesized and
secreted by chief cells in the stomach as pepsinogen. This molecule is activated
to pepsin by acid hydrolysis (pH<4) in the stomach and is inactivated at higher
pH levels (inhibited at pH >5.5, denatured at pH >7.2). It attacks a broad range
of peptide bonds and releases peptides and amino acids in the stomach that stim-
ulate gastrin release by the antrum until the protein load is emptied from the
stomach. Chymosin (rennin) is more prominent in the neonatal period and is
particularly active in cleaving milk proteins (hence its use to curdle milk for
cheese making).

Protein digestion continues in the duodenum where acid chyme stimulates
release of secretin, which causes pancreatic bicarbonate secretion. Protein and fat
in chyme also stimulate release of cholecystokinin (CCK) that stimulates pancreatic
enzyme secretion. Pancreatic proteases are secreted as proenzymes that are
activated in the lumen of the duodenum by enterokinase, a brush border enzyme.
Trypsin activated by enterokinase can activate the other enzymes. These enzymes
are only active at near-neutral or alkaline luminal acidity; thus, pancreatic
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bicarbonate secretion is essential to their function. By convention, pancreatic pro-
teases are classified as endopeptidases (e.g., trypsin, chymotrypsin, elastase) that
cleave interior peptide bonds and exopeptidases (e.g., carboxypeptidases A and B)
that hydrolyze amino acids from the ends of peptide chains. Endopeptidases target
specific peptide bonds in the protein chain. Trypsin cleaves the peptide chain next
to lysine and arginine; chymotrypsin attacks the bond next to tyrosine, phenylal-
anine, and tryptophan; elastase hydrolyzes the chain next to alanine, leucine,
glycine, valine, and isoleucine. The end result of this process is a mix of peptides
containing on average six to eight amino acids. Secretion of pancreatic enzymes is
stimulated by pancreatic nerves and by CCK released by the duodenal mucosa and
is inhibited by several peptide hormones, including pancreatic polypeptide and
somatostatin (SST), and by feedback from the duodenal mucosa.

The products of intraluminal digestion diffuse to the brush border. There,
more than a dozen different membrane-bound endopeptidases, aminopepti-
dases, carboxypeptidases, and dipeptidases complete digestion of polypeptides
to amino acids and di- and tripeptides that can be transported across the cell
membrane [7]. Quantitatively, more amino acids may be taken up as di- and
tripeptides than as free amino acids. Transport of free amino acids is handled by
several discrete systems of transporters that have specific chemical selectivity.
Several of these systems are energized by the inwardly directed sodium gra-
dient maintained by the basolateral Na*~K*-ATPase pump. Intact dipeptides and
tripeptides are transported into the enterocyte by different mechanisms than
free amino acids; intracellular peptidases cleave di- and tripeptides to free
amino acids. Absorption of these intact peptides is energized by an inwardly
directed H* gradient produced by Na*~H* exchange across the brush border.
Absorbed amino acids are metabolized, used for enterocyte protein synthesis, or
secreted into the blood by enterocytes. At least six different transport systems
are involved with the export of amino acids from enterocytes into the blood.
There also are transporters in the basolateral membrane of the enterocyte that
can import amino acids from the blood during fasting.

There is evidence that small amounts of intact proteins and peptides can be
absorbed by pinocytosis [8]. This may be important immunologically but is of
such limited capacity that it does not seem to be important nutritionally. Whether
substantial amounts of protein, peptides, or amino acids traverse the paracellular
pathway in humans is unknown (but seems unlikely given the permeability
characteristics of the tight junctions) (Table 8.2).

Carbohydrate absorption

Carbohydrates comprise the largest source of calories in the human diet [9]. Dietary
carbohydrate molecules are of three kinds: monosaccharides, such as glucose
and fructose; oligosaccharides, mainly sucrose and lactose; and polysaccharides,
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Table 8.2 Schemes for protein digestion and absorption.

Amino acids

Di- and tripeptides

Polypeptides and
proteins

Oral

Gastric

Small bowel
lumen

Apical membrane
digestion

Transport into
enterocyte

Intracellular
processing

Export from
enterocyte

None

None

None

None

Several discrete and
chemically selective
carrier systems,
some involving
sodium cotransport

Resynthesis of
peptides

Basolateral amino
acid transport
systems (~90%)

None

None

Minimal

Some digestion to
amino acids, most

di- and tripeptides are
taken up intact

Several discrete carrier
systems, some
involving sodium
cotransport

Intracellular di- and
tripeptidases produce
free amino acids
which are available for
resynthesis of peptides
or export

Some di- and
tripeptides secreted
intact (~10%)

None

Pepsin, chymosin
(rennin): release of
smaller peptides,
amino acids

Endopeptidases
Trypsin
Chymotrypsin
Elastase

Exopeptidases
Carboxypeptidase A
Carboxypeptidase B

Further digestion of
peptide fragments by
multiple membrane-
bound
endopeptidases,
aminopeptidases,
carboxypeptidases,
and dipeptidases

Minimal uptake of
intact peptides by
pinocytosis, mainly for
immunological
purposes

Degradation of
peptides

Some newly
synthesized protein
may be secreted

including starch, glycogen, and fiber (e.g., cellulose, gums, pectins). Monosaccharides
are absorbed by selective mechanisms that preferentially transport specific
sugars across the enterocyte cell membrane. Disaccharides, such as sucrose and
lactose, are cleaved by specific disaccharidases in the brush border, and the
resulting monosaccharides are transported across the cell membrane. Polymeric
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carbohydrates, such as starch, must undergo intraluminal digestion before brush
border processing and transport. Humans lack enzymes to digest some polymeric
carbohydrate (“dietary fiber”) and these can’t be absorbed.

More than half of dietary carbohydrate intake is in the form of starch, a
storage form of glucose in plants. Starch molecules are polymers composed of
glucose molecules in long chains (amylose) and branched forms (amylopectin).
Salivary amylase begins the process of starch digestion in the mouth. Like
pancreatic amylase, with which it has significant homology, it attacks internal a-
1,4 glucose bonds and cleaves starch into maltotriose (trimer), maltose (dimer),
and a-limit dextrins (5-10 glucose units including an «-1,6 branch point). Free
glucose molecules are not produced by amylase. These cleavage products are
sweet and contribute to the taste of many carbohydrates. Salivary amylase is
inactivated by gastric acid, but starch digestion continues with pancreatic amylase
in the duodenum. Amylase is secreted by the pancreas in an active form. (Starch
is not part of the human body and so autodigestion is not a risk.) The activity of
pancreatic amylase depends on calcium and chloride ions in the duodenum.

The oligosaccharides produced by amylase and ingested oligosaccharides
are further digested by four brush border enzymes: sucrase—isomaltase, lactase—
phlorizin hydrolase, glucoamylase, and trehalase. Examples of substrates for
these enzymes are sucrose (cane sugar), lactose (milk sugar), maltotriose and
maltose, and trehalose (a sugar found in some fungi), respectively. These enzymes
release glucose, galactose, and fructose in high concentration adjacent to the
brush border where they can be transported into the cell interior.

The transporter for glucose has been studied extensively [9]. Glucose is
absorbed rapidly across the brush border by a process that is saturable, that is
specific for p-glucose, and that requires energy. The energy is provided by the
Na*-K*-ATPase located on the basolateral membrane of the enterocyte. This
pump removes Na* from the cell interior, creating an electrochemical gradient
for sodium entry into the cell. By coupling glucose entry to sodium entry across
the apical (brush border) membrane, glucose can be absorbed against its
concentration gradient. The agent that couples the entry of these two substances
is the Na*/glucose cotransporter (SGLT1), a protein that spans the apical mem-
brane 14 times. SGLT1 is expressed in the upper third of the villus. Galactose also
can be transported with sodium by the same cotransporter and with the same
kinetics. This protein transports two Na* ions for each sugar molecule. An elab-
orate mechanism has been postulated for the action of this cotransporter, some-
what analogous to an airlock on a spacecraft [9]. Sodium binds first to the
luminal side of a cleft formed by the transporter, opening a luminal-side gate and
increasing its affinity for binding sugar. The sugar-2-Na*-cotransporter complex
then isomerizes so that the cleft geometry changes, the luminal gate closes, and
the intracellular gate opens. The sodium and sugar now face the interior of the
cell. The sugar dissociates and enters the cytoplasm, and then, the sodium is
released into the cell. The transporter then recycles.
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Fructose crosses the brush border by facilitated diffusion via a separate apical
transport protein, GLUT5. Entry of this sugar can be as rapid as that of glucose
or galactose but occurs down the fructose concentration gradient and is sodium
independent. The capacity for fructose absorption is limited due to limited
expression of GLUT5 and can be overwhelmed by high fructose intake, resulting
in fructose malabsorption [10].

Glucose, galactose, and fructose exit from the enterocyte across its basolat-
eral membrane by means of another sugar transporter, GLUT2. Transport occurs
by facilitated diffusion and is sodium independent [9].

Transcellular transport by proteins with specific binding requirements
accounts for the selectivity of intestinal carbohydrate absorption. Although it has
been hypothesized that paracellular sugar transport can account for a substantial
portion of mucosal sugar absorption, such a process would not be stereoselective,
and careful studies in humans show that substantial paracellular glucose trans-
port is unlikely to occur [11, 12].

Another recent insight concerns the fate of sodium cotransported with sugar.
If 300¢g (1.67mol) of glucose and galactose are absorbed each day by cotrans-
port, a total of 3.34mol (76.8¢g) of sodium would be cotransported daily. This is
much more sodium than could possibly be excreted by the kidneys each day. In
fact, because chloride permeability in the jejunum is limited as compared to
sodium, most sodium that is transported to the basolateral side of the enterocyte
by cotransport diffuses back to the lumen through the paracellular pathway
(tight junction) because of the electrochemical gradient produced by sodium
absorption [13]. This recycling of sodium means that glucose absorption is never
limited by luminal sodium availability iz vivo and can proceed to completion by
the time that chyme reaches the ileum.

Although the colon lacks mucosal mechanisms for disaccharide digestion
and monosaccharide uptake, carbohydrate entering the colon can be salvaged by
bacterial fermentation and absorption of fermentation products, such as SCFA [14].
The amount of carbohydrate delivered to the colon depends upon diet. Indigestible
carbohydrate including dietary fiber and incompletely absorbed sugars and sugar
alcohols, such as fructose, oligosaccharides, and sorbitol, may be an appreciable
part of overall dietary content. It has been estimated on the basis of breath hydrogen
studies that about 10% of ingested wheat starch enters the colon, largely due to
difficulty in digesting gluten on the surface of the wheat starch granule [15].

Once carbohydrate enters the colon, the fecal flora ferments carbohydrate into
SCFA, hydrogen gas and carbon dioxide gas. Based on studies with ingested lactu-
lose, the colonic flora can metabolize approximately 80g of lactulose per day [16].
SCFA are absorbed by nonionic diffusion of the protonated anion across the apical
membrane, by cotransport with sodium or hydrogen or by SCFA-bicarbonate
exchange [17]. SCFA-H* cotransport is mediated by monocarboxylate trans-
porter-1 (MCTI1) in the apical membrane. The activity of this transporter is
increased by SST, leptin, butyrate, and pectin and decreased by enteropathogenic
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Escherichia coli and inflammation. SCFA-Na* cotransport is thought to be mediated
by sodium-coupled monocarboxylate transporter 1 in the apical membrane.

Under ordinary conditions, carbohydrate salvage via fermentation to SCFA
makes only a minor contribution to energy supplies in humans. When malab-
sorption occurs (as with pancreatic exocrine insufficiency), as much as 10% of
energy requirements may be met by fermentation and colonic absorption of
SCFA [18]. Absorbed SCFA also may mediate metabolic effects on adipose tissue
and pancreatic islets that tend to reduce obesity and improve glucose tolerance
by actions on free fatty acid receptors (FFAR2 and FFAR3) [14] (Table 8.3).

Mineral absorption

Calcium

Calcium is essential to growth and development of the skeleton, muscle activity,
and intracellular signaling [19]. An average 70-kg adult contains 1 kg of calcium,
99% of which is in bones and teeth. Calcium concentration in extracellular fluid
is regulated tightly by the body and is kept within narrow limits. Intracellular
calcium concentration is very low, allowing calcium entry into cells to be used as
a major signaling mechanism for cell function. Dietary calcium intake ranges
from 400 to 1000mg daily, and it is incompletely absorbed. Calculation of
absorption is complicated by the fact that calcium also enters the intestinal
lumen as part of intestinal and exocrine secretions; the part of this flux of calcium
that is not absorbed is known as endogenous fecal calcium and represents a con-
stitutive loss that must be offset by absorption. Calcium absorption is regulated
by vitamin D in response to dietary availability and body needs.

Calcium is absorbed by both active and passive mechanisms. Calcium must be
solubilized before absorption; this can be done by gastric acid, but acidification of
the luminal fluid adjacent to the brush border in the jejunum by Na*~H* exchange
can be sufficient. Active calcium absorption occurs across the brush border mem-
brane of enterocytes in the small intestine; presumably, calcium ions enter the
cytoplasm by going through channels or by interacting with carriers. Calcium
entry into the enterocyte occurs down an electrochemical gradient (the interior
of the cell has a [Ca*?] of 100 nM and has a more negative electrical potential
than the lumen). Molecular studies point to transient receptor potential vanilloid
(TRPV) 6 as the major channel involved in facilitated diffusion of calcium across
the brush border [19]. The activity of this channel can be upregulated by vitamin
D (see the succeeding text) and downregulated by increased intracellular calcium.
Once across the brush border, calcium ions interact with a calcium-binding pro-
tein, calbindin-D,, (CBD,,), that protects the cell from an abrupt influx of free
calcium ions and transports calcium across the cell to the basolateral membrane.
There, calcium is extruded from the cell against its electrochemical gradient by an
energy-requiring Ca**-ATPase (PMCA1b) [19].
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Vitamin D seems to have effects on calcium entry and extrusion. TRPV6, CBD, ,
and PMCA1D are upregulated by 1,25(OH),-vitamin D,. Active transport by this
mechanism is important at low calcium intakes, can be saturated, and is regulated
by renal production of activated vitamin D. Passive mechanisms are quantita-
tively more important with high calcium intake. When calcium intake is >500mg
daily, active transport mechanisms are saturated, and passive calcium absorption
accounts for almost all of the increase in calcium absorption. Passive mechanisms
probably involve paracellular transport and permit absorption of approximately
one-third of calcium intake once active mechanisms are saturated [20].

Magnesium

Magnesium is critical to the action of many enzymes, muscle and nerve function,
DNA and RNA activity, and calcium and potassium homeostasis [19]. It is the
fourth most common cation in the body (after sodium, potassium, and calcium).
It is the most common intracellular divalent cation and most of the magnesium
in the body is intracellular; circulating concentrations do not accurately reflect
body stores. Magnesium intake often is marginal and, given its poor absorption
by the intestine, may be insufficient for needs, especially under conditions of
increased loss due to intestinal or renal disease.

Like calcium, magnesium is absorbed by both active and passive mecha-
nisms, but fractional absorption of magnesium is much less than that of calcium
once active mechanisms are saturated, probably because of lower mucosal
permeability [21]. The active mechanism is thought to be transcellular and
involve facilitated diffusion across the apical membrane using a channel com-
posed of a heterotetramer of TRPM6 and TRPM7 [19]. Extrusion across the
basolateral membrane is thought to involve a sodium-magnesium exchanger
or a magnesium pump, but experimental validation is lacking. Passive absorp-
tion likely occurs via the paracelluar (tight junction) pathway, but is not very
efficient.

Unlike calcium, magnesium is more avidly absorbed in the ileum than in the
jejunum. Vitamin D influences its absorption in the jejunum but not in the
ileum. Even under the best of circumstances, magnesium absorption is incom-
plete; only 7% of a large magnesium load is absorbed in humans [21]. This
allows magnesium salts to be used as osmotic laxatives.

Phosphate

Phosphorus is essential both as a structural element of the skeleton and as a
key metabolic mediator [19]. Eighty-five percent of phosphate is in bone, 14%
is intracellular, and only 1% is in extracellular fluids. Inside cells, it is the
major storage form of chemical energy in the forms of ATP and creatine phos-
phate. About 800mg of phosphate is ingested each day, mainly from dairy
products, meat, and grains, and two-thirds is absorbed. Phosphate absorption
is both active (sodium dependent) and passive (sodium independent). Vitamin D
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stimulates active absorption and is most important at lower luminal phosphate
concentrations [22]. Passive mechanism predominates at higher luminal
concentrations.

The mechanisms of phosphate absorption are still being studied. Entry into
the enterocyte across the brush border is mediated by a type IIb sodium-phos-
phate (NaPi-1Ib) cotransporter [19]. Three sodium ions enter the cell with each
phosphate ion. Absorbed phosphate comingles with the cytosolic pool and can
be exported across the basolateral membrane, likely by facilitated diffusion (the
identity of the transporter is unconfirmed). Paracellular entry across tight
junctions in the small intestine has been thought to be the main mechanism of
passive (sodium-independent) absorption. This mechanism is relatively ineffi-
cient, however, allowing phosphate salts to be used as orally administered
laxatives.

Trace elements

Iron

Iron is essential for distribution of oxygen to body tissues and is incorporated
into hemoglobin and myoglobin. It participates in electron transfer as part of
energy metabolism and cytochrome function. Iron also is toxic and its levels
must be controlled precisely. Given that there is no efficient physiologic mech-
anism for iron excretion, regulation of absorption must be nearly perfect [23].
Approximately 1 mg of iron must be absorbed daily by men and up to 2 mg daily
by women to maintain normal iron stores. Since absorption efficiency may be
as low as 1-2%, intakes of up to 200 mg daily may be necessary to maintain
homeostasis.

The duodenum is the major site of iron absorption. Ferric (Fe*?) iron is insol-
uble and therefore must be reduced to the ferrous (Fe*?) form to be absorbed.
This can occur at the brush border of the duodenum where cytochrome b may
work as a reductase. Dietary ascorbic acid also may play a role in this process.
Inorganic ferrous iron is transported with hydrogen ion across the brush border
membrane by divalent metal transporter 1 (DMT1). Then, Fe*? either is trans-
ported to the basolateral membrane for export or is stored as ferritin within the
enterocyte until it is needed elsewhere. Iron incorporated into heme (ingested
hemoglobin or myoglobin) is taken up as intact heme probably by a transporter.
Most is oxidized by heme oxygenase to ferrous iron; some may be transported
across the basolateral membrane as intact heme.

In response to increased requirements (e.g., anemia, pregnancy), iron is
exported from the hepatocyte at the basolateral membrane by ferroportin 1
(FPN1). Ferrous iron complexed with FPN1 is oxidized to the ferric form by a
copper-containing iron-oxidase protein, hephaestin, for release and transport
by transferrin.
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Entry of iron into the body is tightly regulated [23]. A peptide made by the
liver, hepcidin, is the main regulator of iron homeostasis. It is synthesized
when iron stores are adequate and suppresses iron absorption in the gut and
release of body iron stores. When more iron is needed, hepcidin levels drop,
allowing movement of iron into the circulation. Hepcidin is regulated by phys-
iologic signals reflective of hypoxia, inflammation, and body iron stores.
Modulators of hepcidin release include hemojuvelin (HJV), HFE protein in
conjunction with transferrin receptors 1 and 2 (TFR1/TFR2), and interleukin-6
(IL-6). HJV mediates the effects of bone morphogenetic protein 6 (BMP6); the
concentration of this protein is proportional to body iron levels. Binding of
BMP6 to HJV activates SMAD signaling, which ultimately increases hepcidin
release and suppresses release of iron into the circulation [23]. HFE protein is
an immunoglobulin-like molecule that associates with B2-microglobin and
regulates the activity of TFR1 and TFR2. These receptors signal the cell to
increase hepcidin production when there is sufficient circulating diferric trans-
ferrin. The common form of hereditary hemochromatosis involves a homozy-
gous mutation (C282Y) of the HFE gene that interferes with this signaling,
suppressing hepcidin release. Inflammation, mediated by the IL-6 receptor,
also results in inhibition of hepcidin production.

Because iron may be stored as ferritin in the enterocyte, not all the iron that
crosses the apical membrane is delivered to the circulation. In essence, the rate
at which iron enters the circulation and the rate at which enterocytes are shed
into the lumen compete to determine the net rate of iron absorption.

Copper
Copper is an essential nutrient that is absorbed by a process similar to that of
iron [24]. Copper must be in its divalent form to be absorbed; like iron, a
brush border reductase is involved in changing its valence. CTR1 is the apical
membrane transporter for copper ions. Absorption is dose dependent; on
average, about 50% of intake can be absorbed. Metallothionein is the intra-
cellular-binding protein for copper, and ATP7A, a P-type ATPase, is the copper
transporter in the basolateral membrane. (Menkes disease, a copper defi-
ciency disorder, is due to failure to export copper into the circulation due to
mutations in the ATP7A gene.) Ceruloplasmin, albumin, and amino acids are
transporters for copper released into the circulation. Copper is removed from
the circulation by the liver, and some is secreted into the bile by ATP7B,
another copper transporter. (Both copies of the ATP7B gene are mutated in
patients with Wilson'’s disease, who fail to excrete excess copper and accumu-
late copper systemically.) Copper secreted into the bile enters the duodenum
where it can be reabsorbed along with dietary copper, and so a sort of entero-
hepatic copper circulation exists.

Copper absorption is saturable and is regulated in part by dietary copper
load. Large amounts of ingested zinc interfere with copper absorption, but the
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mechanism of the interaction has not been thoroughly worked out. Competition
for a transporter or altered regulation of copper metabolism could account for
this finding.

Zinc

Zinc is another divalent cation that is absorbed both by an active, saturable pro-
cess at low intraluminal concentrations and by a passive mechanism at higher
concentrations. Luminal concentration from dietary intake rarely gets above
the saturation threshold (1.8 mmol/l), so most dietary zinc is absorbed by the
carrier-mediated, saturable route [24]. The apical membrane transporter is
called Zip4, and its transcription is regulated by intracellular zinc levels.
Mutations of both Zip4 genes cause the autosomal recessive disease, acroderma-
titis enteropathica, characterized by zinc deficiency. The disease can be treated
by large doses of oral zinc.

Zinc, copper, and iron can interfere with each others’ absorption. In part,
this seems to be mediated by effects on metallothionein, but other interactions
are possible. Zinc is transported out of the cell by the transporter ZnT-1 in the
basolateral membrane [24].

Some zinc (up to 5mg daily) is lost into the intestine as part of normal secretions
[24]. Greater losses may occur with a variety of diarrheal diseases; supplementing
zinc intake may be important in reducing the morbidity of these disorders.

Other trace elements

Less than 25% of dietary manganese is absorbed. It may utilize the same trans-
port mechanisms as iron to cross the apical membrane (DMT1) and may use
some of the same export mechanisms at the basolateral membrane, but this
point is controversial [24]. Iodine and fluorine can be absorbed by the mecha-
nisms used by chloride. In addition, iodinated amino acids can be absorbed as
such by amino acid uptake mechanisms. Selenium and some forms of arsenic
also may be taken up when bound to amino acids. Molybdenum, arsenic, boron,
and vanadium are found in the diet largely bound to oxygen as ions analogous
to sulfate or phosphate; they can be absorbed by the mechanisms used by sulfate
or phosphate.

Vitamin absorption

Vitamins are essential micronutrients that cannot be synthesized by an organism
[25]. Most function as required cofactors or coenzymes in the chemical reactions
of normal metabolism. They also may have pharmacologic effects when taken in
large amounts.

Vitamins may be characterized as either fat or water soluble and are absorbed
in the same way as macronutrients that have similar properties. Like fat, esterified
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fat-soluble vitamins are hydrolyzed intraluminally and then transported across the
apical enterocyte membrane. Water-soluble vitamins typically undergo intralumi-
nal modification of extended side chains and then are transported across the apical
membrane by carriers or endocytosis.

Vitamin D

In humans, vitamin D is perhaps more accurately thought of as a steroid hor-
mone rather than as a vitamin. It is synthesized in skin exposed to sunlight and
activated in the kidney, and so, we are not strictly dependent upon exogenous
sources. Nevertheless, outside equatorial areas, endogenous vitamin D synthesis
frequently is inadequate, particularly during the winter, and so, an exogenous
source often is needed for health [26].

Vitamin D occurs in the diet as the free, unesterified sterols, cholecalciferol
(vitamin D,) and ergocalciferol (vitamin D,). These may be absorbed like other
lipids by passive diffusion, but carriers also may be involved. Bile acids are
important to the digestion of dietary fat containing vitamin D. Most absorbed
vitamin D is exported in chylomicrons and then transferred to vitamin D-binding
protein in the circulation for distribution to the rest of the body. In the liver,
vitamin D is converted to 25-hydroxyvitamin D, the metabolite measured to test
vitamin D levels.

The active form of vitamin D, 1, 25-dihydroxyvitamin D,, is produced in the
kidney from 25-hydroxyvtamin D and interacts with a vitamin D receptor
(VDR) in the nucleus of the enterocyte to regulate the expression of a number
of different genes that modify calcium absorption [27]. These include genes that
regulate production of TRPV5, TRPV6, calbindins, and PMCA1b. The net effect
of these changes is to increase active calcium absorption by the enterocyte. VDR
may have other effects, such as inducing enzymes that inactivate xenobiotic
compounds and suppressing the activity of c-MYC, a proliferative factor in colon
cancer.

Vitamin A

Vitamin A represents a family of biologically active retinoids, derived from dietary
carotenoids, which are water-insoluble lipids. They are synthesized by plants and
microorganisms and must be obtained from the diet [28]. Most dietary vitamin
A precursors are esterified to long-chain fatty acids. These retinyl esters are
hydrolyzed by pancreatic enzymes in the small intestine in the presence of bile
acids and are thought to be taken up by a saturable, passive carrier-mediated
mechanism [28]. They are then re-esterified to long-chain fatty acids and exported
in chylomicrons. Carotenoids are absorbed by a passive, non-carrier-mediated
mechanism and are converted to retinal by oxidation in the enterocyte. Retinal is
further oxidized to retinoic acid or reduced to retinol. Retinyl esters are taken up
by the liver and are then hydrolyzed and released as retinol coupled to serum
retinol-binding protein for distribution to the body.
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Folate
Folic or pteroylglutamic acid is composed of three covalently bonded parts:
pteridine and para-aminobenzoic acid (together forming pteroic acid) and a
single molecule of L-glutamic acid [29]. Polyglutamate folates consist of up to
an additional six r-glutamic acid residues attached together by unique
y-glutamyl bonds in a long chain. Dietary folate consists of a mixture of free
and polyglutamate forms. The extra glutamic acid residues have to be removed
by hydrolysis prior to absorption. This occurs by means of folate hydrolase in
the brush border of the jejunum. Free folic acid is then transported into the
enterocyte by means of a saturable, carrier-mediated mechanism. Two differ-
ent transport systems have been identified in the intestine: RFC and PCFT.
When present in supraphysiological concentrations, folic acid also can be
transported by a nonsaturable mechanism, but it is unclear whether this
is transcellular or paracellular. At physiological doses, much of the folate
traversing the enterocyte is reduced and methylated prior to release into the
circulation.

Folate also is produced by bacteria in the colon. Most of this is in the absorbable
monoglutamate form and can be absorbed by colonocytes via a carrier-mediated
mechanism.

Cobalamin (B,,)

Vitamin B, is manufactured only by microorganisms but is essential to mamma-
lian metabolism. Although bacteria in the colon can make B,
absorbed by the colon, and so, we depend on eating meat and dairy products for
our supply of B ,. (It is not made in plants; strict vegans must supplement their
diets with vitamin B ,.) The molecule is a large, complex structure consisting of
a heme-like tetrapyrrole ring (“corrin”) that contains cobalt instead of iron,
attached to a nucleoside-like structure [29].

Dietary B, is bound to dietary protein and is released by protein digestion in
the stomach and upper intestine. In the stomach, two B ,-binding proteins,
intrinsic factor and haptocorrin (R-protein, produced in the salivary glands),
compete for B ,. Haptocorrin is better able to bind B , at acid pH levels, and so in
the stomach, most B, binds to it. Haptocorrin is susceptible to digestion by
pancreatic enzymes, and so, B, is released in the upper intestine and then binds
to intrinsic factor. The intrinsic factor-B,, complex then travels to the ileum
where it is bound to a specific receptor, cubam, composed of cubilin which actually
binds to intrinsic factor and amnionless, which is required for receptor-mediated
endocytosis. Once the complex enters the cell, cobalamin then dissociates from
intrinsic factor in lysosomes, is transported across the basolateral membrane by
ATP-dependent MRP1, and binds to transcobalamin II, a B ,-binding protein in
the basolateral space. The transcobalamin-B,, complex then enters the circulation
to transport B , throughout the body.

it cannot be
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Thiamin

Thiamin is a water-soluble vitamin essential as a cofactor for many metabolic
pathways. Most dietary thiamin is phosphorylated and must be hydrolyzed to free
thiamine before absorption [29]. Two carriers, THTR-1 and THTR-2, shuttle thiamine
across the apical surface of the enterocyte. Free thiamine exits across the basolateral
membrane by means of an electroneutral, carrier-mediated mechanism.

Riboflavin

Like folate, riboflavin is both ingested in the diet and synthesized by colonic
bacteria [29]. Absorption of dietary riboflavin in the upper small intestine is car-
rier mediated and sodium independent. The uptake mechanism is inversely reg-
ulated by extracellular thiamine levels: low serum levels upregulate uptake.
Three riboflavin transporters have been identified; the most active in the gut is
RFT-2 [29]. Riboflavin is exported across the basolateral membrane by a specific,
electroneutral, carrier-mediated mechanism.

Vitamin C
Ascorbic acid is synthesized by most animals and acts as a cofactor in many
metabolic reactions. Humans, other primates, and guinea pigs lack the active
enzyme, L-gulonolactone oxidase, and cannot synthesize ascorbic acid [29]. We
are thus dependent on exogenous sources.

Two transporters for vitamin C have been identified in the apical membrane:
SVCT-1 and SVCT-2. These are sodium-dependent transporters that are adaptively
regulated by ascorbic-acid availability [29].

Multiple choice questions

1 Sufficient intraduodenal bile acid concentration is necessary for digestion of:
A Starch
B Protein
C Fat
D Fiber
E Glucose
2 Which of the following statements about protein digestion and absorption is false:
A Protein digestion begins in the acid environment of the stomach.
B Proteolytic enzymes are secreted by the pancreas in an active form.
C Endopeptidases include trypsin, chymotrypsin, and elastase.
D Exopeptidases include carboxypeptidase A and carboxypeptidase B.
E Apical membrane-bound enzymes cleave peptides into free amino acids and di- and
tripeptides that can be transported across the apical membrane.
Which of the following statements about carbohydrate digestion and absorption is true:

W

A Salivary amylase produces glucose from starches.

B Pancreatic amylase produces glucose from starches.

C All monosaccharides are transported across the apical membrane of enterocytes by
cotransport with sodium ions.
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4

D Intact disaccharides can be transported across the apical membrane of enterocytes.

E Glucose, galactose, and fructose are transported out of enterocytes across the basolateral
membrane by carrier-mediated facilitated diffusion via GLUT2.

Which of the following statements about mineral and trace element absorption is false:

A Calcium and magnesium have both active and passive mechanisms of absorption.

B Vitamin D regulates passive calcium absorption.

C Active phosphate absorption is sodium dependent.

D Ingested iron is taken up by enterocytes and may be stored intracellularly until hepcidin
levels fall.

E Zinc can interfere with copper absorption.

Fats are transported from intestinal cells to blood plasma primarily in the form of:

A Micelles

B Chylomicrons

C Triglycerides

D Fatty Acids

E Monoglycerides

Triglycerides are absorbed from the lumen of the small intestine into the enterocyte as a

result of:

A Hydrolysis to free fatty acids and monoglycerides by gastric and pancreatic lipases

B Na+ cotransport with glucose and amino acids

C Activation of trypsinogen by enterokinase

D An energy-dependent process utilizing ATP
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Overview

A clear understanding of the structure and functional properties of the liver is
necessary to fully appreciate the mechanisms behind the pathologic processes
that affect the organ. This chapter reviews the gross and microscopic anatomy
and major functions of the liver, in addition to providing an overview of the
clinical assessment of liver function.

The liver is the largest internal organ of the human body and weighs, on average,
1500 g [1]. It is remarkably vascular; at any given time, the liver contains approxi-
mately 25% of cardiac output [2]. Before the complex nature of liver function was
understood, the liver was described as a “gland,” because it was known that the
liver makes bile and excretes it through a centrally located system of ducts. It is
preferable, however, to think of the liver as a metabolically active filter. Nutrient-
and antigen-rich blood reaches the liver via the splanchnic circulation, where it is
filtered through the hepatic sinusoids before entering the systemic circulation. The
gross and microscopic anatomy of the liver is adapted to allow the liver to regulate
the composition of blood in order to sustain the health of body tissues.

Gross anatomy

The liver sits in the right upper quadrant of the abdomen and is almost com-
pletely protected from trauma by the rib cage. It expands below the rib cage to
contact the anterior abdominal wall below the right costal margin. The portion
of the liver that comes in direct contact with the undersurface of the diaphragm
is referred to as the bare area, because it is the only portion of the liver that is not
covered by peritoneum. The bare area is surrounded by reflections of the parietal
peritoneum that make up the superior and inferior layers of the coronary

Gastrointestinal Anatomy and Physiology: The Essentials, First Edition. Edited by John E. Reinus and Douglas Simon.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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ligament and the right and left triangular ligaments, which attach the liver to the
diaphragm. Unlike ligaments in other parts of the body, the so-called ligaments
in the abdominal cavity are a double layer of peritoneum that connect the
abdominal viscera together or to the abdominal wall.

Lobes

Without regard to function, the liver has traditionally been divided into four
anatomic lobes: right, left, quadrate, and caudate. Anteriorly, the right lobe,
which makes up five-sixths of the hepatic mass, is divided from the left lobe by
the falciform ligament, which connects the liver to the anterior abdominal wall
(Figure 9.1). The visceral surface of the liver is divided into the right and left lobes
by the ligamentum teres, a remnant of the fetal umbilical vein along the lower
border of the falciform ligament, and the ligamentum venosum, a remnant of
the fetal ductus venosus that allowed maternal blood, via the umbilical vein,
to bypass the fetal liver during gestation. The quadrate and caudate lobes are
contiguous with the right lobe and are only visible on the visceral surface of the
liver (Figure 9.2). The quadrate lobe is demarcated by the gallbladder fossa, porta
hepatis, and ligamentum teres. The caudate lobe is demarcated by the inferior
vena cava (IVC), porta hepatis, and ligamentum venosum. Some individuals
have a downward projection of the right lobe called Riedel’s lobe.

Figure 9.1 Drawing of the abdomen with the anterior abdominal wall cut away. The right and
left lobes of the liver are separated by the falciform ligament. From Reference [3]. Reproduced
with permission of Wolters Kluwer Health.
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Figure 9.2 Drawing of the posterior aspect of the liver with depiction of the liver segments.
The quadrate lobe is demarcated by the gallbladder, porta hepatis, and ligamentum teres. The
caudate lobe is demarcated by the IVC, porta hepatis, and ligamentum venosum. The solid
black line represents the “Cantlie line,” which separates the functional right and left lobes.
The dotted black line shows the divisions between the anterior and posterior segments of the
functional right lobe and the lateral and medial segments of the functional left lobe. From
Reference [4]. Reproduced with permission of Elsevier.

Segments
A more useful subdivision of the liver is made on the basis of the branching
patterns of the hepatic artery, portal vein, and bile ducts, which divide the liver
into right and left functional lobes. The functional right and left lobes are sepa-
rated by a plane called the Cantlie line, which divides the liver roughly in half
through the gallbladder fossa and the IVC. The right lobe is further divided into
anterior and posterior segments and the left lobe into medial and lateral segments.
Each of these segments is divided into superior and inferior subsegments. Several
systems of subdivision have been proposed, but the most widely accepted are
those of Couinaud, which follows the distribution of the portal and hepatic veins,
and of Healey and Schroy, which follows the bile ducts; both systems divide the
liver into eight segments [5, 6] (see Figure 9.2).

Although many connections exist between small branches of the bile ducts
and afferent blood vessels in one liver segment and corresponding structures in
the adjacent segments, the main bile ducts and afferent blood vessels within a
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liver segment do not cross the boundaries of the segment. This feature has
important pathologic significance because a disturbance to a particular portal
vein branch or bile duct may cause regional degeneration of a liver segment.
Knowledge of the segmental anatomy of the liver is essential when planning
liver surgery, but the anatomy may be difficult to discern because of a lack of
intersegmental connective tissue septae. Additionally, although the branches of
the hepatic artery and portal vein and the tributaries of the hepatic ducts run
together to the various liver segments, the hepatic veins run independently and
are intersegmental, and the major tributaries receive blood from more than one
hepatic segment.

Glisson'’s capsule

Glisson’s capsule, a thin connective tissue sheath, completely covers the liver. At
the porta hepatis, the capsule thickens and extends into the parenchyma, where
it merges with the connective tissue surrounding the arteries, portal veins, bile
ducts, and their small branches within the portal tracts.

Vasculature

The portal vein and the hepatic artery are the two main vascular systems that
supply blood to the liver. The portal vein supplies about 70% of the blood flow
and 40% of the oxygen, whereas the hepatic artery supplies 30% of the blood
flow and 60% of the oxygen [2]. The portal blood, which drains the mesenteric,
gastric, splenic, and pancreatic veins, travels to the liver, where it branches into
the right and left sides of the liver. The blood from various segments of the
gastrointestinal tract in the portal system is incompletely mixed, and the relative
amounts of nutrients, toxins, and other elements can vary. The hepatic artery,
which arises most commonly from the celiac trunk, accompanies the portal vein
at the porta hepatis, where it enters the liver and branches into the right and left
sides. Small branches of the hepatic artery and portal vein feed the sinusoids and
the biliary radicles. The sinusoidal blood flow is carefully regulated and collects
into terminal hepatic venules before emptying into larger hepatic veins and
eventually the IVC.

Microscopic anatomy

Functional units

The organization of the liver into basic functional units has been the subject of much
debate since the first description of liver lobules in the seventeenth century [7]. The
classic lobule, as described by Kiernan in 1833, is organized with a central vein, which
is a terminal tributary of the hepatic vein, in the center and the portal tracts at three
corners [8] (Figure 9.3). This organization differs from the lobular architecture of
glands, which is centered around ducts instead of blood vessels.
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Figure 9.3 Schematic drawing of liver architecture. At the left is the classic hepatic lobule,
with the central vein as its center and portal tracts at three corners. In the middle toward
the bottom is the portal lobule, with the portal tract at its center and central veins and nodal
points at its periphery. At the right is the liver acinus, the center of which is the terminal
afferent vessel (in the portal tract) and the periphery of which is drained by the terminal
hepatic venule, or central vein. Zones 1, 2, and 3 extending from the portal tract to the
terminal hepatic venule are shown. CV, central vein; N, nodal point; P, portal tract; TVH,
terminal hepatic venule. From Reference [9]. Reproduced with permission of Elsevier.

In 1906, Mall described the portal lobule with the portal tract in the center and
the central veins at the periphery. This model allows the draining duct and blood
supply to be central, as they are in true glands [10] (see Figure 9.3). Although
this organization is more consistent with the organization of other tissues, it has
little functional significance.

In 1954, Rappaport offered an alternative unit to the portal lobule by defining
the liver acinus, which was the first attempt to describe the structure of the liver
unit as it relates to function [11]. The liver acinus is a globular array of hepato-
cytes around a small portal tract containing a bile ductule, terminal portal vein,
and hepatic arteriole, the latter two of which supply this group of hepatocytes
with blood. At the periphery of the liver acinus lie the central veins (from the
classic lobule), which drain the area (see Figure 9.3). In this model, three hepatic
parenchymal zones are described that divide groups of hepatocytes according to
their relative distance from the oxygen-rich portal tract. The periportal zone
(zone 1) receives blood with the highest oxygen and nutrient content, followed
by the intermediate zone (zone 2), and lastly the perivenular zone (zone 3),
which is closest to the terminal hepatic (central) veins and receives the most
oxygen-poor blood. The concept of the liver acinus, with the incorporation of
both a structural and functional organization, has been of great value because it
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facilitates the description of important histopathologic features, such as portal—-
central bridging, hepatic necrosis, and fibrosis.

The major criticism of the liver acinus model is that it is not based on actual
vascular reconstruction. In 1982, Matsumoto and Kawakami presented another
view of the liver functional unit based on its angioarchitecture that more closely
resembles the classic lobule [12]. In this primary lobule model, the portal and
hepatic venous systems are divided into a conduction portion, which delivers
and drains blood from the parenchyma, and a parenchymal portion, which
consists of three levels of minute side branches of the portal and hepatic veins.
Branches of the portal and hepatic veins arise in orderly rows from each terminal
branch of the conduction portion. Additional branches of the portal and hepatic
veins arise from these primary branches, although the portal vein branches
are more numerous so that about six portal vein branches supply an area of
parenchyma with one hepatic vein at the center (mimicking the classic lobule
with a central vein). The final divisions of the portal venous system are called
septal branches. The primary lobule is defined as a conical cluster of hepatocytes
that receives blood through the septal branches and is drained by multiple
venules that ultimately feed into a central vein. In this model, the oxygen-rich
blood from the portal tract forms a sickle-shaped front of blood flow with the
convex aspect abutting a portal tract and the concave aspect facing the central
vein (Figure 9.4).

PT

branches

Figure 9.4 Drawing that compares liver blood flow in the three zones of the acinus model
with Matsumoto’s concept of liver architecture. According to the model by Matsumoto,
sinusoids that abut portal tracts and terminal afferent vessels (septal branches) form a
hemodynamically equipotential sickle-shaped perfusion front (dotted lines). This model
conforms to the concept of the classic lobule rather than to the acinus. Zones 1, 2, and 3
of the hepatic acinus are labeled. PT, portal tract; THV, terminal hepatic venule. From
Reference [9]. Reproduced with permission of Elsevier.



Hepatic structure and function 135

Portal tracts

The portal tract (or triad) contains small branches of the hepatic artery and portal
vein, an interlobular bile duct, nerve fibers, and fine lymphatics that are all sur-
rounded by a perivascular fibrous connective tissue capsule that extends from
Glisson’s capsule and provides a framework for the hepatic parenchyma. The hepatic
parenchyma immediately surrounding the portal space, the periportal area, is not in
direct communication with the portal structures. The limiting plate, a continuous
barrier of hepatocytes surrounding the portal area, has small openings for the
terminal hepatic arterioles and portal venules that supply mixed arterial and portal
blood to the sinusoids. The hepatic arterioles give off branches to form a dense capil-
lary network called the periductal plexus, which surrounds the bile ductules and
drains into the sinusoids. The existence of the periductal plexus suggests the possi-
bility of an exchange mechanism between arterial blood and bile ductules.

Sinusoids

The hepatic sinusoids are a complex network of vascular spaces that are sand-
wiched between liver cell (hepatocyte) plates (Figure 9.5). As described earlier,
blood from the terminal branches of the portal vasculature that exits the portal

Sinusoids
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Figure 9.5 Radial distribution of the liver cell (hepatocyte) plates and sinusoids around

the terminal hepatic venule, or central vein. A bile duct, branches of the portal vein hepatic
artery, and bile canaliculi are shown. From Reference [13]. Reproduced with permission

of Hodder Education.
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Figure 9.6 Drawing of liver cell plates and adjoining sinusoids. DS, space of Disse;
E, endothelial cell; E, stellate (fat-storing, Ito) cell; H, hepatocyte; K, Kuptfer cell;
P, pit cell. From Reference [14]. Reproduced with permission of S. Karger AG, Basel.

area through the limiting plate perfuses the hepatic sinusoids, which transfer
mixed arterial and portal blood to the central veins.

Hepatic sinusoids are composed of four cell types: endothelial, Kupffer,
stellate, and pit cells (Figure 9.6). Endothelial cells, which contain the sinusoids,
are the primary barrier between blood and hepatocytes. These endothelial cells
are unique in that they contain numerous fenestrations, lack a basement mem-
brane, and can transfer molecules via endocytosis [15]. The fenestrations are
clustered in small patches called sieve plates and lack diaphragms. Endothelial
cells filter fluids, solutes, and particles between blood and the space of Disse, which
overlies the liver cell plate and contains an ultrafiltrate of blood. The porosity of
the endothelial cell is greatest in the perivenular area because endothelial cell
fenestrae are more numerous and larger near the central veins [16]. Kupffer cells
are macrophages within the sinusoidal lumen that are attached to endothelial
cells. These phagocytic cells clear the blood of senescent red blood cells and
toxic substances. Kupffer cells are larger and more phagocytically active in the
periportal areas, where they serve as a first line of defense against pathogens
[15]. They can proliferate locally and are also the major producers of cytokines
that serve as mediators of inflammation. Pit cells are a special hepatic population
of large granular lymphocytes anchored to the sinusoidal endothelium by pseu-
dopodia. Stellate cells (also known as fat-storing cells, lipocytes, or Ito cells) are
mesenchymal cells located in the space of Disse and surround the sinusoidal
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lumens; they are sites of fat metabolism. Chronic inflammation activates stellate
cells, which transtorm into myofibroblasts.

Hepatocytes and liver cell plates

Hepatocytes are polyhedral cells with rounded nuclei of various sizes; up to 25%
of hepatocytes are binucleated. The surface area of hepatocytes is increased by
abundant microvilli. The majority of the hepatic parenchyma is composed of an
interconnecting network of hepatocytes arranged in liver cell plates, which are
separated by sinusoids (see Figure 9.5). These plates are usually one and occa-
sionally two cells thick, so that each hepatocyte is in direct contact with another
hepatocyte, an intervening bile canaliculus, and the space of Disse. The liver cell
plates are supported by a reticulin network that forms the skeleton of the hepatic
parenchyma and is continuous with the perivascular fibrous capsule surround-
ing the vessels in the portal area.

Hepatocytes display structural heterogeneity, reflecting their functional diver-
sity. Therefore, periportal hepatocytes differ from perivenular hepatocytes in the
ratio of surface area to the volume of adjacent sinusoids, as well as in certain
subcellular features such as the numbers of Golgi complexes and lysosomes and
the quantity of smooth endoplasmic reticulum. This diversity is believed to be a
response to the microenvironment of the hepatocyte, rather than an expression
of fundamental developmental differences.

Space of Disse and lymph

Hepatocytes are separated from the sinusoids by the space of Disse (see Figure 9.6).
Plasma passes freely from the sinusoidal lumen through the fenestrations in the
endothelial cells and into the space of Disse, where it comes into direct contact
with the hepatocyte surface. Plasma circulates through the space of Disse and
flows toward the central vein; however, some plasma is taken up by the lym-
phatic spaces in the periportal area and may reenter sinusoidal blood. There are
no lymphatics within the liver lobule. The liver produces 25-50% of the lymph
passing through the thoracic duct. Hepatic lymph contains more protein than
does lymph from other parts of the body.

Bile canaliculi and ducts
A bile canaliculus is located between each adjacent pair of hepatocytes (see
Figure 9.5). The canaliculi form a network of interconnected channels throughout
the hepatic parenchyma. The canalicular wall is formed by a specialized portion
of the liver cell membrane covered with microvilli, and the lumen is completely
isolated from the intercellular space, including the space of Disse, by junctional
complexes.

Bile flows from the canaliculi through the canals of Hering, which are open-
ings in the limiting plate, into the smallest biliary radicles, known as the portal
bile ductules, or cholangioles. The bile ductules and the larger bile ducts are lined
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by cholangiocytes. Bile ductules join together to form interlobular and then septal
bile ducts; several successive orders of septal bile ducts ultimately merge into the
right and left hepatic ducts, which, in turn, join to form the common hepatic
duct near the liver hilum. Bile ductules, interlobular bile ducts, and first- and
second-generation septal bile ducts comprise the small-duct biliary system. Larger
septal bile ducts, segmental bile ducts, the hepatic ducts, and the bile duct
(common bile duct) comprise the large-duct biliary system.

Hepatic veins

As described earlier, the terminal branch of the hepatic vein is referred to as the
central vein because of its location in the center of the classic lobule. Sinusoidal
blood flows into central veins. The central veins do not have a fibrous capsule
like the portal vessels, and therefore, they are not isolated from the hepatic
parenchyma. Small central veins coalesce into larger intersegmental branches
of the right, left, and middle hepatic veins. The right, middle, and left hepatic
veins deliver deoxygenated blood to the IVC. The right hepatic vein typically
enters the IVC separately, but the middle hepatic and left hepatic veins may
share a common trunk in up to 85% of patients [17]. Additionally, small
accessory hepatic veins, particularly in the right lobe, are common. Knowledge
of anatomic variations in venous drainage is particularly important in planning
liver surgery.

Innervation

The liver is innervated by preganglionic parasympathetic fibers derived from the
anterior and posterior vagi and postganglionic sympathetic fibers from the celiac
ganglia [18]. These nerve fibers reach the liver via two intercommunicating
plexi around the hepatic artery and portal vein. The importance of the hepatic
nervous system is unclear, because denervated orthotopic liver allografts function
well despite little reinnervation [19].

Function

Sinusoids
The hepatic sinusoid is not merely a passive conduit; sinusoidal cells perform a
number of important physiologic functions. They are active in both receptor-
and nonreceptor-mediated endocytosis, secrete bioactive lipids and cytokines,
have cytotoxic activity, produce collagen, and are the gatekeepers for the intra-
hepatic filtration of portal blood.

The hepatic sinusoidal endothelium is highly permeable to plasma solutes.
The endothelial fenestrae measure 150-200 nm in diameter and occupy 6-8%
of the endothelial surface [20]. Because of the fenestrations in the sinusoidal
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endothelial cells and the absence of covering diaphragms or a basement mem-
brane, there is no barrier to filtration of macromolecules up to 250 000 daltons
in weight or of particles up to 0.2 pm in diameter. Chylomicron remnants
and very-low-density lipoprotein particles can traverse the sinusoidal endo-
thelium freely and gain entry into the space of Disse. Direct contact between
plasma solutes and the absorptive surfaces of hepatocytes facilitates exchange
of materials between blood and the liver cell. The movement of fluids, solutes,
and particles is bidirectional, allowing an intensive interaction between the
sinusoidal blood and the microvillus surface of the parenchymal cells [16].
Additionally, differences in the diameter and frequency of fenestrae exist
between the periportal and the centrilobular zones: the sinusoid becomes more
porous as it reaches the centrilobular area [16]. The fenestrae are dynamic
structures the diameter and number of which vary in response to a variety of
hormones, drugs, toxins, and diseases and even to changes in the underlying
extracellular matrix. Various hepatotoxins, including ethanol, induce defenes-
tration of the endothelial membrane, which occurs early in the pathogenesis
of cirrhosis [21].

Movement of fluid and solutes out of the sinusoidal lumen is dependent pri-
marily on the pressure gradient between the intravascular space and the space
of Disse. The elevation of intrasinusoidal pressure in many forms of portal
hypertension tends to force more fluid and solute out of the hepatic sinusoid,
and when the volume of material is too great to be returned to the systemic
circulation by the lymphatics, the fluid weeps off the surface of the liver and
may accumulate in the peritoneal cavity as ascites.

Sinusoidal endothelial cells also secrete bioactive compounds, including
prostaglandin E2, prostacyclin, cytokines, and nitric oxide (NO), and are involved
in the secretion of the extracellular matrix [22]. In addition, they are actively
engaged in endocytosis and are therefore a part of the reticuloendothelial system
along with Kupffer and pit cells.

Kupffer cells, the largest population of tissue macrophages in the mononuclear
phagocyte system, are strategically located within hepatic sinusoids to survey
the filtered portal blood for the presence of a variety of foreign substances.
Kupffer cells engage in endocytosis of microbial organisms, enzymes, tumor
cells, antigens, and immune complexes. They are the principal site for clearance
of endotoxin from portal blood and display the highest capacity of any tissue
macrophage for detoxifying endotoxin. Kupffer cells act as antigen-processing
cells, sequestering some antigens, for example, dietary proteins, to prevent initi-
ation of an immune response, and acting as antigen-presenting cells to induce
an immune response to other antigens. When activated by the proper stimuli,
Kuptffer cells release bioactive lipids (prostaglandins and leukotrienes) and pep-
tides (interleukins, interferon, and tumor necrosis factor), which play a central
role in immune and inflammatory reactions. They also participate in these
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reactions by Kkilling tumor cells and intracellular protozoan parasites. Finally,
Kupffer cells are responsible for the clearance of senescent erythrocytes and the
degradation of hemoglobin. There is evidence to suggest functional heterogeneity of
Kupfter cells: periportal Kupffer cells are more numerous and larger, have more
lysosomes, and display more phagocytic activity, but less tumor cytotoxic poten-
tial, than do Kupffer cells in acinar zones 2 and 3.

Pit cells are another group of immune effector cells that reside in hepatic sinu-
soids. Pit cells are non-B and non-T cells of natural killer cell lineage responsible
for killing tumor cells and cells infected with virus particles.

Stellate cells, also located in the sinusoids, have four main functions in the
liver. First, they produce extracellular matrix proteins and, when stimulated
by inflammatory mediators, transform into myofibroblasts, which synthesize
a diverse array of connective tissue components including collagen types I,
III, and IV, fibronectin, laminin, dermatan sulfate, chondroitin sulfate, and
tenascin [23]. Stellate cells are considered the major contributor to matrix
homeostasis within the liver parenchyma. Second, stellate cells play a role in
hepatic regeneration, both in the normal liver and in response to injury. They
secrete a variety of growth factors, including hepatocyte growth factor, which
stimulates parenchymal cell proliferation, and transforming growth factor-p,
which inhibits parenchymal cell proliferation and stimulates connective tissue
synthesis. Third, stellate cells are thought to play a role in the control of
vascular tone. Positioned around the sinusoidal membrane, stellate cells can
regulate sinusoidal blood flow in response to stimulation by endothelins and
nitric oxide [23]. The final major function of stellate cells is in the storage of
vitamin A. Dietary retinyl esters are taken up by hepatocytes, which transfer
the majority of the endocytosed retinol to the stellate cells. As with the other
sinusoidal cells, evidence of functional heterogeneity of stellate cells exists, and
the greatest number is found in the periportal area.

Hepatocytes

Hepatocytes comprise 80% of the cytoplasmic mass of the liver and are the site
of major liver functions, including nutrient metabolism, synthesis and degrada-
tion of plasma proteins, detoxification of xenobiotic compounds, and bile
formation. Variations exist in the ability of hepatocytes in different hepatic zones
to perform some of these functions (functional heterogeneity).

Hepatocytes play a pivotal role in nutrient metabolism and, therefore, in
energy and nitrogen balance, the determining factors in the functional and
structural integrity of the organism. They regulate energy and nitrogen balance
by uptake and release of glucose and amino acids, glycogen synthesis and
storage, processing of lipids, and production of ketone bodies and urea.
Hepatocytes differ in the amounts and activities of the rate-limiting enzymes
involved in carbohydrate and oxidative metabolism and, therefore, in their
metabolic capacities. Periportal hepatocytes are mainly responsible for oxidative
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catabolism of fatty and amino acids and also for glucose release and glycogen
formation through gluconeogenesis. Perivenous hepatocytes use glucose pri-
marily for the synthesis of glycogen and for glycolysis coupled to liponeogen-
esis. Similar differences exist between periportal and perivenous hepatocytes
with respect to their capacities for ammonia and amino acid metabolism.
Hepatocytes in the periportal zone have a high capacity for uptake and catabo-
lism of most amino acids and also for urea synthesis. Perivenous cells are
mainly active in glutamine synthesis and remove ammonia that has escaped
metabolism to urea in the periportal area from sinusoidal blood. This form of
functional heterogeneity allows the liver to play an important role in acid-base
homeostasis.

Another major hepatocyte function is the synthesis and degradation of plasma
proteins, including those that maintain plasma oncotic pressure (albumin), serve
as carrier molecules (albumin, transferrin, ceruloplasmin, haptoglobin, lipopro-
teins), inhibit proteases (albumin, o -antitrypsin, a,-macroglobulin), act as inter-
cellular messengers (hormones, prohormones), and participate in hemostasis
(coagulation factors, regulatory proteins, fibrinolytic proteins). The coagulopa-
thy that may complicate acute or chronic liver disease is caused not only by
impaired synthesis of clotting factors (II, V, VII, IX, X, XIII) but also by decreased
synthesis of contact activation factors (XI, XII, prekallikrein, high-molecular-
weight kininogen), fibrinolytic factors (plasminogen), and regulatory proteins
(a,-antiplasmin, o -macroglobulin, antithrombin) and by decreased hepatic
clearance and degradation of activated factors. All hepatocytes are engaged in
protein metabolism; whether or not different areas of the liver display functional
heterogeneity in the synthesis and degradation of plasma proteins is unclear.

Hepatocytes are the cells responsible for the detoxification of xenobiotic
compounds, most notably drugs. Hepatocytes contain the cytochrome P450
enzymes, a heterogeneous group of proteins that catalyze the oxidation and
reduction reactions of the first step in the biotransformation of drugs (phase 1
metabolism). The multiple forms of the cytochrome P450 enzymes are the
products of a gene superfamily. Three gene families (I, II, III) within the super-
family code for the enzymes that are important in human drug metabolism.
Cytochrome P450 II is the largest family of human cytochrome enzymes; tran-
scription and translation of the subfamily, P450 IIE, is induced by ingestion of
ethanol or isoniazid. The P450 III family codes for the enzymes responsible
for phase 1 metabolism of anticonvulsant drugs.

The metabolites of the cytochrome P450 enzymes may retain some drug
activity or be toxic and, therefore, must be eliminated from the body. After com-
pletion of phase 1 metabolism, drug metabolites are conjugated by hepatocytes
to glucuronic acid, sulfate, or glutathione (phase 2 metabolism), thereby making
them water soluble so that they can be excreted in the bile or urine.

Bile formation and excretion is one of the most important functions of the
hepatocyte. This topic is covered at length in Chapter 11.
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Assessment of liver function

There is no single test or group of tests that serves to accurately evaluate the
many functions of the liver. The term “liver function tests” is a misnomer because
serum levels of the most commonly measured substances, the aminotransferases
and alkaline phosphatase, are not quantitatively related to a function of the liver.
Therefore, the term liver biochemical tests may be more appropriate [24]. Levels
of serum bilirubin and serum albumin and the prothrombin time are reflections
of liver function but also are influenced by many factors extrinsic to the liver.
Abnormal liver biochemical test results are often the first indication of clinical or
subclinical liver disease. Analysis of the pattern of abnormalities frequently sug-
gests a specific category of liver injury, even a specific diagnosis; however, normal
or minimally abnormal liver biochemical test levels do not exclude serious liver
disease, such as advanced cirrhosis. Laboratory test results, particularly those used
to calculate the Model for End-Stage Liver Disease score, may provide information
about the severity of liver damage and thus prognosis; sequential testing may
allow assessment of the effectiveness of therapy.

Aminotransferases

The serum aminotransferases are intracellular enzymes released from damaged
hepatocytes and, as such, are useful markers of hepatic injury. Aspartate amino-
transferase (AST) (formerly serum glutamic oxaloacetic transaminase (SGOT)) is
found in both the cytosol and mitochondria of hepatocytes as well as in the
skeletal muscle, heart, kidney, brain, and pancreas. AST has a serum half-life of
about 18 h. Alanine aminotransferase (ALT) (formerly serum glutamic pyruvate
transaminase (SGPT)) is found only in the cytosol and has the highest
concentration in the liver, thereby making it more sensitive and specific than
AST as a marker of liver inflammation or necrosis. ALT has a serum half-life of
approximately 48 h. A serum aminotransferase elevation is often the first
biochemical abnormality detected in patients with viral, autoimmune, or drug
hepatitis, but the degree of elevation does not correlate well with the extent of
hepatic injury (Table 9.1) [24].

The ratio of AST to ALT in serum can be helpful in suggesting the underlying
cause of liver damage. For example, in alcoholic hepatitis, the serum AST level
is usually no more than two to five times the upper limit of normal, and the ALT
level is usually near normal and may be normal. The relatively low serum ALT
level may be the result of a deficiency of pyridoxal-5-phosphate, a necessary
cofactor for hepatic synthesis of ALT. In addition, alcohol-induced liver injury
leads to increased release of mitochondrial AST. In this condition, the AST:ALT
ratio is typically greater than two. By contrast, the serum ALT level is greater
than the AST level in nonalcoholic fatty liver, nonalcoholic steatohepatitis, and
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Table 9.1 Causes of serum aminotransferase elevations®.

Mild elevations (<5x normal)

Severe elevations (>15x normal)

Hepatic: ALT predominant

Chronic hepatitis B, C, and D

Acute viral hepatitis (A-E, EBV, CMV)
Steatosis/steatohepatitis
Hemochromatosis

Medications/toxins

Acute viral hepatitis (A—E, herpes virus)
Ischemic hepatitis

Autoimmune hepatitis

Wilson's disease

Acute bile duct obstruction

Acute Budd—Chiari syndrome

Autoimmune hepatitis Hepatic artery ligation
Alpha-1 antitrypsin deficiency

Wilson’s disease

Celiac disease

Glycogenic hepatopathy

Hepatic: AST predominant
Alcohol-related liver injury (AST:ALT > 2:1)
Cirrhosis

Nonhepatic

Hemolysis

Macro-AST

Myopathy

Strenuous exercise

Thyroid disease

2Virtually any liver disease can cause moderate aminotransferase elevations (5-15x normal).
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CMV, cytomegalovirus; EBV,
Epstein—Barr virus.

viral hepatitis, although the AST:ALT ratio often rises to greater than one as
cirrhosis develops, possibly because of reduced clearance of AST [25]. The degree
of aminotransferase elevation can be helpful in determining the underlying
etiology of hepatic injury. Aminotransferase levels may be greater than 1000 U/I
in acute or chronic viral hepatitis, drug-induced liver injury, autoimmune
hepatitis, and acute Budd—Chiari syndrome. In acetaminophen-induced fulmi-
nant hepatic failure and ischemic hepatopathy, higher values (>5000 U/l) may
be found (Table 9.1), and the ratio of AST to ALT tends to resemble that seen in
patients with alcoholic hepatitis.
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Alkaline phosphatase

Alkaline phosphatase is an enzyme bound to the hepatic canalicular membrane
and functions to detoxify lipopolysaccharide, protect the intestinal barrier, and
hydrolyze phosphate esters to generate inorganic phosphate for uptake by var-
ious tissues. Alkaline phosphatase is a sensitive test for detecting both intra- and
extrahepatic biliary tract obstruction. Increases in the serum alkaline phospha-
tase level appear to result from increased hepatic synthesis of the enzyme, which
may be promoted by increases in bile acid concentrations in the liver. Alkaline
phosphatase is also found in the bone, intestine, kidney, and placenta, and
striking elevations can be seen with Paget’s disease of the bone, osteoblastic bone
metastases, and small bowel obstruction. Moderate elevations are seen in normal
pregnancy and with rapid bone growth in children. An hepatic origin of an ele-
vated serum alkaline phosphatase level is suggested by simultaneous elevation of
the serum level of alkaline phosphatase and either the serum 5’-nucleotidase,
which is relatively specific to the liver, or the gamma glutamyl transpeptidase,
which is more sensitive than the 5’-nucleotidase. An isolated elevation of the
serum alkaline phosphatase of hepatic origin may indicate an infiltrative liver
disease caused by a tumor, abscess, granulomatous disease, or amyloidosis. High
serum levels of alkaline phosphatase are associated with biliary obstruction,
sclerosing cholangitis, immunoglobulin (Ig) G,-associated cholangitis, primary
biliary cirrhosis, and overlap syndromes [26]. Patients with chronic hepatitis or
cirrhosis often have mild elevations of the serum alkaline phosphatase. Alkaline
phosphatase has a relatively long half-life of about seven days, and levels may
remain elevated up to one week after relief of biliary obstruction and the return
of the serum bilirubin level to normal.

Bilirubin

Elevations in the serum bilirubin level are manifested clinically by jaundice
when the level exceeds 3 mg/dl. Bilirubin is formed primarily as a degradation
product of hemoglobin. Following red blood cell breakdown in the reticulo-
endothelial system, heme is cleaved by the enzyme heme oxygenase to form
iron, carbon monoxide, and biliverdin. Biliverdin is converted to bilirubin,
which is released into the blood and transported to the liver tightly bound
to albumin. This free, or unconjugated, bilirubin is lipid soluble and is not
filtered by the glomerulus. Unconjugated bilirubin is taken up by the liver,
presumably by organic anion transport proteins on the basolateral membranes
of hepatocytes, and attaches to intracellular storage proteins (ligandins). The
bilirubin is then conjugated to a diglucuronide and, to a lesser extent, a
monoglucuronide by the enzyme uridine diphosphate-glucuronyl trans-
ferase. Water-soluble, conjugated bilirubin is excreted into bile against a steep
concentration gradient by the canalicular multispecific organic anion trans-
porter, also referred to as the multidrug resistance-associated protein 2. Defects
in one of a number of hepatocanalicular transporters (primarily ATP-binding
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Table 9.2 Causes of conjugated hyperbilirubinemia.

Intrahepatic cholestasis

Cirrhosis

Drugs (e.g., oral contraceptives in heterozygotes for multidrug resistance 3
transporter deficiency)

Hepatitis

Intrahepatic cholestasis of pregnancy

Primary biliary cirrhosis

Sepsis

Total parenteral nutrition

Extrahepatic biliary obstruction
Biliary atresia

Choledocholithiasis

Neoplasm

Parasitic infection

Sclerosing cholangitis

Stricture

cassette [ABC] transporters) result in a variety of genetic and familial chole-
static syndromes [27]. Bilirubin is hydrolyzed by p-glucuronidases to form
unconjugated bilirubin in the distal ileum and colon. Unconjugated bilirubin is
then reduced by intestinal bacteria to colorless urobilinogens and their colored
derivatives, urobilins, which are excreted in feces (Chapter 11).

Hyperbilirubinemia may be classified based on whether or not the excess
bilirubin is conjugated to glucuronic acid. Unconjugated hyperbilirubinemia
can result from overproduction, such that the quantity of bilirubin exceeds
the hepatic capacity for uptake and conjugation, as in hemolysis, ineffective
erythropoiesis, and the resorption of a hematoma. Alternatively, serum uncon-
jugated bilirubin levels may be elevated in the setting of defective conjugation
of bilirubin to glucuronide in patients with Gilbert syndrome. Conjugated
hyperbilirubinemia can result from rare genetic disorders of hepatocanalicular
transport, as in Dubin—-Johnson syndrome, Rotor syndrome, benign recurrent
intrahepatic cholestasis, and progressive familial intrahepatic cholestasis (PFIC)
[27]. More commonly, elevations of serum conjugated bilirubin levels can be
seen in disorders associated with hepatocellular injury, intrahepatic cholestasis,
or extrahepatic biliary obstruction (Table 9.2).

Serum proteins

Most proteins that circulate in the plasma are synthesized by hepatocytes, and
the levels of proteins in the blood reflect the synthetic capability of the liver.
Albumin accounts for 10% of hepatic protein synthesis and 75% of protein
in serum. Hypoalbuminemia may result from expanded plasma volume, as in
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pregnancy, which decreases the concentration of albumin, or from decreased
hepatic synthesis; it is a common feature of chronic liver disease [28].

Serum globulins are often increased in chronic liver disease, and their pattern
of elevation may suggest the etiology of the underlying disorder. For example,
an elevated IgG level in serum is associated with autoimmune hepatitis, whereas
elevations in IgM and IgA levels are associated with primary biliary cirrhosis and
alcoholic liver disease, respectively.

The majority of the coagulation factors, with the exception of factor VIII, are
synthesized in the liver, and deficiencies of these factors in patients with liver
disease lead to prolongation of the prothrombin time. The prothrombin time is
useful in assessing the severity and prognosis of liver disease but correlates
poorly with bleeding risk because of counterbalancing disturbances in anticoag-
ulant activity [29]. Advanced chronic liver disease, in fact, is now considered to
be a prothrombotic state [29].
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Multiple choice questions

1 In which of the following descriptions of the basic functional unit of the liver is the terminal
hepatic venule (the central vein) located in the center?
A Classic lobule
B Portal lobule
C Liver acinus
D Primary lobule
E AandC
F Aand D
2 Functions of the hepatic stellate cell include all of the following except:
A Production of extracellular matrix proteins
B Secretion of growth factors
C Synthesis of coagulation factors
D Control of vascular tone
E Storage of vitamin A
Which of the following conditions typically causes elevations in serum aminotransferase
levels >1000 U/1?
A Alcoholic liver disease
B Celiac disease
C Chronic hepatitis C
D Autoimmune hepatitis
E Nonalcoholic fatty liver disease

w
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4

Concerning sinusoidal function, which statement is correct?

A Kupffer cells are tissue macrophages which process antigens, release a range of bioactive
amines, and clear senescent red blood cells.

B Pit cells store and metabolize fat and when stimulated change into myofibroblasts.

C The sinusoidal endothelium has tight junctions between them and limits access to the
space of Disse.

D Movement of fluid and solutes into the space of Disse and therefore to the hepatocytes is
regulated by active exchange pumps.

Concerning hepatocyte function, which statement is correct?

A Hepatocytes play a role in nutrient metabolism, nitrogen, and energy balance.

B Hepatocytes show functional heterogeneity based on their location in the hepatic zone.

C Most clotting factors are made in the liver.

D All are true.
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CHAPTER 10
The splanchnic circulation
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Introduction

The digestive system has a wide variety of specialized functions that require highly
organized and well-regulated vascular beds. While there is considerable heteroge-
neity of blood flow to different organs in the digestive system, collectively, these
tissues account for a large fraction of resting cardiac output (25-30%). The high
rate of splanchnic perfusion likely reflects the large mass and significant metabolic
needs of this organ system. Blood flow in the splanchnic circulation is, however,
dynamic, with increases in flow after ingestion of a meal and reductions in flow
during periods of stress that threaten to deprive other organs (e.g., brain, heart) of
their normal blood supply. A variety of intrinsic and extrinsic mechanisms allow
the splanchnic circulation to respond in a dynamic fashion to changing local tissue
requirements and to the overall needs of the body.

In addition to transporting nutrients and oxygen needed to ensure normal
health and function of the digestive system, the microcirculation plays a vital role
in the movement of water in and out of the interstitial compartment of absorptive
(e.g., intestine) and secretory (e.g., pancreas, stomach) organs. Some unique
features of the splanchnic microcirculation that optimize the ability to move large
amounts of fluid and small solutes between blood and transporting epithelium in
these tissues include an unusually high capillary density that increases the
surface area for exchange and the presence of fenestrated-type capillaries that
provide an enormous pore area for water and solute exchange.

The intrinsic ability of tissues in the digestive system to regulate both blood
flow and perfused capillary density allows moment-to-moment adjustments in
the delivery of oxygen and exchange of water that ensure efficient organ
function. When vascular function is impaired, organ function can be compro-
mised and tissue injury can occur. If blood flow is abnormally decreased, for
example, secondary to arterial thrombosis, or increased, as it is in persons with
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portal hypertension, resultant dysregulation of the splanchnic circulation will
cause pathologic changes in the affected organs. A working knowledge of
blood flow regulation in the digestive system and the role of the splanchnic
circulation in the transport, metabolic, and motor functions of this system is
critical to an understanding of how vascular dysfunction can be an underlying
cause of digestive diseases.

Basic principles

Neurohumoral regulation of splanchnic blood flow

Splanchnic blood vessels are richly innervated by both sympathetic and
parasympathetic nerve fibers. These fibers release neurotransmitters that alter
the tone of vascular smooth muscle (VSM) in arterioles, the major resistance
vessels, causing vasodilation or vasoconstriction. Some vasodilator neurotrans-
mitters act directly on VSM receptors to dilate arterioles, while others stimulate
nitric oxide (NO) production by vascular endothelium. NO diffuses into under-
lying VSM to elicit relaxation. Acetylcholine (ACh), vasoactive intestinal peptide
(VIP) and substance P are examples of neurotransmitters that are released from
parasympathetic nerve fibers, including afferent fibers, to mediate vasodilation
via endothelium-dependent NO (Figure 10.1).

Substance P

Acetylcholine VIP

T [Ca™]

Calmodulin

Endothelial cell

Nitric oxide synthase
L-arginine L-citrulline + NO
(NOS)

/\

Guanylate
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Figure 10.1 NO-mediated relaxation of VSM in splanchnic arterioles. The endothelial cell
enzyme NO synthase generates NO following activation with either ACh, substance P, or VIP.
The NO diffuses into the underlying smooth muscle cells to activate guanylate cyclase and
consequently produce cyclic GMP (cGMP), which lowers intracellular calcium and elicits VSM
relaxation.
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Sympathetic activation is generally associated with splanchnic vasoconstriction
and a reduction in blood flow. Norepinephrine and ATP, potent vasoconstrictors
that act directly on VSM to increase arteriolar tone, are the principal mediators of
sympathetic vasoconstriction in the splanchnic circulation. While the blood flow
reduction elicited by sympathetic activation is profound, this response is not
sustained during prolonged sympathetic stimulation, and there is a gradual return
of blood flow toward normal despite continued stimulation. This phenomenon,
termed “autoregulatory escape,” is often attributed to intrinsic metabolic mecha-
nisms that override the neurogenic vasoconstriction.

Splanchnic arterioles are also highly sensitive to circulating vasoconstrictors
that are released into blood during periods of whole-body stress, for example,
following hemorrhage or trauma. Vasopressin (antidiuretic hormone) and angio-
tensin II are potent vasoconstrictors that selectively target arterioles in the
splanchnic circulation to produce a sustained and prolonged reduction in blood
flow. The release of these vasoconstrictors, coupled to the transient yet intense
vasoactive effects of sympathetic stimulation, serves to increase total peripheral
vascular resistance, maintain blood pressure, and sustain perfusion of vital
organs (brain, heart) at the expense of organs in the digestive system.

Intrinsic regulation of blood flow

and tissue oxygenation

Organs perfused by the splanchnic circulation typically exhibit only a moderate
capacity to regulate blood flow, as compared to heart, brain, and kidney. Pressure-
flow autoregulation, that is, the ability of an organ to maintain a relatively
constant blood flow when blood pressure is reduced, is not as efficient in
splanchnic organs as it is in other vital organs. For example, while a 50%
reduction in blood pressure would result in a minimal change in cerebral blood
flow, gut blood flow would be reduced by approximately 25%. The fact that nei-
ther organ behaves like a passive system (wherein a 50% reduction in flow
would be predicted) suggests that the reduction in blood pressure elicits arteri-
olar dilation and a reduction in vascular resistance, which minimize the fall in
blood flow when the perfusion pressure gradient is suddenly reduced. A chemical
mediator of arteriolar dilation is adenosine, a potent vasodilator and product of
ATP metabolism that accumulates in tissues when blood flow is reduced. Another
likely metabolic signal involved in pressure-flow autoregulation and other
intrinsic vasoregulatory responses is tissue oxygen tension (tissue pO,).
Reductions in blood flow are associated with a fall in tissue pO, because of an
imbalance between O, delivery and O, consumption. Furthermore, the tone of
arteriolar VSM is directly correlated with tissue pO,. Consequently, arteriolar
dilation occurs following a hypotension-induced reduction in blood flow. Both
tissue pO, and adenosine act as mediators of the vasodilation observed in the
splanchnic vascular system when oxygen delivery is impaired (e.g., blood flow
reduced) or metabolic demand is increased.
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Figure 10.2 Oxygen consumption is better maintained than blood flow in digestive organs
when blood pressure is reduced. The recruitment (opening) of more perfused capillaries
at low pressures minimizes the distance that oxygen must diffuse between blood and
parenchymal cells, thereby facilitating O, exchange and maintaining O, consumption.

Although blood flow in the splanchnic circulation is not as tightly regulated as
it is in other vascular beds, digestive organs are highly efficient in maintaining a
level of tissue oxygenation that ensures normal function. As illustrated in
Figure 10.2, unlike blood flow, oxygen consumption (VO,) in splanchnic tissues is
maintained at a constant level over a wide range of blood pressures (30-150 mmHg).
This precise regulation of VO, can be attributed to an increased convective delivery
of oxygen due to arteriolar dilation and, more importantly, the recruitment (open-
ing) of more perfused capillaries (only one-third to one-fourth of capillaries are
normally open to perfusion) as blood flow is reduced. When more capillaries are
open to perfusion at low blood flows, the distance between flowing blood and
parenchymal cells is reduced, and tissue pO, is maintained at a level that ensures
anormal VO,. Hence, even in the presence of severe hypotension, the combination
of arteriolar dilation and capillary recruitment provides a significant margin of
safety against tissue hypoxia and tissue injury, affording protection to the
splanchnic tissues when they are most vulnerable to ischemic damage.

Regulation of transcapillary fluid exchange

The capillaries of the splanchnic circulation have a high rate of fluid filtration
that can be attributed to the water permeability of the fenestrated-type capil-
laries, the surface area for exchange (high capillary density), and the balance of
hydrostatic and oncotic forces exerted across the capillary wall. While the resting
capillary filtration rate is high, there is no accumulation of filtered fluid in the
interstitial compartment because of the equal rate of interstitial fluid drainage by
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Figure 10.3 Changes in the balance of hydrostatic (capillary, P, and interstitial, P ) and

oncotic (capillary, =, and interstitial, x) forces enable capillaries to absorb or filter water (Jv)

in accordance with the transport function of epithelial cells in digestive organs. In the absence

of epithelial transport (resting state), capillaries filter at a low rate. When water enters the
interstitium as a result of epithelial water absorption, the capillaries assume an absorptive
phenotype due to the rise in P, and K (a measure of the number of capillaries open to perfusion)
and a reduction in x. When epithelial cells are stimulated to secrete fluid from interstitium to
lumen (gut or duct), interstitial volume falls, which leads to a fall in P and an increase in =,
These changes in interstitial forces are accompanied by increases in P_and K,. These changes
promote capillary hyperfiltration, which provides the fluid needed for the secretory pump.

the lymphatic system. Large increases in capillary filtration can result when
either capillary hydrostatic pressure (e.g., portal hypertension) or vascular per-
meability (e.g., inflammation) is increased or plasma oncotic pressure is reduced
(liver disease). If capillary filtration rate increases beyond the drainage capacity
of the lymphatic system, then excess fluid will accumulate in the interstitium
(edema) and interstitial fluid pressure will rise, which can compromise blood
flow, oxygen exchange, and ultimately organ function. Excess fluid accumulation
in the mucosal layer of the gastrointestinal (GI) tract is attenuated because the
accompanying elevation in interstitial fluid pressure leads to increased mucosal
membrane permeability (epithelial barrier dysfunction) and the consequent fil-
tration of interstitial fluid and protein into the bowel lumen. Inasmuch as the
submucosal layer of the GI tract has a low density of terminal lymphatics, this
region of the bowel wall more readily exhibits edema formation.

Splanchnic capillaries also play a key role in the water transport function of
absorptive and secretory digestive organs (Figure 10.3). In the interdigestive
period, intestinal capillaries are in a net-filtering state. Following ingestion of
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a meal, however, protein-free water enters the mucosal interstitium along a
concentration gradient established by electrolyte transport. The accumulation
of absorbed water in the interstitium results in an elevated interstitial fluid
pressure and a decreased interstitial oncotic pressure (due to dilution of inter-
stitial proteins). With these changes in interstitial forces, the balance of hydro-
static and oncotic pressures across the intestinal capillaries shifts to favor water
movement from interstitium to blood. Hence, filtering capillaries are converted
to absorbing capillaries simply due to entry of protein-free water from the gut
lumen into the mucosal interstitium. Another consequence of elevated inter-
stitial fluid pressure (Pt) during water absorption is increased lymph flow (Pt is
the driving force for entry of interstitial fluid into lymphatics). Consequently,
absorbed water is promptly removed from the mucosal interstitium by two
routes, the capillaries and lymphatics. In secretory organs, electrolyte-coupled
water movement occurs in the direction of the gut (or duct) lumen. In this
instance, capillary filtration rate must rise to ensure that sufficient fluid is
made available to the epithelial lining to perform its secretory function. As
fluid moves out of the interstitium and across secretory epithelium, interstitial
volume decreases, which results in a decline in Pt and a rise in interstitial
oncotic pressure (interstitial proteins are more concentrated following water
removal). These changes enhance capillary fluid filtration and diminish the
drainage of interstitial fluid through the lymphatics due to the fall in Pt.
Arteriolar dilation and resultant increase in capillary pressure, Pc, as well as
capillary recruitment also facilitate the delivery of fluid from blood to the
secretory pump.

Gastric circulation

Intrinsic regulatory mechanisms adjust gastric blood flow to meet the energy
demands of gastric secretion and motility. In addition, gastric blood flow is an
important component of the “mucosal defense” system, helping to maintain a
barrier against back-diffusion of luminal acid, thereby preventing mucosal
damage and ulceration.

Anatomy

Branches of the celiac artery give rise to arterioles in the external muscle layers and
the submucosa. Submucosal arterioles branch into capillaries at the bases of glands
and pass along the glands to the luminal surface of the mucosa forming capillary
networks surrounding the openings of the gastric pits. The mucosal capillaries drain
into venules that coalesce to form a dense venous plexus in the submucosa. The
submucosal venous drainage penetrates the external muscle layers (where addi-
tional venous blood is provided by the muscle microvasculature) and enters the
portal vein.



The splanchnic circulation 155

Hemodynamics

The parallel-coupled capillary networks of the gastric muscular layer and the
mucosa are under separate control, responding independently to tissue metabo-
lism, other local factors, and extrinsic neural input. At rest (between meals),
approximately 75% of total gastric blood flow is distributed to the mucosa, with
25% directed to the muscle layer. This intramural distribution of blood flow is
altered when either of the two layers becomes functionally active, that is, when
the mucosa is stimulated to produce acid, mucosal blood flow (and its percentage
of total flow) preferentially increases.

Regulation of blood flow and oxygenation

Although gastric blood flow autoregulation is modest, gastric oxygen uptake is
maintained despite alterations in perfusion pressure. Intrinsic vasoregulatory
mechanisms ensure that, as blood flow is reduced, capillary density and oxygen
extraction increase sufficiently to maintain tissue oxygenation (Figure 10.2).
Gastric oxygen consumption increases in proportion to acid production induced
by secretagogues (e.g., gastrin, histamine). In general, there is an increase in
gastric blood flow with enhanced secretory activity; however, there are some
exceptions. While histamine-induced gastric acid secretion is associated with a
local hyperemic response, pentagastrin-induced secretion is not. This is attrib-
uted to intrinsic vasoregulatory mechanisms that meet increases in oxygen
demand by either increasing oxygen extraction or blood flow or both. Minor
reductions in blood flow would not compromise the oxygen delivery necessary
to support the increased oxygen demand of acid secretion, since an increase in
oxygen extraction (increased capillary density) would make up the deficit.
Substantial reductions in gastric blood flow, however, would be associated with
decreases in both oxygen delivery and acid secretion; acid secretion would
become blood flow limited.

Mucosal defense

The mucus lining covering the gastric surface epithelium offers protection
against luminal acid. Capillary transport of parietal cell-derived bicarbonate
also plays an important role in protecting the surface epithelium against acid-
induced injury and ulceration. Parietal cell H* secretion into the lumens of
gastric pits is associated with HCO,™ release into the interstitium. The capillaries
surrounding gastric pits transport bicarbonate toward the mucosal surface,
where it can diffuse into the interstitial compartment beneath the surface epi-
thelial cells. The latter cells transport bicarbonate into the gastric lumen where
it can buffer luminal acid within the mucus layer adjacent to the surface epithe-
lium (Figure 10.4). The vascular contribution to mucosal defense becomes even
more important during conditions in which the mucosal barrier to acid back-
diffusion is breached. Ingested agents that disrupt mucus production (nonste-
roidal anti-inflammatory drugs (NSAIDs), ethanol) or the reflux of mucolytic
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Figure 10.4 (a) Microvascular transport of HCO,~ from acid-secreting portion of the gastric pit
to the surface epithelium. The surface epithelial cells, in turn, transport HCO," into the
adherent mucus layer creating a pH gradient decreasing from the epithelium to the gastric
lumen. Adapted from Gastroenterology, 1984, pp. 866—875. Reproduced with permission from
Elsevier. (b) Proposed mechanism by which interstitial H* activates a neural reflex that
induces a hyperemia to (i) deliver additional HCO," to epithelial cells for transport into the
mucus layer and (ii) neutralize the excess H* in the interstitium. CGRP, calcitonin gene-related
peptide; NO, nitric oxide.

agents (bile salts) are known causes of mucosal injury. Under these conditions,
luminal H* can enter the interstitium and activate capsaicin receptors on sensory
(afferent) neurons. A resultant reflex arc elicits vasodilation through the release
of calcitonin gene-related peptide and NO by perivascular neurons (Figure 10.4).
Increased mucosal blood flow enhances the delivery of HCO, to surface epithe-
lial cells and neutralizes any H* ions that gain access to the mucosal
interstitium.

It is generally accepted that severe reductions in mucosal blood flow
(e.g., ischemia) render the gastric mucosa vulnerable to the damaging actions
of gastric juice and ingested agents, such as ethanol, aspirin, and bacteria (e.g.,
Helicobacter pylori), that may lead to mucosal ulceration and microvascular
dysfunction. For example, arteriolar constriction and capillary plugging with
either microthrombi or activated leukocytes often accompany the ulceration
process and are thought to exacerbate mucosal injury by rendering the tissue
ischemic and vulnerable to necrosis. Repair of gastric mucosal ulceration relies
on restoration of blood flow and capillary HCO," transport and on growth of
new blood vessels (angiogenesis).
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Intestinal circulation

Splanchnic blood circulation plays an important role in the support of intestinal
functions, including propulsion of chyme and assimilation of ingested nutrients.
Intrinsic regulatory mechanisms allow the intestine to adjust the distribution of
blood flow between the muscular and mucosal layers in accordance with local
metabolic needs. An extensive network of collateral channels within and
external to the gut wall also helps to ensure adequate intestinal blood flow.

Anatomy

Blood flow to the intestine is largely derived from vascular arcades arising
from the superior mesenteric artery. Arterial vessels are connected by an
extensive network of collateral channels found both within the mesentery
(extramural) and the bowel wall proper (intramural). The major arterial
vessels supplying the mucosa, submucosa, and muscularis emerge from an
arterial plexus within the submucosa. The submucosa proper has a relatively
sparse capillary network. Arterioles entering the muscle layer branch into
capillaries running parallel to muscle fibers. Mucosal villi are supplied by a
single arteriole running centrally to the tip where the vessel branches into a
fountain-like pattern of capillaries that drain into a centrally located vein. The
parallel arrangement, close proximity, and countercurrent flow of blood in
villus arterioles and venules suggest that countercurrent shunting of oxygen
may occur in intestinal villi. The venous drainage of the mucosa and muscu-
laris empties into large veins within the submucosa. These veins enter the
mesentery in parallel to the arterial arcades of the superior mesenteric artery
and eventually join the portal vein.

Hemodynamics

Intestinal blood flow accounts for 10-15% of resting cardiac output
(500-750ml/min) in the adult human. In the resting state, approximately
65% of total intestinal blood flow is distributed to the mucosa, 25% to the
muscularis, and the remainder to the submucosa. This apportionment of flow
within the bowel wall is attributed to the greater metabolic demand of the
mucosa. Stimulation of mucosal epithelial transport processes favors increased
mucosal perfusion, while enhanced motor activity redistributes blood flow to
the muscle layers.

Blood flow regulation

Intrinsic control of intestinal blood flow is mediated by both metabolic and
nonmetabolic factors. Ingestion of a meal increases both intestinal blood flow
and oxygen consumption. Postprandial hyperemia is confined to that segment
of intestine directly exposed to chyme; segments distal to the chyme bolus have
normal resting blood flow. Luminal glucose and oleic acid (hydrolytic digestion
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products) cause intestinal hyperemia: intraluminal glucose does so by stimulating
absorption. In contrast, 2-deoxyglucose, which is not absorbed, does not cause
hyperemia. Glucose-induced hyperemia is mediated by metabolic factors, such
as low tissue pO,, and adenosine release. The same metabolic factors contribute
to oleic acid-induced functional hyperemia, although some of the hyperemia
also may be due to mucosal irritation by oleic acid and resultant local release
of VIP. The importance of active nutrient transport to postprandial hyperemia
is best exemplified by the differential responses of the jejunum and ileum to
luminal bile or bile salts. In the jejunum, bile does not cause a hyperemia,
while in the ileum, where bile salts are actively transported, luminal bile produces
a profound hyperemic response.

Intestinal arterioles are exquisitely sensitive to changes in intravascular
pressure and exhibit strong myogenic regulation. This property is attributed to
the intrinsic ability of arteriolar smooth muscle to contract in response to stretch.
In the presence of a myogenic mechanism, vessel-wall tension (the product of
intravascular pressure and vessel radius) is the controlled variable: a sudden rise in
intravascular pressure (P) must elicit a reduction in vessel radius (r) in order to
maintain a constant vessel-wall tension. Conversely, a reduction in P necessitates
an increase in r (vasodilation) in order to maintain a constant T. Myogenic vaso-
constriction in the intestine is most evident in the fasting state. In the postprandial
state, however, the metabolic demand on the intestine is increased, and intestinal
arterioles become more sensitive to metabolic factors (adenosine, tissue pO,), and
myogenic vasoconstriction is overridden by metabolic vasodilation.

Collaterals vessels and ischemia

Occlusion of a major intestinal artery does not necessarily stop or even pro-
foundly reduce intestinal blood flow. For example, occlusion of a branch of the
superior mesenteric artery in adult animals results in only a 30-50% reduction
in intestinal blood flow, which is attributed to an extensive network of
intramural and extramural collateral channels. Selective occlusions of the intra-
mural and extramural vessels indicate that about two-thirds of total collateral
flow is derived from extramural vessels, while the remainder is supplied by
intramural collaterals. Poorly developed collaterals, coupled with impaired
pressure-flow autoregulation, appear to render the neonatal intestine more
susceptible to ischemia.

Reperfusion of the ischemicintestine exacerbates microvascular dysfunction
and tissue injury caused by ischemia. Reperfusion-induced intestinal pathology
is comparable to that observed during an intense inflammatory response.
Reintroduction of oxygen with reperfusion results in local formation of oxygen
radicals, which in turn initiates a series of events that promote recruitment and
activation of neutrophils. Extravasated neutrophils release a variety of prote-
ases and reactive oxygen metabolites that mediate the mucosal dysfunction
and epithelial necrosis induced by ischemia and reperfusion.
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Pancreatic circulation

Production of pancreatic juice requires (i) oxygen delivery to meet the metabolic
demands of electrolyte transport and (ii) fluid transport from blood into
pancreatic ducts. The pancreatic circulation is regulated to meet both the oxygen
and fluid demands of pancreatic exocrine secretion. The existence of a portal
circulation between the endocrine and exocrine portions of the gland allows
hormones secreted by islet cells to modulate acinar and ductal function.

Anatomy
The pancreas is supplied by arterial blood from two sources: the superior pancre-
aticoduodenal artery (derived from the celiac artery) and the inferior pancreatico-
duodenal artery (derived from the superior mesenteric artery). The existence of
extrapancreatic collaterals implies that, as in the intestine, pancreatic blood flow
will not be substantially compromised by occlusion of one of the supplying arteries.
Within the pancreas, arterioles perfuse the three functional gland components:
acini, ducts, and islets. Blood from all three plexi drains into either the splenic vein
or the superior mesenteric vein, which ultimately empties into the portal vein.
There is also an extensive portal circulation within the pancreas. Blood ves-
sels from the capillary plexi within the islets of Langerhans join the acinar and
ductal plexi prior to draining into the venous system. The functional signifi-
cance of this intrapancreatic portal circulation is that hormones secreted by the
islets reach the exocrine portion of the gland (the acini and ducts) in very high
concentrations. Virtually all of the peptide hormones secreted by the islets
(especially insulin) influence pancreatic secretion.

Blood flow regulation

Metabolic factors appear to be the major determinants of blood flow and tissue
oxygenation in the resting pancreas. Reduced blood flow (caused by a decrease
in arterial, or an increase in venous, pressure) increases oxygen extraction so
that net oxygen uptake is maintained. Enhanced secretory activity induced by a
meal or secretagogues results in a two- to threefold increase in pancreatic blood
flow. A portion of this functional hyperemia is attributed to the increased meta-
bolic demand of active electrolyte transport by pancreatic acini and ducts. The
hyperemic response also ensures the delivery of water required by the secretory
process. The kallikrein—kinin system, cholinergic and purinergic neurotransmit-
ters, and GI hormones (cholecystokinin and secretin) have all been implicated in
the vasodilation associated with enhanced pancreatic secretory activity. Arteriolar
dilation elevates pancreatic capillary hydrostatic pressure, which drives fluid
across the capillaries into the interstitial spaces surrounding the transporting epi-
thelium (Figure 10.3). The importance of these vascular adjustments to enhanced
pancreatic secretion is underscored by the fact that during periods of maximal
stimulation, the pancreas can secrete its weight in juice in less than 30 min.
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Hepatic circulation

The hepatic circulation is unique in several ways: the liver is perfused by both
arterial and portal venous afferent vessels that combine to deliver a large fraction
(25%) of cardiac output. The acinar arrangement of the hepatic microvascula-
ture creates a series of microenvironments within the organ that imparts a
significant spatial restriction to specific biosynthetic, biotransformation, and
detoxification functions of the liver.

Anatomy

The liver receives fully oxygenated blood from the high-pressure, high-resistance
hepatic artery, while partially oxygenated blood comes from the low-pressure, low-
resistance portal vein (Chapter 10). These vessels give rise to numerous smaller
vessels within the liver, called hepatic arterioles and terminal portal venules, which
perfuse a small mass of parenchyma called the liver acinus. Mixed arterial and
venous blood enters the hepatic sinusoids, which constitute the capillary network
of the liver. The sinusoidal capillaries are highly permeable to water and plasma
proteins, explaining the high protein concentration of hepatic interstitial fluid and
lymph. The sinusoids radiate toward the periphery of the acinus, where they con-
nect with the terminal hepatic venules and ultimately into progressively larger
branches of hepatic veins and the inferior vena cava.

Hemodynamics

The portal vein supplies the liver with 70-75% of its blood, while the hepatic
artery provides the remaining 25-30%. Because of the higher oxygen content of
arterial blood, the hepatic artery and portal vein contribute roughly equal
amounts of oxygen to the liver in the fasting state. The mean blood pressure in
the hepatic artery is about 90 mmHg and that in the portal vein about 10 mmHg,
with a sinusoidal capillary pressure of 2-3 mmHg. The low pressure within these
highly permeable capillaries serves to minimize excessive loss of fluid and pro-
tein into the liver interstitium and subsequent leakage of this plasma filtrate into
the peritoneal cavity (ascites fluid).

The liver also represents the most important blood reservoir in man, con-
taining about 15% of the total blood volume. Hepatic blood volume can nearly
double when right atrial pressure is elevated. The capacitance function of the
liver plays an important role during bleeding. After moderate blood loss,
activated sympathetic nerves constrict the hepatic venules and expel enough
blood to compensate for as much as 25% of lost volume.

Blood flow regulation

A decrease in portal venous blood flow causes a reduction in hepatic arterial resis-
tance, while an increase in portal venous flow results in hepatic arterial constric-
tion. This reciprocal relationship between hepatic arterial and portal venous blood
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flows tends to maintain a relatively constant total blood flow through the liver.
Hepatic arterioles, however, cannot fully compensate for severe reductions in
portal venous inflow volume. Nonetheless, the liver maintains a constant level of
oxygen consumption because the extraction of oxygen from hepatic blood is very
efficient. The small distance for oxygen diffusion between blood and hepatocytes
accounts for this highly efficient oxygen extraction. Hepatic blood flow increases
following ingestion of a meal, largely due to increased flow in the portal vein.

Portal hypertension

Chronic portal hypertension (CPH) usually is associated with increased resis-
tance to portal venous inflow (intrahepatic portal hypertension). The resultant
increase in portal pressure promotes shunting of blood from the splanchnic to
the systemic circulation through collateral vessels (both preexisting and induced)
that bypass the liver. Compensatory decompression of the portal vein by shunt-
ing of blood away from the liver tends to be neutralized by vasodilation of
splanchnic blood vessels and also of vessels in other regional vascular beds.
Vasodilation in response to portal hypertension has been attributed to induction
of vasodilatory substances (e.g., NO, vascular endothelial growth factor) and also
to an increased resistance of splanchnic vasculature to endogenous vasoconstric-
tors (e.g., norepinephrine). Altered vasodilator and vasoconstrictor responses in
CPH have been linked to abnormalities in NO production by arteriolar endothe-
lium and NO responsiveness by arteriolar VSM. As shown in Figure 10.5, the
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Figure 10.5 The dependency of portal pressure on portal blood flow when portal vascular
resistance is normal (solid line) or increased (broken line). Increasing blood flow leads to an
increased portal pressure when vascular resistance is either normal (point A to point B) or
elevated (point C to point D). When both blood flow and vascular resistance are increased
(e.g., portal hypertension), a more substantial increase in portal pressure occurs (point A

to point D).
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relationship between portal venous pressure and portal flow predicts that the
combination of increased vascular resistance and increased portal blood flow
produces a more substantial elevation of portal pressure than predicted by either
factor (flow and resistance) alone. Therapies for portal hypertension have
focused on reducing either the hyperdynamic circulation (e.g., vasopressin) or
the increased intrahepatic resistance (e.g., angiotensin receptor blockers).

A predictable complication of portal hypertension is microvascular dysfunction
in upstream organs, such as the stomach (portal hypertensive gastropathy (PHG)),
intestine (portal hypertensive enteropathy), and colon (portal hypertensive colo-
nopathy). PHG, the best documented complication, is characterized by congested
mucosal capillaries, edema, and reduced mucosal blood flow but little bleeding or
ulceration. These responses render the gastric mucosa more susceptible to injury
by luminal irritants (NSAIDs, ethanol, or bile salts). Furthermore, the stomach
cannot mount a hyperemic response when the mucosa is exposed by these
luminal irritants.

Multiple choice questions

1 Splanchnic blood flow:
A Is unchanged after ingestion of a meal
B Is higher in the muscularis than mucosal layers
C Exhibits a stronger myogenic response in the fed than fasted state
D Escapes from the vasoconstrictor influence of sympathetic activation
E Exhibits nearly perfect pressure-flow autoregulation
2 Which of the following is least likely to elicit a reduction in splanchnic blood flow?
A Severe exercise
B Hemorrhage
C Massive sympathoadrenal discharge
D Heart failure
E Chronic portal hypertension
3 An increase in gastric mucosal blood flow during acid secretion protects the mucosa from
damage by:
A Providing fluid for acid secretion
B Removing urea from the interstitium
C Preventing edema formation
D Delivering bicarbonate to surface epithelial cells
E Enhancing mucus secretion
4 The microvascular responses to enhanced pancreatic secretion include:
A A decrease in protein leakage
B A decrease in capillary pressure
C Enhanced fluid filtration
D Vasoconstriction
E Removal of bicarbonate from the interstitium
5 The major determinant of mesenteric blood flow is:
A Arterial pressure
B Venous pressure
C Vascular resistance
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6 Endothelium-dependent vasodilation results from which of the following factors:
A Endothelin
B Nitric oxide
C Acetylcholine
D Calcitonin gene-related peptide
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Composition and circulation
of the bile
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Introduction

Bile is an essential fluid that delivers bile acids, lipids, and metabolites to the
intestine. In many ways, one can consider the liver and bile as being analogous
to the kidney and urine. It has been estimated that the normal adult produces
about 0.5 1 of bile each day. Like urine, bile is primarily composed of water.
Eighty percent of bile by weight is water, and the remainder consists of bile acids,
phospholipids, cholesterol, bile pigments, and electrolytes. The solid compo-
nents of bile have major physiologic importance with respect to processes such
as intestinal absorption and excretion.

Mechanism of bile formation

Bile is formed by a complex mechanism that requires hepatocyte secretion of
bile acids and other solutes, such as glutathione (GSH) and bicarbonate, and
secretion of bicarbonate by bile ductular cells. Water passively follows these con-
stituents into the bile canaliculi and ducts, creating bile flow [1, 2]. The compo-
nents of bile formation have been termed (i) bile acid dependent, (ii) bile acid
independent, and (iii) ductular. Under baseline conditions, most bile formation
results from hepatocyte excretion of bile acids into the bile canaliculus. As dis-
cussed in the succeeding text, bile acids are synthesized in hepatocytes from
cholesterol, conjugated with glycine or taurine, and pumped across the bile can-
aliculus into the biliary tree [3]. The bile salt export pump (BSEP) is ATP
dependent and resides on the bile canalicular plasma membrane. It is officially
designated as the ATP-binding cassette, subfamily B, member 11 (ABCB11), but
it is still usually referred to as BSEP. Although excretion of bile acids with accom-
panying water results in a major portion of bile formation (bile acid-dependent
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bile flow), excretion of GSH and bicarbonate by other transport proteins on the
hepatocyte canalicular membrane is responsible for a potentially important
fraction of bile formation (bile acid-independent bile flow) [2].

Chemistry of bile acids

Bile acids are derivatives of cholesterol (Figure 11.1) [4, 5]. They are synthesized
by hepatocytes and can be modified by bacteria as they transit the intestine. The
hepatocyte synthesizes two primary bile acids: cholic and chenodeoxycholic acid.
The secondary bile acids, deoxycholic, taurocholic, lithocholic, and ursodeoxy-
cholic acid, are formed from the primary bile acids by actions of bacterial enzymes
in the intestinal lumen. Secondary bile acids can be absorbed across the intestinal
mucosa, entering the portal circulation from which they can be extracted by
hepatocytes. Lithocholic acid is the least soluble of these compounds, and conse-
quently, most gets excreted in the stool, although a small fraction can be found in
the bile acid pool. Primary and secondary bile acids within hepatocytes are
conjugated with the amino acids glycine or taurine (Figure 11.2). This makes
them more water soluble (hydrophilic) at physiologic pH, reducing their pKa
from approximately 5.0 to 4.0 (glycine conjugates) and 2.0 (taurine conjugates).
This increased hydrophilicity reduces their ability to cross the cell membrane lipid
bilayer. Consequently, conjugated bile acids require the presence of specific trans-
port proteins to be taken up or excreted by cells (Figure 11.3).

Bile acid transport and the enterohepatic
circulation

Uptake of bile acids by hepatocytes

Bile acids are required for micelle formation in the intestine. Their efficient
reabsorption into the portal circulation and uptake by hepatocytes conserves
bile acids, minimizing fecal loss and the energy cost of synthesis. It is the small
amount of bile acids that are lost in stool, however, that represents the major
pathway by which the body eliminates cholesterol. The high efficiency of entero-
hepatic cycling of bile acids results in daily fecal loss of only approximately 5%
of the total bile acid pool. In the normal steady-state situation, that means that
only approximately 5% of the bile acid pool needs to be synthesized each day.
This important mechanism is mediated by a number of specific transporters in
the hepatocyte and small intestine [6] (Figure 11.3). Previous studies have
shown that approximately 75% of hepatocyte uptake of conjugated bile acids
is Na* dependent; two Na* ions are taken up with each bile acid molecule.
The remainder of bile acid uptake is mediated by Na*-independent mecha-
nisms. A transport protein that can mediate Na*-dependent bile acid transport
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Figure 11.1 Synthesis of bile acids: cholic and chenodeoxycholic acids are synthesized in
hepatocytes from cholesterol and are known as primary bile acids. They differ from cholesterol
through shortening of the side chain and hydroxylation patterns of the ring structure. The 3-OH
group of cholesterol is in the B configuration, as indicated by a solid line, and becomes epimerized
to the a configuration, indicated by a dashed line, during the biosynthetic process. The o and
designations refer to whether the hydroxyl group is below or above the plane of the steroid ring,
respectively. Hydroxylation at the 7 and 12 positions results in formation of cholic acid, while
addition of a hydroxyl group at the 7 position alone in addition to that at the 3 position results in
formation of chenodeoxycholic acid. All of these hydroxyl groups are in the a configuration.
Within the intestine, there are bacteria that 7-dehydroxylate the primary bile acids cholic and
chenodeoxycholic acids resulting in formation of the secondary bile acids deoxycholic and
lithocholic acids, respectively. In addition, a small amount of ursodeoxycholic acid is formed from
chenodeoxycholic acid by epimerization of the 7-a hydroxyl group to 7-p. These bile acids can be
absorbed from the intestine and added to the bile acid pool, although the poor aqueous solubility
of lithocholic acid limits its availability.
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Figure 11.2 Conjugation of bile acids: within the hepatocyte, all bile acids are conjugated
with the amino acids glycine or taurine at the carboxyl side chain. In humans, glycine is the
predominant conjugate. Conjugation serves to increase the solubility of the bile acids at
physiologic pH. Although most conjugated bile acids are reabsorbed from the small intestine,
the small amount that reaches the colon can be deconjugated by bacteria and reabsorbed
passively through the intestinal lumen into the portal circulation. They can then be extracted
by hepatocytes and reconjugated.
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Figure 11.3 The enterohepatic circulation of bile acids: bile acids within the portal
circulation are taken up avidly by hepatocytes via the NTCP that mediates their predominant
Na*-dependent uptake or an organic anion transport protein (OATP) that mediates their
Na*-independent uptake in exchange for an anion such as HCO,". Bile acids are subsequently
pumped out of the hepatocyte into bile by an ATP-dependent pump termed BSEP. Bile acids in
bile flow into the small intestine where they are efficiently recovered. The major transporters for
bile acid recovery are located in the ileal enterocyte of the terminal ileum. They are taken up into
the cell by a Na*-dependent protein called the ASBT that resides on the brush border membrane
of the enterocytes. This transporter is related to but distinct from NTCP, the Na*-dependent
hepatocyte bile acid transporter. Bile acids within the ileal enterocytes are exported into the
portal circulation by a heteromeric protein termed OST that is composed of two subunits, OST-a
and OST-p. The cycle can then repeat. The enterohepatic circulation of bile acids is highly efficient
recovering approximately 95% per day of bile acids that are secreted into the intestine.

has been identified using molecular biology tools [6, 7]. This protein, named
Na*-taurocholate cotransport protein (NTCP), is primarily expressed on the
hepatocyte sinusoidal plasma membrane. Although it can mediate high affinity
bile acid transport when studied in vitro in cell lines transfected with this trans-
porter, its role in vivo has not been confirmed. There are no NTCP knockout
animal models. Although polymorphisms that perturb NTCP-mediated transport
in vitro have been described in samples of DNA obtained from anonymous
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human subjects, no clinical information was obtained from the individuals who
donated the DNA [8]. The protein microsomal epoxide hydrolase has been
proposed as another Na*-dependent bile acid transporter [9]. This suggestion,
however, remains controversial and so far unproven. A number of candidate
transport proteins are potential mediators of Na*-independent bile acid uptake.
Chief among these are members of the organic anion transport protein family of
transporters. These proteins mediate electroneutral uptake, and most appear to
couple uptake of an organic anion such as a bile acid with efflux of another anion
such as HCO," out of the cell [10, 11].

Excretion of bile acids by hepatocytes

The concentration of bile acids within the bile canaliculus has been estimated
to be approximately 1000 times that of their concentration within the hepato-
cyte. This implies that energy is required for bile acid transport into the cana-
liculus. Several studies indicated that bile acid excretion into the bile canaliculus
requires ATP as the energy source, and further studies identified the ATP-
dependent excretory pump as a protein that had been previously named sister
of P-glycoprotein (SPGP) [12]. SPGP was known to be concentrated at the bile
canalicular membrane and received its name due to its close amino acid sim-
ilarity to P-glycoprotein, a multidrug resistance protein that was found to
protect cancer cells from chemotherapeutic agents by pumping them out of the
cell. Subsequently, studies were performed that showed that SPGP could
mediate ATP-dependent transport of bile acids and that its absence resulted
in severe cholestatic syndromes, including progressive familial intrahepatic
cholestasis type-2 (PFIC2), in which bile acid content of bile was very low,
while very high levels of bile acids accumulated in the circulation. Based on
this information, the name, SPGP, was changed to BSEP, and its official name
was given as ABCB11 by an international nomenclature committee. BSEP
mutations that result in partial loss of activity are responsible, in part, for the
syndrome of benign recurrent intrahepatic cholestasis (BRIC). Patients with
BRIC may also have mutations of the genes encoding FIC1, which is thought
to be an aminophospholipid transporter that maintains phospholipid content
of the inner leaflet of the plasma membrane, serving in some way to protect
the bile canalicular membrane from the detergent effects of bile acids [13].

Transport of bile acids by intestinal epithelial cells

As noted earlier, intestinal absorption of bile acids is a highly efficient process
that recovers approximately 95% of bile acids secreted into the intestine.
Although there is a small amount of passive absorption of bile acids in the
proximal small intestine, the major location of bile acid absorption is the distal
ileum, which is the site of an active bile acid transport mechanism. The impor-
tance of the distal ileum in bile acid homeostasis is apparent in patients who
develop large-scale bile acid malabsorption and consequent maldigestion
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following ileal resection. Studies have revealed that active ileal transport of
bile acids is mediated by a protein named the apical sodium bile acid transporter
(ASBT), which is located on the brush border membrane of enterocytes. This
transporter is related to but distinct from NTCP, the Na*-dependent hepato-
cyte bile acid transporter. Its physiologic importance has been appreciated
from study of patients with primary bile acid malabsorption in which loss-of-
function mutations in the gene encoding ASBT have been documented [14, 15].
The ileal enterocyte also has a mechanism to export intracellular bile acids
into the portal circulation. This is mediated by a heteromeric protein termed
organic solute transporter (OST) that is composed of two subunits, OST-a and
OST-p [16-18].

Functions of bile acids

Approximately 70% of the solid constituents of bile are bile acids. They are
critically important to formation of mixed micelles, complexing with the two
other major components of bile, phospholipids and cholesterol. Phospholipids
are excreted into bile by the multidrug resistance-3 protein (MDR3), also
known as ATP-binding cassette, subfamily B, member 4 (ABCB4), which is
located at the bile canalicular membrane. Persons with mutations of MDR3
have progressive familial intrahepatic cholestasis type-3 (PFIC3), characterized
by very low concentrations of phospholipids in bile. As a result, their bile

Table 11.1 Comparison of familial disorders of hepatocyte bile acid transport and homeostasis.

Age at
presentation Symptoms Development GGT Protein defect
PFIC syndromes
PFIC1 Childhood Severe cholestatic Retarded Normal  FIC1 functionally
(Byler's disease) symptoms growth absent
PFIC2 Childhood Severe cholestatic Retarded Normal  BSEP functionally
symptoms growth absent
PFIC3 Variable Severe cholestatic Usually normal Elevated MDR3 functionally
symptoms development absent
BRIC
syndromes
BRIC1 Variable Episodic Normal Normal  FICT reduced
cholestasis activity
BRIC2 Variable Episodic Normal Normal  BSEP reduced

cholestasis activity
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canaliculi and bile ducts are exposed to high levels of bile acids that act as
detergents, solubilizing cell membranes. Affected individuals develop symptom-
atic cholestasis later in life as a consequence of liver and bile duct injury [19].
They also have impaired formation of mixed micelles.

Mixed-micelle formation is necessary for intestinal absorption of lipophilic
dietary components and to keep biliary cholesterol in solution. Bile acids have
both hydrophilic and hydrophobic domains (amphiphilic). They are soluble in
aqueous solution, and when their concentration exceeds what has been termed
the critical micellar concentration, they form micelles in which the interior is
hydrophobic, while the exterior is hydrophilic. These micelles can solubilize
phospholipids, forming a mixed micelle that facilitates incorporation of choles-
terol, which is otherwise insoluble in water. This mixed micelle composed of
bile acids, phospholipids, and cholesterol serves to keep cholesterol in solution
in bile. The ratio of these three micellar components is important, and pertur-
bation of their equilibrium can result in cholesterol precipitation and formation
of cholesterol gallstones [20].

Multiple choice questions

1 Which one of the following statements about bile acids is true?
A They are synthesized from heme in reticuloendothelial cells.
B They are synthesized from cholesterol in hepatocytes.
C They are secreted in the intestine and largely excreted in the stool.
D Their conjugation with glucuronic acid is required for excretion into bile.
E Their excretion into bile does not require energy.

2 A 50-year-old woman has right-sided abdominal pain and is found to have gallstones.
A sample of bile is taken for analysis during surgery in which her gallbladder was
removed. Analysis of the gallstone showed that it did not contain bilirubin. Which one
of the following statements is true?

A Bile acid crystals will be seen when the bile is examined under a microscope.

B Phospholipid and cholesterol content of her bile will be much higher than normal.
C Cholesterol will be the major component of the gallstone.

D She has a disorder in which phospholipids cannot be taken up by hepatocytes.

E Her bile will be clear due to inability to excrete bilirubin.

3 A 3-month-old baby girl has a mutation in the bile salt excretory protein (BSEP) gene that
results in no expression of this protein. Which of the following is a clinical consequence of
this finding?

A She will have periodic episodes of cholestasis.
B She will develop normally although she may be jaundiced.
C Bile acid levels in the circulation will be low.
D Bile acid levels in the circulation will be elevated.
E Her parents will both have the same symptoms as she as.
4 Which of the following is true concerning bile?
A Formation of bile is due in part to excretion of bilirubin by the liver cell.
B Conjugation of bile acids with glucuronic acid is necessary for their excretion into bile.
C Formation of the secondary bile acids occurs in the endoplasmic reticulum of the liver cell.
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D Formation of bile is due in part to excretion of bile acids by the liver cell.
E Conversion of bilirubin to bile acids regulates bile flow.
5 Secondary bile acids are formed:
A TIn the liver from cholesterol
B By the conjugation of bile salts with taurine or glycine
C Both
D Neither
6 The rate-limiting step for enterohepatic cycling of bile salts is:
A Canalicular secretion of bile salts
B Contraction of the gallbladder following a meal
C Intestinal motility
D Ileal uptake of bile salts
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Sources of bilirubin

Bilirubin is a degradation product of heme (Figure 12.1). Senescent red blood
cells are the source of most serum bilirubin, but bilirubin is also produced as
a result of degradation of other heme proteins, such as cytochromes and
myoglobin [1].

The first step in bilirubin production is opening of the tetrapyrollic heme
ring at its a-methene bridge. This process is catalyzed by the enzyme heme
oxygenase, which forms the green compound, biliverdin, while releasing an
atom of iron and a molecule of carbon monoxide (CO). Degradation of heme
is the only endogenous source of CO, and CO production has been used as a
measure of bilirubin production in research studies. Recent investigations have
indicated that CO may serve as an important second messenger and vasomotor
regulator [2]. Biliverdin is water soluble and represents the major bile pigment
in amphibia, fish, and birds. In mammals, however, biliverdin is converted to
the yellow compound bilirubin, a process catalyzed by the enzyme biliverdin
reductase (Figure 12.1). The reason for this extra step in mammalian heme
degradation is not known but has been attributed by some to the fact that
biliverdin does not cross the placenta, while the placenta has a transport mech-
anism to remove bilirubin from the fetal circulation and deliver it to the
maternal circulation from which it is removed by the liver.

Although senescent red blood cells are degraded primarily in the spleen, heme
production can occur in reticuloendothelial cells throughout the body as well as
in cells such as hepatocytes and renal tubular cells that have high turnover of
heme-containing proteins. Hyperbilirubinemia following a large tissue extravasa-
tion of blood such as might occur after trauma or pulmonary embolus has been
described and is attributed to increased formation of bilirubin in these tissues. It
should be pointed out that the common “black and blue mark” is due to heme
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Figure 12.1 Pathway of bilirubin formation from heme: bilirubin is a degradation product of
heme that is released from senescent red blood cells as well as other heme proteins such as
cytochromes. The first step in this process is opening of the tetrapyrollic heme ring at its
a-methene bridge. This process is catalyzed by the enzyme heme oxygenase and results in
release of an atom of iron and a molecule of carbon monoxide (CO) and formation of the
green compound, biliverdin. This reaction is the only endogenous source of CO, a gas that
may have important biological signal transduction effects. Biliverdin is converted to the
yellow compound bilirubin, catalyzed by the enzyme biliverdin reductase.

catabolism and bilirubin formation. Initially, a skin bruise has a purple color that
transitions over time to green and yellow as heme is oxidized and sequentially
converted to biliverdin and bilirubin.

Transport and metabolism of bilirubin

Although molecular diagrams of bilirubin suggest that it should be water sol-
uble, the opposite is true. In brief, it folds in on itself forming intramolecular
hydrogen bonds, resulting in a high level of hydrophobicity [1]. Within the
circulation, bilirubin is solubilized by virtue of high-affinity binding to albumin,
and within cells, it is solubilized by binding to cytosolic proteins, especially the glu-
tathione S-transferases (GSTs) to which it binds tightly as a nonsubstrate ligand.
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Figure 12.2 Schematic diagram of the liver as it relates to bilirubin transport and metabolism:
bilirubin has very low aqueous solubility and circulates in the blood stream bound tightly to
albumin. Fenestrations in the sinusoidal endothelium (SE) permit the albumin-bilirubin
complex to enter the space of Disse and come into proximity of hepatocyte microvilli that
contain a bilirubin transporter (T) that facilitates entry into the hepatocyte of the unbound
bilirubin that is in equilibrium with albumin-bound bilirubin. Within the hepatocyte,
bilirubin binds to GSTs as a nonsubstrate ligand and is conjugated with glucuronic acid in a
reaction catalyzed by the enzyme UGT1A1 and requiring UDP-GA [7]. Conjugation of
bilirubin with glucuronic acid renders it water soluble, and it is then pumped out of the cell
into the bile canalicular space by an ATP-dependent pump (MRP2). The bile canaliculus
represents a specialized area of the hepatocyte plasma membrane. It is isolated from the
sinusoidal plasma membrane by junctional complexes including tight junctions (TJ).

After formation in reticuloendothelial cells, bilirubin is released into the
circulation where it complexes rapidly with albumin. Under normal conditions,
little if any bilirubin enters nonhepatic tissues. In contrast, in a single pass through
the liver, as much as 30% of bilirubin is extracted from its albumin carrier and
enters hepatocytes. Although some research had suggested that albumin binds to
a receptor on the hepatocyte surface facilitating bilirubin release, subsequent
studies have not substantiated this hypothesis [3]. It is thought that a small free
fraction of bilirubin interacts directly with a transporter on the hepatocyte surface
and that reestablishment of the binding equilibrium provides a continuous
unbound fraction of bilirubin that is available for transport into hepatocytes.
Circulating bilirubin—albumin complexes are able to pass through fenestra-
tions in the hepatic sinusoidal endothelium and enter the space of Disse, an
extracellular, extravascular space unique to the liver that constitutes approxi-
mately 30% of its extracellular volume (Figure 12.2) [4]. This geometry permits
the small fraction of unbound bilirubin to interact directly with a specific trans-
port protein on the hepatocyte surface that facilitates its entry into the cell where
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it subsequently binds to GSTs, as noted previously. Although studies have indi-
cated that bilirubin transport by hepatocytes has characteristics of a protein-
mediated process, the identity of the transporter remains elusive and is a subject
of continued investigation [5, 6].

Within the hepatocyte, bilirubin is conjugated with glucuronic acid in a
reaction catalyzed by the enzyme UDP-glucuronosyl transferase isoform 1A1
(UGT1A1l) and requiring UDP-glucuronic acid (UDP-GA) [7]. Interestingly,
this enzyme is located in the endoplasmic reticulum. There is little known
about the mechanisms that allow bilirubin to move in and out of this intracel-
lular organelle. Conjugation of bilirubin with glucuronic acid renders it water
soluble because after conjugation it is no longer able to form intramolecular
hydrogen bonds. Three familial nonhemolytic disorders characterized by
unconjugated hyperbilirubinemia all have defects of the UGT1A1 molecule
and differ in the level of residual enzyme activity. Crigler—Najjar syndrome
type I has the greatest reduction of enzyme activity with levels barely, if even,
detectable. Although all other aspects of liver function are normal, if left
untreated, affected individuals will develop kernicterus and usually die during
infancy. As just a small amount of enzyme activity can maintain bilirubin
below toxic levels, this disorder has served as an impetus to develop novel
treatments including gene therapy and hepatocyte transplantation. There is
usually sufficient UGT1A1 activity in patients with Crigler-Najjar syndrome
type II to keep serum bilirubin below toxic levels, although it can be quite ele-
vated. On very rare occasions, intercurrent illness such as influenza can result
in abrupt elevation of unconjugated bilirubin in affected patients and conse-
quent neurologic injury [8]. In contrast to the two Crigler-Najjar syndromes,
Gilbert syndrome is a common disorder that is found in at least 5% of the
population at large. It too is associated with reduced activity of UGT1Al,
although to a more modest degree, resulting in bilirubin levels generally being
less than 3.0 mg/dl. Interestingly, the coding region for UGT1A1 is usually
normal in these patients who instead have mutations in the gene’s promoter
region that can result in reduced transcription of the UGT1Al gene and
subsequent reduced expression of the enzyme. Although patients with Gilbert
syndrome are healthy, they have been described as having reduced metabolism
of some drugs that are normally glucuronidated by the liver, especially an
active metabolite of the chemotherapeutic agent irinotecan.

After normal conjugation with glucuronic acid, bilirubin is pumped out of
the cell into the bile canaliculus by an ATP-dependent pump termed the multi-
drug resistance associated protein 2 (MRP2), which is localized to the canalicular
plasma membrane of the hepatocyte [9]. Patients with defects in this pump have
the Dubin-Johnson syndrome, an abnormality that has been described in popu-
lations throughout the world, most commonly in Iranian Jews in whom the
frequency of the disorder approaches 1:1200 [10]. Total serum bilirubin con-
centrations in affected individuals usually range between 2 and 5 mg/dl,
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although levels within the normal range or as high as 20 mg/dl can be seen.
These patients have no evidence of cholestasis, and serum alkaline phosphatase
and bile acid levels are normal. Rotor syndrome is a rare abnormality phenotyp-
ically similar to Dubin—-Johnson syndrome that is caused by simultaneous muta-
tions in two sinusoidal plasma membrane transporters, OATP1B1 and OATP1B3,
which normally take up conjugated bilirubin from the blood [11]. A novel
mechanism has been suggested whereby conjugated bilirubin produced in
hepatocytes is secreted back into the circulation and subjected to reuptake,
mediated by OATP1B1 and OATP1B3. When these proteins are defective, the
reuptake mechanism is perturbed, and conjugated hyperbilirubinemia develops.

Extrahepatic fate of excreted bilirubin

Once excreted into the bile, conjugated bilirubin moves through the small
intestine with little absorption or biotransformation. Upon entering the colon,
however, a fraction is deconjugated by bacterial f-glucuronidase, and this uncon-
jugated bilirubin can be reabsorbed, extracted from the portal circulation by
hepatocytes, reconjugated, and re-excreted [12]. This enterohepatic cycle is
normally of little clinical importance, but its interruption with sequestering
agents can be therapeutic in some instances of hyperbilirubinemia. Other bacte-
rial enzymes in the colon can degrade bilirubin to colorless compounds including
urobilinogen. Urobilinogen is water soluble and can be absorbed and re-excreted
by the liver as well as the kidney. Conditions associated with increased bilirubin
production (e.g., hemolysis) or reduced hepatic elimination of bilirubin can be
associated with increased urinary excretion of urobilinogen, which is often
measured by routine dipstick analysis. Determination of urinary urobilinogen is
usually not diagnostically useful, except when it is absent in the face of substan-
tial jaundice. This combination of findings can signify complete obstruction of bile
flow such that bilirubin is not excreted into the intestine and consequently uro-
bilinogen is not produced. As noted in the preceding text, unconjugated bilirubin
is not water soluble. As a rule of thumb, it will never appear in urine, in contrast
to urinary excretion of conjugated bilirubin even with low circulating levels.

Clinical laboratory determination
of serum bilirubin

Any review of bilirubin should include consideration of how it is measured in the
clinical chemistry laboratory. Although sophisticated procedures exist to very
accurately determine levels of bilirubin and its conjugates in blood, these are not
used routinely, due to considerations of cost and time. Most laboratories use an
assay in which bilirubin reacts with a diazo reagent, forming a colored compound.
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Unconjugated bilirubin reacts slowly with the agent, while conjugated bilirubin
reacts rapidly. Direct-reacting bilirubin, that is, that portion of the total bilirubin
that forms a colored diazo compound within 1 m, is therefore taken as a measure
of the serum conjugated bilirubin content. Total bilirubin is determined after
addition of an accelerant, for example, ethanol, that causes unconjugated bilirubin
to also react quickly with the diazo agent. The indirect bilirubin is determined
(indirectly) by subtracting the direct-reacting fraction from the total bilirubin and
is used as a measure of unconjugated bilirubin. It is not surprising that this assay
produces estimates that are somewhat inaccurate [13, 14]. For example, diazo
assay of a solution of pure unconjugated bilirubin would show that 15-20% was
direct-reacting even in the absence of an accelerant. As elevated conjugated bili-
rubin in the serum can often signify hepatobiliary dysfunction, a laboratory report
of mildly elevated direct-reacting bilirubin should cause concern. Because
conjugated bilirubin, even at low levels, is readily excreted in the urine, dipstick
analysis of urine for bilirubin in this situation can resolve any uncertainty.

The one situation in which elevated direct-reacting bilirubin is not reflected
in bilirubin urinary excretion is the presence of &-bilirubin in the circulation [15].
This is formed in the presence of prolonged conjugated hyperbilirubinemia and
represents covalent bilirubin attachment to albumin. This albumin-attached
bilirubin reacts quickly with diazo reagent (direct-reacting) but is not filtered
by the kidney and does not appear in urine. It disappears slowly from the
circulation commensurate with turnover of albumin (half-life of 20 days).
§-bilirubin can be responsible for slow clearance of direct-reacting bilirubin fol-
lowing reversal of long-standing cholestasis such as seen after decompression
of biliary obstruction or with resolution of cholestatic hepatitis. At present,
there is no routine assay for §-bilirubin.

Evaluation of the patient with hyperbilirubinemia

Jaundice is a diagnosis made on physical examination that signifies a total bilirubin
level of at least 2.5-3.0 mg/dl (Table 12.1). Detection of jaundice is affected by
variable conditions that include ambient light and skin and scleral coloring. The
lower limit of normal for serum bilirubin is approximately 1.0-1.4 mg/dl, depend-
ing on the particular assay used by the clinical laboratory. Thus, patients can have
hyperbilirubinemia but not jaundice. It should be emphasized that the clinical
implications of hyperbilirubinemia are identical whether or not the patient has
jaundice. In most hepatobiliary disorders, with the exception of some familial syn-
dromes (mentioned earlier), hyperbilirubinemia is due to elevated levels of uncon-
jugated and conjugated bilirubin. Although it is tempting to attribute clinical
importance to the ratio of the two, this is inaccurate and not helpful in differential
diagnosis. Conjugated bilirubin is cleared by the kidney, and its accumulation in
serum is determined by both hepatic and renal function. In cases of liver dysfunction
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in the face of renal failure, total bilirubin levels in the circulation can be very high
(e.g., >40 mg/dl) due to loss of this renal “overflow” mechanism. In general, mixed
conjugated and unconjugated hyperbilirubinemia accompanied by other abnor-
malities of routine liver tests (e.g., alanine aminotransferase elevation) signifies an
acquired hepatobiliary disorder that needs further evaluation as to cause. In these
circumstances, the hyperbilirubinemia itself is a clinical sign of liver dysfunction.
Unconjugated hyperbilirubinemia is diagnosed when total serum bilirubin is ele-
vated due to elevated unconjugated bilirubin. Although, as discussed previously,
the clinical laboratory may report elevated direct-reacting bilirubin, there will be no
bilirubin in the urine. The finding of unconjugated hyperbilirubinemia implies
increased bilirubin production (e.g., hemolysis) or reduced uptake or conjugation
by hepatocytes (e.g., Gilbert syndrome). There have been no disorders with hyper-
bilirubinemia that have been conclusively attributed to dysfunction of the uptake
mechanism for bilirubin, although several drugs might compete with bilirubin for
uptake and have been associated with transient mild hyperbilirubinemia [16, 17].

Multiple choice questions

1 A 20-year-old woman presents to the emergency department with vomiting and diarrhea that
started 12 h previously. On physical examination, she is afebrile but appears mildly dehy-
drated with icteric sclerae. Examination of the abdomen reveals hyperactive bowel sounds
without enlargement or tenderness of the liver or spleen. Laboratory examination is notable
for bilirubin of 3.5/0.2 mg/dl (total/direct), normal white blood count and hematocrit, and
normal liver function tests (ALT, AST, alkaline phosphatase). Which one of the following diag-
noses is the most likely cause of her jaundice?

A Acute viral hepatitis

B Dubin-Johnson syndrome

C Acute cholecystitis

D Gilbert syndrome

E Common bile duct obstruction

2 A 53-year-old man presents with jaundice and is found to have a large mass in the head of
the pancreas. Laboratory examination shows that his serum bilirubin is 23/12 mg/dl (total/
direct). Urinalysis is remarkable for 4+ bilirubin and absent urobilinogen. Which one of the
following statements concerning this patient is most likely true?

A He is at risk of developing kernicterus.

B He has complete bile duct obstruction.

C The bilirubin in his urine is mostly unconjugated.

D His liver cannot synthesize urobilinogen because of an enzyme deficiency.

E His sclerae will not be yellow because his kidneys are excreting so much bilirubin.

3 A 21-year-old woman comes in for a routine physical examination and is found to have
scleral icterus. She has no complaints, and the rest of her physical exam is unremarkably
normal. She recently started taking oral contraceptives. She is on no other medications.
Laboratory examination shows normal liver function tests including ALT, AST, and alkaline
phosphatase. Her serum bilirubin is 4.2/3.6 mg/dl (total/direct), and dipstick analysis of her
urine shows 3+ bilirubin. Which one of the following statements concerning this patient is
most likely true?



Bilirubin metabolism 181

A Gallstones must be considered as a highly likely cause of her jaundice.

B Her laboratory values are most compatible with chronic hemolysis.

C She has developed a cholestatic reaction from the oral contraceptives.

D She has Dubin-Johnson syndrome.

E She needs to be evaluated for cholestatic hepatitis.

A newborn baby has extreme elevations of the serum indirect bilirubin, and there is concern
about kernicterus. The baby is treated with phototherapy. The most likely enzyme deficiency
in this is baby is?

A Aldolase B

B Uroporphyrinogen decarboxylase

C Glucose 6-phosphatase

D Uridine diphosphate-glucuronosyl transferase

E Galactose-1-phosphate uridyltransferase
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MELD score see model for end-stage liver

disease (MELD) score

migrating motor complex (MMC)

indigestible gastric contents, 38
phases, 38
small bowel motility, 39

mineral absorption

calcium, 117, 119
magnesium, 119
phosphate, 119-20

model for end-stage liver disease (MELD)

score, 142

monosaccharides, 113-14, 118
motilin, 26-7, 87
mucosal immune-microbial interactions

gut immune system, 47, 48
luminal antigens, 47
PPs, 47

mucosal immune system

glycocalyx coat, 47
1IECs, 53
1ELs, 49-50
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LPL, 50, 51

lymphoid tissue, 46
macrophages and DCs, 52
T cells, 50, 52

Na*-taurocholate cotransport protein
(NTCP), 167
neurohumoral regulation, splanchnic
blood flow
NO-mediated relaxation, VSM, 150, 150
splanchnic arterioles, 151
sympathetic activation, 151
vasopressin and angiotensin II, 151
Niemann-Pick C -like protein 1
(NPCIL1), 111
nutrients absorption
carbohydrate, 113-17
copper, 121-2
gut, 108
human small intestine, 108-9
iodine and fluorine, 122
iron, 120-121
lipid, 109-12
mineral, 117-20
oily lipid molecules, 109
organic molecules, 108
protein, 112-13
selenium, 122
vitamin absorption, 122-5
zinc, 122

PACAP see pituitary adenylate cyclase-activating
polypeptide (PACAP)
pacemaker cells
pancreatic circulation
anatomy, 159
blood flow regulation, 159
pancreatic juice
proteins, 83-4
water and electrolytes, 82-3
pancreatic polypeptide (PP), 25
parietal cell intracellular pathways
acid secretion, 65
H*'K*-ATPase, 66
hydrochloric acid, 65, 66
pepsinogen secretion, 67-8
Peyer’s patches (PPs), 47
phosphate, 119-20
pituitary adenylate cyclase-activating
polypeptide (PACAP), 64

portal tracts, 133, 133, 135
postprandial secretion, 87, 88
postreceptor signaling

G-proteins, 21

mammalian genes, 22

and receptor activation, 21, 21
potassium transport, 102
PPIs see proton pump inhibitors (PPIs)
prokinetic therapies, 33, 34
protein absorption

amino acids, 112

digestion, 112-13

and digestion, 112-14, 114

and pepsin, 112

trypsin, 113
proton pump inhibitors (PPIs), 23, 63,

64, 68

RAIRs see recto-anal inhibitory reflexes
(RAIRs)

recto-anal inhibitory reflexes (RAIRs), 41-2, 42

riboflavin, 125

Riedel’s lobe, 130

Rotor syndrome, 177

SCFA see short-chain fatty anions (SCFA)
secretin
description, 23
GIP, 24-5
glucagon, 24
peptide hormones, 24
VIP, 24
secretion, cellular mechanisms
proteins, 85-6
water and electrolytes, 84-5
secretory IgA
lamina propria and gut lumen, 49
mammary gland, 49
polymeric and secretory component, 48
serum, 47-8
serum proteins, 145-6
short-chain fatty anions (SCFA), 103
sinusoids
cell plates, 135, 135, 136, 136
endothelial cells, 136
hepatic, 135-6, 138
Kupffer cells, 136, 139
Pit cells, 136, 140
sinusoidal endothelium, 138
Stellate cells, 136-7, 140
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sister of P-glycoprotein (SPGP), 168
small bowel
duodenum, 6-7
histology, 7, 7
lamina propria, 8
microscopic anatomy, 7-8
motility, 38-9
muscularis mucosae, 8
retroperitoneal, 9
villi and crypts, 8
sodium transport
absorption, 101, 101
electrogenic, 101
NHEI and NHE2, 100-101
somatostatin, 25-6, 65
space of Disse, 136, 136, 137, 139
SPGP see sister of P-glycoprotein (SPGP)
splanchnic circulation
blood tlow, 149
gastric circulation, 154-6
hepatic circulation, 160-162
intestinal circulation, 157-8
intrinsic regulation, blood flow and tissue
oxygenation, 151-2
neurohumoral regulation, splanchnic
blood flow, 150-151
pancreatic circulation, 159
regulation, transcapillary fluid exchange,
1524
stomach
antral mucosa, 5, 6
cardia and antrum, 4
gastric muscularis propria, 6
gland isthmus, 4
histology, 4, 5
lamina propria, 6
luminal surface, 4
muscularis mucosae, 6
submucosa, 6

thiamin, 125

transepithelial transport
active transport, 97-8, 98
intestine, 97
luminal diffusion barriers, 98-9, 99
mucosa forms, 97

passive transport, 98, 98
solvent drag, 98, 99
water movement, 97
transport and metabolism, bilirubin
bilirubin-albumin complexes, 175
Crigler—Najjar syndrome, 176
UGTI1AIl molecule, 176
triglycerides, 25, 83, 109, 110, 111

uptake, bile acids
enterohepatic circulation, 165, 167
micelle formation, intestine, 165
microsomal epoxide hydrolase, 168
NTCP, 167

urobilinogen, 177

vasoactive intestinal polypeptide (VIP), 24
VIP see vasoactive intestinal polypeptide
(VIP)
viscera
anus, 11-13
colon and rectum, 9-11
esophagus, 2-4
GI tract, 1
mucosa, 1
muscularis propria, 2
serosa/adventitia, 2
small bowel, 6-9
stomach, 4-6
submucosa, 2
vitamin absorption
cobalamin, 124
description, 122-3
folate, 124
riboflavin, 125
thiamin, 125
vitamin A, 123
vitamin C, 125
vitamin D, 123

water transport
basolateral spaces, 99
intestine, 100
luminal substances, 100, 100

zing, 122
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