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The Pancreas

An enzyme factory

Mention the word pancreas to most people and they instinctively think of diabetes. This is understandable, because

the pancreas produces insulin, and diabetes (lack of insulin) is a common disease. However, the vast bulk of the

pancreas has a quite different function — it is a sophisticated enzyme factory, manufacturing and secreting
enzymes responsible for the digestion of food.

nsulin and some other hormones (e.g.
glucagon) are produced by small clumps
of cells (the islets of Langerhans) which
are spread throughout the pancreas. Each
clump is, in effect, a miniature endocrine
gland — it secretes its hormones into the
blood. The islets of Langerhans make up
only about 1% of the pancreas, whereas
digestive enzymes are produced by acinar
cells which comprise about 80% of the
gland’s mass. About 20-30 acinar cells are
grouped together to form an acinus (Gk.=
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grape-like). The tiny hollow centre, or lumen,
of each acinus opens into a tiny duct which,
in turn, joins other larger ducts so as to
give a structure similar to a bunch of grapes
(see Figure 1).

Digestive enzymes are secreted into the
lumen of an acinus and travel along the duct
system until they reach the main pancreatic
duct, which empties into the duodenum (see
Figure 2). The cells lining the duct system
also have a secretory function, but in this
case the product is not digestive enzymes

but a watery fluid, rich in bicarbonate
(hydrogencarbonate) ions (HCO5"), which
provide the slightly alkaline, optimum pH
conditions for these enzymes.

The combined product of the acinar cells
(digestive enzymes and a little fluid) and the
duct cells (a lot of fluid) is called pancreatic
juice. Secretions like pancreatic juice, which
are directed towards body cavities (in this
case the duodenum) or body surfaces, are
known as exocrine secretions and the glands
that produce them are called exocrine glands.
Other examples of exocrine secretions
include saliva, sweat, bile (from the liver),
gastric juice (from the stomach) and seminal
fluid (from the male feproductive glands).

In humans, the pancreas produces about
2.5 litres of pancreatic juice each day. This
contains 10-20g of digestive enzymes. In
other words, the pancreas is a huge enzyme,
factory — each acinar cell makes about 10
million enzyme molecules every minute.
Indeed, the ability of the pancreas to syn-
thesise proteins (largely digestive enzymes)
is greater than any other tissue in the body,
except perhaps the lactating mammary gland,
another exocrine gland (see BIOLOGICAL
SCIENCES REVIEW, Vol. 7, No. 1, pp. 2-6).

THE SECRETORY PATHWAY

Pancreatic enzymes (like all proteins) are
made in the cell from amino acids which
enter the acinar cell through the cell mem-
brane. Their movement through the cell is
directional. They enter specifically at the
‘base’ of the cell (see Figure 3) and leave,
several hours later, as enzymes, through the
region of the cell membrane that borders
the lumen of the acinus. This intracellular
route is called the secretory pathway.

Figure 1 Scanning electron micrograph of a
rat pancreatic lobule treated with hydrochloric
acid to remove connective tissue. Arrowheads
indicate a long intercalated duct which con-
nects with numerous acini (A). (x 960)
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Structure of
the pancreas.
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The details of the pathway were worked
out by labelling the enzymes with a radio-
active amino acid in ‘pulse-chase’ experi-
ments. In these experiments, small pieces
of pancreas were incubated for 3 minutes
in a fluid resembling blood plasma which
contained the amino acid leucine. This amino
acid contained radioactive “C, rather than
the usual '2C (this is said to be labelled).
The period of incubation is called the pulse.
The pieces were then transferred to a similar
fluid in which the labelled leucine had been
replaced by a large excess of unlabelled
(normal) leucine and they were incubated
for varying lengths of time (the chase). The
route taken by the radioactive amino acids
as they moved across the cell could be
tracked and the organelles involved in the
secretory pathway were identified. These
experiments (see Figure 4) indicated that,
with time, a band of labelled proteins moved
through the secretory machinery of the cell
from rough endoplasmic reticulum (RER),
to Golgi complex, to condensing vacuoles
and finally to zymogen granules (where they
are stored until the cell is stimulated).

Let us look at this secretory machinery
a little more closely. First, how are the
pancreatic enzymes made? Like all proteins,
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Figure 3 (A) Low-power transmission electron micrograph of a section from a human
acinus. In the acinar cells the polarised arrangement of the rough endoplasmic reticulum,
Golgi complex (G) and zymogen granules in relation to the nucleus (N) is evident. Parts

of two centroacinar cells (cac) close to the lumen (L) are visible. Cp = capillary. (x 4000)
(B) Diagram of a pancreatic acinar cell showing the arrangement of the structures involved
in the formation and secretion of digestive enzymes.
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Figure 4 Graphical representation of the distribution of radioactivity in pancreatic acinar cells
after a pulse incubation with labelled leucine, showing the movement of labelled protein through

the cell.

pancreatic enzymes are synthesised on ribo-
somes. A ribosome only acts on instructions!
It reads the code of nucleotide sequences in
an mRNA molecule and joins together the
appropriate amino acids. But how do ribo-
somes ‘know’ whether the protein they are
making is destined to stay in the cell or to
be secreted from the cell? A specific signal
is needed. All mRNAs that encode secretory
proteins have a sequence of nucleotides at
the beginning of the molecule which trans-
lates into a signal sequence of about 20
(mainly hydrophobic) amino acids. This
signal sequence acts rather like a key which
fits into a lock (receptor) on the membranes
of the RER. This makes the ribosome bind
to the RER and, simultaneously, as the
enzyme is being made, the growing chain
of amino acids passes through the lock into
the space between RER membranes (see
Figure 5). As the enzymes move through the
RER and into the Golgi complex, the newly
made proteins undergo various modifica-
tions. Disulphide bonds may be formed so
that the proteins adopt their final 3-D shape
(tertiary structure) or sugar molecules may
be added, converting them to glycoproteins.

The enzymes are moved from the RER
into the Golgi complex, and from one stack
of the Golgi complex into the next, by a
vesicle shuttle service. This involves the
budding from one membrane of a vesicle
containing enzymes, followed by its target-
ing, docking and fusion with the recipient
membrane (see Figure 6). The inner face of

Figure 5 The events leading to the secretion
of digestive enzymes into the RER.

26

the Golgi complex has another important
task — to separate secretory enzymes from
enzymes destined for lysosomes. Lysosomes
are organelles that contain a wide variety of
enzymes which digest defunct intracellular
organelles and foreign material that has
entered the cell. Until now these lysosomal
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. Prdcaébaxypepﬁdase A
- Procarboxypeptidase B

Phophospholibase A2

Function (when activated)

Hydrolysis of proteins at arginine and lysine

Hydrolysis of proteins at phenylalanine, tyrosine
and tryptophan

Cleavage of carboxyl-terminal phenylalanine, tyrosine
and tryptophan residues

Cleavage of carboxyl-terminal arginine and
lysine residues

Hydrolysis of fatty acid esters at 2-position of phospholipids

Enzymes
a-amylase
Lipase
RNAse
DNAse
Carboxyl ester hydrolase

Other proteins
Proéolipase
Trypsin inhibitor
Various glycoproteins

Hydrolysis of a-1,4-glycosidic bonds in polysaccharides
Hydrolysis of C; and Cj glycerol ester bonds in triglycerides
Hydrolysis of phosphate ester bonds in RNA

Hydrolysis of phosphate ester bonds in DNA

Hydrolysis of water-soluble and insoluble esters

Enhancement of lipase activity in presence of bile salts
Prevention of activation of trypsinogen
Many functions

Table 1 Major human pancreatic secretory proteins.

The pancreatic enzymes are very active
and to prevent them from digesting the pan-
creas itself the protease enzymes are secreted
as inactive precursors or zymogens (indi-
cated by the prefix pro- or suffix -ogen in
Table 1). Only when they reach the duo-
denum are these precursors activated. An
enzyme, originally known as enterokinase,
but more correctly now named enteropep-
tidase, is secreted by cells lining the duo-
denum and splits the peptide bond that
links ‘-ogen’ to trypsin. The active trypsin

then activates all other inactive proteases
(including other trypsinogen molecules) in
a similar way. Since starch is not a compo-
nent of animal cells, amylase can be secreted
in an active form. Lipase, too, is secreted in
an active form but, in order to act efficiently,
it needs the cooperation of two cofactors.
First, colipase, a protein secreted by the
pancreas in an inactive form (procolipase)
which is activated by trypsin. Second, bile
salts which are secreted by the liver in
bile. Fat is the most difficult foodstuff to
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membranes of from one stack of
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next

contain a mixture
of all pancreatic
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digest. Hence, poor digestion can lead to the
presence of abnormal quantities of undi-
gested fat in faeces, characterised by bulky,
foul-smelling stools. Although there are a
number of possible reasons for poor diges-
tion, impaired secretion of enzymes from
the pancreas or of bile salts from the liver,
are common explanations.

DISEASES OF THE PANCREAS

In broad terms, there are three major dis-
eases of the pancreas: chronic pancreatitis,
acute pancreatitis and cystic fibrosis.
Chronic pancreatitis involves gradual,
sustained loss of pancreatic acinar tissue,
which usually leads to severe abdominal
pain. In the absence of pain, the patient may
be unaware of any problem until function is
so severely reduced that insufficient pan-
creatic juice reaches the duodenum to digest
ameal properly. The aetiology of the disease
(the factors causing it) is not known with
any certainty, although chronic pancreatitis
is more prevalent amongst heavy drinkers.
Neither is it known how, at a cellular level,
the function is lost, although it may involve
faulty movement of enzymes along the final
stages of the secretory pathway. (By con-
trast, the cause of diabetes that starts in
childhood is clearly understood — the
insulin-secreting cells of the pancreas are
specifically removed by the immune system,
i.e. it is an autoimmune disease.) In treating
chronic pancreatitis, the major challenge is
to control the pain. Surgical removal of the

Figure 6 The Golgi ‘sorts’ proteins, which it
receives from the RER, and packages them
into membrane-bound vesicles.
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False-colour transmission electron micrograph of two acinar cells from a pancreas. See if you
can identify the different structures shown without looking back at Figure 3 or the answers
below. Is the lumen of the duct towards the top or bottom of the picture? (x 6800)
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diseased tissue is generally accepted as
the only way to achieve long-term relief.
However, a new medical treatment which
seeks to restore cellular function may prove
to be a better therapy.

Unlike chronic pancreatitis, acute pan-
creatitis announces its presence very dra-
matically: the pain it causes is among the
worst known. This is not surprising since, in
essence, acute pancreatitis represents a
breaching of the mechanisms that prevent
autodigestion of the gland. Once an attack
begins, the gland begins to digest itself,
causing the release of many toxins into the
circulation. Treatment attempts to over-
come the worst effects of the toxins — for
example, by supplying extra oxygen to the
lungs, which are especially prone to damage.
However, in about 10% of cases, acute pan-
creatitis leads to death. Again the aetiology

of the disease is variable and often unknown.
However, gall-stones are sometimes impli-
cated. It has been suggested that they block
the final common pathway of bile and pan-
creatic ducts into the duodenum, and the
subsequent entry of bile into the pancreatic
duct and/or increased pressure within the
pancreatic duct triggers events that lead to
activation of protease enzymes.

The third major disease, cystic fibrosis,
is really a specific type of chronic pancre-
atitis, although in this case the cause is well
known (see BIOLOGICAL SCIENCES REVIEW,
Vol. 6, No. 1, pp. 22-24) Cystic fibrosis is
a genetic disease — the commonest genetic
disease amongst Caucasian populations,
occurring once in 2000 births. The affected
gene, which is recessive, is responsible for
producing one of the ‘gates’ in the mem-
brane of the pancreatic duct cell responsible

Lumen The hollow centre of a tissue
or organ which is lined with epithelial cells;
for example, the acinar lumen is the centre
of an acinus into which the surround-
ing acinar cells secrete their digestive
enzymes.

Glycoprotein A protein to which one, or
usually many, carbohydrate side chains
are (covalently) linked. Most secreted pro-
teins are glycoproteins.

for HCO5™ transport. These gates act as
channels in the membrane, allowing charged
ions to pass through the highly hydrophobic
membrane interior. As a result of the mal-
functioning ‘gate’, the cells cannot produce
the bicarbonate-rich fluid which flushes
pancreatic enzymes into the duodenum.
As a result, small pancreatic ducts become
obstructed by precipitated enzyme secretions
and the portion of gland beyond the block-
age ceases to function. Eventually all func-
tion is lost. In some cases the loss is almost
complete even before birth and although
the digestive enzymes are not required while
the placenta supplies nourishment for the
fetus, as soon as the baby is born the effects
of the deficiency become apparent. Without
pancreatic enzymes, digestion is so ineffi-
cient that untreated patients would soon
starve to death, even if ample food was
eaten. To overcome the reduced, or absent,
pancreatic function, people with cystic
fibrosis must take pancreatic enzymes by
mouth. This is an effective treatment and
allows digestion to proceed almost normally,
but it means that many enzyme capsules
have to be taken with every meal.

The ‘gate’ affected in cystic fibrosis is
present in a number of other epithelial tissues
— most notably the lungs and the sweat
glands, so these organs are also affected by
cystic fibrosis.

In the lungs, a build-up of sticky mucus
causes severe problems with breathing and
makes the sufferer very prone to respiratory
infections. Recently, genetic engineering
has begun to offer the hope that at least
some of the cells in the lungs might be per-
suaded to take up a copy of the normal
gene and so function normally. However,
no possibility yet exists of being able to
restore the enzyme-producing capacity of
the pancreas.
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