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'/ stomach chyme the greater will be the ease of

- tron but(such a hormone has pever yet been
identified 'as a specific entity} On the other
hand, another hormone, which is re-

" leased from the duodenufiiin response to cer-
tain foods (as will be discussed in detail in the

. following chapter) does have an important_in-

hibitory effect on stomach contractions, Unfor-

. Tanately, fafs play a relatively minor tole in the

extraction of secretin from the mucosa of the
duodenum,

For the present, therefore, it is difficult to
account for the effect of fat in the duodenum in
reducing stomach emptying, even though this
effect is important to the process of fat-digestion
and fat absorption. co

Role of Pyloric Sphincter Contraction in
Stomach Emptying. Ordinarily, the degree of
contraction of the pyloric sphincter is not very
great, and the contraction that does occur is
usually blocked as the pyloric pump peristaltic
wave approaches the pylorus. However, many
of the same duodenal factors that inhibit gastric
contraction can simuitaneously increase the de-
gree of contraction of the pyloric sphincter, this
factor adding to the diminished stomach empty-
ing and therefore enhancing control over the
emptying process. For instance, the presence of

.. excess acid or excess irritation in the duodenal

bulb promotes a moderate degree of pyloric
contracti

ffect of oﬁg@ of the Stomach Chyme on
mptying. {Ubviously, the more liquid the

emptying. Therefore, pure fluids ingested into
the stomach have rapid passage into the duo-
denum, while more solid Toods must await mix-
ing with the gastric secretions as well as begin-
i idizati ids,by the process of

Summary. Emptying of the stomach is con-

" trolled to a moderate degree by stomach fac-

tors, such as the degree of filling in the stomach
and the activity of stomach peristalsis. Probably
the more important control of stomach empty-
ing, however, resides in feedback signals from
the duodenum, including especially the en-
terogastric reflex and to a less extent hormonal
feedback. These two feedback signals work to-
gether to slow the rate of emptying when (a) too
much fluid is already in the small intestine or (b)
the chyme is excessively acid, contains too
much protein or fat, is hypotonic or hypertonic,

or is irritating. In this way the rate of stomach
. emptying is limited to that amount of chyme
<. that the small intestine can process.
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WMOVEMENTS OF THE SMALL
INTESTINE

The movements of the small intestine, as

elsewhere in the gastrointestinal tract, can be
divided into the mixing contractions and the
propulsive contractions. However, to a great
extent this separation is artificial because essen-
tially all movements of the small intéstine cause
at least some degree of both mixing and propul-
sion. Yet, the usual classification of these proc-
esses is the following:

MIXING CONTRACTIONS
(SEGMENTATION CONTRACTIONS)

When a portion of the small intestine be-
comes distended with chyme, this elicits
localized concentric contractions spaced at
intervals along the intestine. These rhythmic
contractions proceed at a rate of 11 to 12 per
minute in the duodenum and at progressively
slower rates down to approximately 7 per min-
ute in the terminal ileum. The longitudinal
length of each one of the contractions is only
about 1 cm. so that each set of contractions
causes ‘‘segmentation’’ of the small intestine,
as illustrated in Figure 63-7, dividing the intes-
tineat times into regularly spaced segments that
have the appearance of a chain of sausages. As
one set of segmentation contractions relaxes a
new set begins, but the contractions this time
occur at new points between the previous con-
tractions. Therefore, the segmentation contrac-
tions ‘‘chop’ the chyme many times a minute,
in this way promoting progressive mixing of the
solid food particles with the secretions of the
smali intestine,

These mixing movements are dependent
mainly on the myenteric plexus of the gut,

Reqularly spaced

lsolated

Weak, raqlurly -

Figure 63-7. Segmentation movements of the small in-
testine.
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Is is pepsin. This 1§
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e activity. However,
I

- once pepsinogen is secreted and comes in con-

tact with previously formed pepsin in the

the pepsinogen molecule having a molecular
weight of 42,500 is split to the pepsin molecule
having a molecular weight of 35,000,
: Pepsin is an active proteolytic €nzyme in a
- highly acid medium (optimum pH = 2.0), but
alzg\iefsl_t___p_‘__ﬂ'ffﬂ"aw it has little proteolytic
_yactiw y and soon begomes completely inacti-
vated. Therefore, hydroChToMT acid secretion 1s
equally as necessary as pepsin secretion for
protein digestion in the stomach.

Secretion of Other Enzymes. Small quantities of
other enzymes are also secreted in the stomach
juices, including gastric lipase and gastric amylase.
~. (Gastric lipase is of little quantitative importance and

is actually a rributyrase, for its principal activity is on
. tributyrin, which is butterfat; it has almost no lipo-

. lytic activity on the other fats. Gastric amylase plays

/" a very minor role in digestion of starches.
Secretion of Mucus in the Stomach. The
- pyloric and cardiac glands are structurally simi-
+" lar to the gastric glands, but contain almost no
. chief and parietal cells. Instead, they contain
- almost entirely mucous cells that are identical
+ with the mucous neck cells of the gastric glands.
All these cells secrete a thin mucus, which pro-
tects the stomach wall from digestion by the
.. gastric enzymes.
_ In addition, the surface of the stomach mu-
"' cosa between glands has a continuous layer of
‘i, mucous cells that secrete large quantities of a
.Y far more(viscid an ing miucus Jthat coats
 the mucosa™with a mucous gel layer over 1 mm.
'~ thick, thus providing a major shell of protection
++ for the stomach wall as well as contributing to
. lubrication of food transport. Even the slightest
“. irritation of the mucosa directly stimulates the
mucous cells to secrete copious quantities of
~+ this thick, viscid mucus.

" REGULATION OF GASTRIC SECRETION
* BY NERVOUS AND
* HORMONAL MECHANISMS

: Gastric secretion is regulated by both nerv-
* ous and hormonal mechanisms, nervous regula-
tion being effected through the parasympathetic

fi

bers of the as_well as through
EHlexus feflexeSand hormonal

ation taking place by means of the hor-
mone gastrin. Thus, regulation of gastric secre-
tion is different from the regulation of salivary

© Secretion, which is effected entirely by nervous
mechanisms.

presence of hydrochleric acid, it islimmedigiely )
activated to form active pepsin. In this process,

SECRETORY FUNCTIONS OF THE ALIMENTARY TRACT

Vagal Stimulétibn

873

pf Gastric Secretion

(Nervous signalsyto cause gastric secretion

originate 1n the dorsal motor nuclei of the vagi

and pass via the vagus nerves to the myenteric
plgxus of the stomach and thence to the gastric
glands. In response, these glands secrete vast
quantiti¢s of both pepsin and acid, but with a

higher proportion of pepsin than in gastric juice
elicited in other ways. Also, vagal signals to the

pyloric glands, the cardiac

glands, and the mu-

cous neck cells of the gastric glands cause some

11

mucus as well.
Still’another effect of vagal sumula

cause the antral part of the stomach mucosa to

secrete the hormone

astrin. As will be

explained in the following paragraphs, this
hormone then acts on the gastric glands to

cause additional flow of

highly acid gastric

juice. Thus, vagal stimulation excites stomach
secretion both directly by stimilation of the

gastric glands and indirect]
mechanism. ‘

Stimulation of Gastric Secretion by Gastrin

When food enters the st

y through the gastrin

omach, it causes the

antral portion of the stomach mucosa to secrete

food causes teélease of this hormone in two

Is to

heptadecapeptide. The
(istends>

ways: (1) The actual bulk
0 and this caus

of the food
es the hormone gas-

trin to be released fromfhe antral osa. (2) e
Certain substances caIledsuch

as_food extractives, partially digested proteins,
alcohol (in low concentration), calfeine, and so

Torth—also cause gastrin to bé Liberated from

the antral mucosa.

Both of these stimuli—the fiste A
hemical actiomyof the

gastrin release by means o

myenteric reflexes.

That is, they stimulate sensory nerve fibers in
the stomach epithelium which in turn synapse

with the myenteric plexus.
efferent signals to special

This then transmits
epithelial ‘‘gastrin’’

cells that have been identified in the gastric mu-

cosa_and that secrete the

gastrin. Therefore,

any factor that blocks thi will

will prevent gastrin
release; administration of atropine, which

BIOFRS the action on the

gastrin cells of the

acetylcholine released by the myenteric plexus,
will also prevent gastrin release.
Gastrin is absorbed into the blood and carried

to the gastric glands where

1t stimulates mainly
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Fat

THE GASTROINTESTINAL TRACT

(Bile + Agitation)

Emulsified fat

Pancreatic lipase

Emulsified fat

Fatty acidsf
Glycerol 40% ()

Figure 65-3,

Role of Accelerating Fat Digestion—
Formationof Miceélles. The hydrolysis of tri-
glycerides is a highly. reversible process; therefore,
accumulation of monoglycerides and free fatty acids
in the vicinity of digesting fats very quickly blocks
further digestion. Fortunately, the bile salts play an
important role in removing the monosaccharides and
the free fatty acids from the vicinity of the digesting
fat globules almost as rapidly as these end-products
of digestion are formed. This occurs in the followd
way:

Bile salts have the propensity to form [micelles
which are small spherical globules about 25 Ang-
stroms in diameter and composed of 20 to 50

molecules of bile salt. These develop hecause each
bile salt molecule is composed of ucleus that
is highly fat soluble and a polar group THat 1s highly
water soluble.” The sterol nuclei of the 20 to 50 bile
salt moleculés of the micelle aggregate together to
form a small fat globule in the middle of the micelle,
This aggregation causes the polar groups to project
outward to cover the surface of the micelle. Since
these polar groups are negatively charged, they allow
the entire micelle globule to become dissolved in the
water of the digestive fluids and to remain in stable
solution despite the very large size of the micelle.
During the triglyceride digestion, as rapidly as the
monoglycerides and free fatty acids are formed they
become dissolved in the fatty portion of the micelles,
which immediately removes these end-products of
digestion from the vicinity of the digesting fat

globules, Consequently, the digestive process can active at a pH of about 2 and is completely inactive at
proceed unabated. ﬂ a pH above approximately 5. Conséquently?for This.

The (@ile salt micelles)also act as a transport

medium 10 G € mong ides and the free
fatly acids to the brush borders of the epithelial cells.
There the monoglycerides and free fatty acids are
absarbed, as will be discussed later. On delivery of
these substances to the brush border, the bile salts
are again released back into the chyme to be used
again and again for this ‘*ferrying’” process.
Digestion of Cholesterol Esters. Most of the
cholesterol in the diet is in the form of cholesterol
esters, which cannot be absorbed in this form,
though free cholesterol is readily absorbed. A choles-
terol esterase in the pancreatic juice hydrolyzes the
esters and thus frees the cholesterol. The bile salt
micelles play identically the same role in “*farpving'”

cholgsterol as they play in *‘ferrying’’ mogoeglyc-
erf'_.(@‘and free_fatty acids. Indeed, this role of the
bile salt micelles is absolutely essential to the absorp-
tion of cholesterol because essentially no cholesterol

Digestion of fats.

Glycerides 60% (7)

is absorbed without the presence of bile salts. Op
other hand, as much as 60 per cent of th

glycerides can be digested and absorbed even in
absence of bile salts,

DIGESTION OF PROTEINS

The Proteins of the Diet. The dietary pr
are derived almost entirely from meats and vegsl
bles. These proteins in turn are formed of long chai
of amino acids bound together by peptide linkage
typical linkage is the following;

T i
R—CH—C—OH + HmN—CliH—COOH -
| R

0
, R—CH—(lf——N—(]]Hw—COOH + H,O!
4 .

The characteristics of each type of protein are d
termined by the types of amino acids in the prote
molecule and by the arrangement of these amino;
acids. The physical and chemical characteristics of:
the different proteins will be discussed in Chapter 6

Digestion of Proteins in the Stomach. Pe
the important peptic enzyme of the stomach, 1s most

TNZyME o cause any digestive action on profein, the
stomach juices must be acidic,)It will be recalled %
from Chapter 64 that the gastric glands secrete a large . -
quantity of hydrochloric acid. This hydrochloric acid
is secreted by the parietal cells at a pH of about 0.8,
but, by the time it is mixed with the stomach contents .
and with the secrétions from the nonparietal glandu- L
lar cells of the stomach, the pH ranges around 2to 3, .
a highl & range of acidity for pepsin activity.
Pepsin is capable of digesting essentially all the =

different types of proteing in the diet. One of the
important features O@igestim is its ability to .
digest collagen, an a noid that is affected little "
by other digestive enzymes. Collagen is a major con-
sti t of the intercellular connective tissue of -

(feats, dnd for the digestive enzymes of the digestive
tract to penetrate nieats and digest the cellular pre- -
teins it i ssary that the collagen fibers be -
digested. Consequently, in persons Jacking peptic ac-
st :

tivity in the stomach, th.(
penetrated by the digesti
are poorly digested.

As illustrated in Figur

# 13 the process of pre
ting the proteins into prc

polypeptides. This sp_litti1
“hydrolysis’ occurring
tween the amino acids.
Digestion of Proteins
When the proteins leave
are in the form of prote
peptides, and about 1
Immediately upon enter
partial breakdown produ
creatic enzymes trypsi
bméyﬁaase. As
these enzymes are capat
tial breakdown products
"they even hydrolyze sor
of amino ac{ds; most of

Digestion of Peptid
tidases of the Small In
of the small intestine ¢
zymes for hy?rolyziﬁ‘g
the different dipeptides
as they are absorbed thi
portal blood. The enzyi
droiysis of the peptides
polypeptidase and the d

All of the proteolytic
the gastric juice, the |
brush border of the in
very specific for hydrolr
tide linkages. The linka
amino acids differ in t
physical characteristics
other pairs. Therefore,
for_each sFeciﬁc type
the multiplicity of profs

the fact that/n one sinj

eaten in too-large a quas
per cent of all the pr
acids, A few molecules
at all, afid somie Temal
peplones, and varying
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INTESTINAL

trointestinal tract from
swallowed air, (2) gases

formed as a result of bacterial action, and (3) gases
that diffuse from the blood into the gastrointestinal
fract. '

Most gases in the stomach are nitrogen and oxygen
derived from swallowed air, and a large proportion of
these are expelled by belching.

Only small amounts of gas are usually present in
the small intestine, and these are composed princi-
pally of air that passes from the stomach into the
intestinal tract, In its transport through the small in-
testine, only 5 to 15 per cent of the air is absorbed,
and a considerable amount of carbon dioxide actually
diffuses from the blood into the air to bring it into
equilibrium with the carbon dioxide of the tissue
fluids., P

In the large intestine, the greater,proportion of the
gases is derived from bacterial action; these gases
include especially carbon dioxide, methane, and hy-
drogen. (When the methane and hydrogen become

suitably mixed with oXygen from swallowed air, an
actual @xplosive mixtuTcIis occasionally Tormed,
Essentially all the gases in the large intestine are

highly diffusible through the intestinal mucosa.
Therefore, if the gases remain in the large intestine
for many hours the final mixture contains approxi-
mately 75 per cent or more of nitrogen and little of
the other gases. The reason for this is that nitrogen in
the gut cannot easily be absorbed into the blood be-
cause of the high Pw, already in the blood, as
explained in Chapter 43. However, if the gases are
passed on through the colon rapidly, the composition
of the expelled flatus may be as little as 20 per cent
nitrogen, with the remaining 80 per cent composed
mainly of carbon dioxide, methane, and hydrogen.
Certain_foods are known to cause greater expul-
sion of rom the large intestine than others—
ans, cabbage, onions, cauliflower, corn, and cer-
tain highly irritant Toods such as vipe Some of
these foods serve as a suitable ‘medium for gas-
forming bacteria, especially because of unabsorbed
fermentable types of carbohydrates, but in other in-
stances yss gas resultd from(irritation of the large

ntestine, ywhich promotes rapid expulsion of the
gases b&%ﬂM&L

- The amount of gases entering or forming in the
arge intestine each day averages 7_to 10 liters,
whereas the average amount ex&e_l‘led is usually only
about 0,3 liter. The remainder is absorbed through
the intestinal nucosa. Most often, a person expels

arge quantities of gases not bgcause of excessive
bacterial activity but because 01 excessive motility of
he large intestineathe gases being moved on through

he large intestine’before they can be absorbed.
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PROTEIN METABOLISM

933

NH,—(l}—CHs——CHr—CI}H—-COOH + CH.-—(I}—-COO Transaminase

NH,
{Glutamine}

(Pyruvic acid)

NH.-—?I]—CH,——CH,—-("]—-COOH + CH:~CH—COOH

(e—Ketoglutamic acid)

NH
{Alanine)

Figure 69-3. Synthesis of alanine from pyruvic acid by transamination.

rans

3 ses,of which are derivatives of
ARSAMIAASe. ’

pynidoxine, one of the B vitamins, Without this vita-
, Lhe nonessential amino acids cannot be synthe-

sized, and, therefore, protein formation cannot pro-
ceed normally, f

Formation of Proteins from Amino Acids.
Once the appropriate amino acids are present in a

their limits, any additional aminoe acids in the body
fluids are degraded and used for energy or stored as
fat. This degradation occurs almost entirely in the

wibver, and it begins with the process known as deamj-

tion.

Substance as explained above in relation to the

nthesis of amino acids, and (2) oxidative deamina-
Tl

The greatest amount of deamination occurs by the
ollowing transamination schema:

a-Ketoglutaric acid + Amino acid

Glutamic acid + o-Kero acid

+NAD*+H,0

NADH+H*+NH,

Note from this schema that the amino group from the
amino acid is transferred to «-ketoglutaric acid,
which then becomes glutamic acid. The glutamic acid
can then transfer the amino group to still other sub-
stances or can release it in the form of ammonia. In
the process of losing the amino group, the glutamic
‘acid once again becomes c-ketoglutaric acid, so that
the cycle can be repeated again and again,
Oxidative deamination occurs to much less extent
and is catalyzed by amino acid oxidases. In this
process the amino acid is oxidized at the point where

the amino radical attaches, which causes the amino
radical to be released.

Urea Formation by the Liver. The re—
leased during deamination 15 removed from the biood
almost entirely by tonversion into_urea, two

molecules of ammonia ang one molecule of carbon

dioxide combining in accordance with the following
net reaction: f '

T

2NH3 + COz — HQN—"(I:,[‘—NHz + Hgo

Essentially all urea formed in the human body is
synthesized Inthe liver. In the absence of the liver or
in serious liver isease, ammoenia accumulates in the
blood. This in turn is extremely toxic, especially to
the brain, often leading to a state called hepatic
coma.

The stages in the formation of urea are essentiaily
the following:

Ornithinc +COz + NHa A
——— e Citrulline
—H.0

+NH;
—H,O
Arginine
+H,0
(Arginase)
Urea

The reaction begins with the amino acid derivative
ornithine, which combines with one molecule of car-
bon dioxide and one molecule of ammonia to form a .
second substance, citrulline. This in turn combines
with still another molecule of ammonia to form ar-
ginine, which then splits into ornithine and urea. The
urea diffuses from the liver cells into the body fluids
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TABLE 78-1. Composition of Bile stored in the body, this is not true of vitamin K.
Within only a few days after bile secretion ceases,

Liver Bile Callbladder Bile the person usually develops a deficiency of vitamin

_ K. This in turn results in deficient formation by the

Water 975 gm. % 92 gm. % liver of several blood coagulation factors—pro-

ii  Bile salts I.1 gm. % 6 gm. % thrombin, and factors VII, 1X, and X—thus resulting

© Bilirubin 0.04 gm % 0.3 gm. % in serious impairment of blood coagulation.

. Cholesterol 01 gm % 0.3t 09gm. % Enterohepatic Circulation of Bile Salts, Ap-
Fatty acids 0.12 gm. % 03t 1.2 gm. % proximately 94 per cent of the bile salts are reab-
Lecithin 0.04 gm. % 0o BT % sorbed by the intestinal mucosa in the distal i
Na* 145 mEq./l. 130 mEq./L. y a m the distal rleum.

F 5 mEq/L. 12 mEq/L They enter th; portal b'lood and pass to the liver, On

Tocat 5 mEq.L 93 mEq/1.  reaching the liver the bile salts are absorbed from the

oo 100 mEq./l. 25 mEq./l.  Vvenous sinusoids into the hepatic cells and then re-
HCOy™ 28 mEq.J/l, 10 mEq./1 secreted into the bile. In this way about 94 per cent of

[P

all the bile salts are recirculated into the bile, so that
on the average these salts make the entire circuit
some 18 times before being carried out in the feces,
The small quantities of bile salts lost into the feces
are replaced by new amounts formed continvally by
the liver cells. This recirculation of the bile salts is
called the enterohepatic circulation.

The quantity of bile secreted by the liver each day
is highly dependent on the availability of bile salts—
the greater the quantity of bile salts in the en-

terchepatic circulation (usually a tota! of about 4
THE m ND THEIR gm.), the greater is the rate of bile secretion. When a
UN bile fistula forms so that bile is lost directly from the
common bile duct to the exterior, the bile salts can-
not be reabsorbed, Therefore, the total quantity of
bile salts in the enterohepatic circulation becomes
greatly depressed, and concurrently the volume of
liver secretion is also depressed.

However, if a bile fistula continues to empty the
bile salts to the exterior for several days to several
weeks, the liver increases its production of bile salts
as much as 10-fold, which increases the rate of bile
secretion approximately back to normal. This also
demonstrates that the daily rate of bile salt secretion
is actively controlled, though the mechanism of this
control is unknown,

Iytes are reabsorbed by the gallbladder mucosa, but
essentially all the other constituents, including espe-
cially the bile salts and lipid substances such as
cholesterol, are not reabsorbed and therefore be-
come highly concentrated in the gallbladder bile.

. The liver cells form about ¢.5 gram of bile salts
daily. The precursor of the bile salts is cholesterol,
which is eithér supplied in the diet or synthesized in
the liver cells during the course of fat metabolism and
then converted to cholic acid or chenadeoxycholic
geid in about equal quantities” These acids then com-
bing principally wit cine and to a lesser extent
with tatring to form glyco- and tauro-conjugated
acids. The@ﬂyf these acids are secreted in the bile.
. The bile salts have two importanf 3

intestinal tract. First, they have aetergent)
a:cthe fat particles in the food, which flecreases the sur-
Jitface TE0s € pariicles and allows the amt

vs the amitation

In the Tntestinal tract to break the fat globules into
inute sizes. This is called the emuz_uéing or deter-

ent YarTign of bile salts. Secon , and even more

mportant than the emulsifying function, bile salts
help in the absorption of fatty acids, monoglycerides,
cholesterol, and other lipids from the intestinal tract.
They do this by forming minute complexes with the
fatty acids and monoglycerides; the complexes are
alled niicelles, and they are highly soluble because
of the electrical charges of the bile salts. The lipids

EXCRETION OF BILIRUBIN IN THE
BILE

In addition to secreting substances synthesized by
the liver itself, the liver cells also excrefe a number of
substances formed elsewhere in the body. Among the
most important of these is bilirubin, which is one of
the major end-products of hemoglobin decomposi-
tion, as was pointed out in Chapter 5.

Briefly, when the red blood cells have lived out
their life span, averaging 120 days, and have become
too fragile to exist longer in the circulatory system,
their cell membranes rupture, and the released
hemoglobin is phagocytized by reticuloendothelial
cells throughout the body. Here, the hemoglobin is
first split into globin and heme, and the heme ring is
opened to give a straight chain of four pyrrole nuclei
that is the substrate from which the bile pigments are
formed. The first pigment formed is biliverdin, but
this is rapidly reduced to free bilirubin, which is

soluble vitamins are not absorbed satisfactorily.
erefore, in the absence of bile salts, vitamins A, D,
and K are poorly absorbed. Though large quan-
s of the first three of these vitamins are usually
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luteinizing hormone, prolactin, and

melanocyte-stimulating hormone.

. Posterior pituitary hormones: antidiuretic hor-

mone (vasopressin) and oxytocin.

Adrenocortical hormones: especially cortisol
and aldosterone.

hyroid hormones: thyroxine,
thyronine, and calcitonin.

ancreatic hormones: insulin and glucagon.

Ovarian hormones: estrogens and proges-

terone. :

tri-iodo-

lacental hormones: chorionic gonadotropin,
estrogens, progesterone, and human
placental lactogen.

(Negati?e Feedback in the Controlof Hor-
onal Sec < Almany points both in this

hysiological function, its rate of secretion is
revented from increasing further and at times
even decreased. This is caused by
a phenomenon we have seé o]
mportant in nervous control systems, In gen-
ral, each gland has a bastc-tenderty to over-
ecrete its particular hormone, but, once the
iormal physiological effect of the hormone has
en achieved, information is transferred either
rectly or indirectly back to the producing
gland to inhibit further secretion. On the other
and, if the gland undersecretes, the physiolog-
al effects of the hormone diminish, and the
edback decreases, thus allowing the gland to
gin secreting adequate quantities of the hor-
one once again. In this way, the [ate of secre-

ith_the need for the hormone. The spec

[ hapismsjare discussed in
erent individual hormones.

! the Hormones. Chemically,
e ®asic types of hormones are: (1) proteins or
rivatives of proteins or amino acids and 2)
{eroid hormones. For exampie, the hormones
m;the pancreas and anterior pituitary are pro-
lems or large polypeptides, while the hormones
of the posterior pituitary, thyroid, and adrenal
ulla are derivatives of proteins or amino
5. The ds are secreted by t lands
ved froffr Thé mesenchymal zone of the em-
1Yo, including the adrenal cortex, the ovary,
d the testis. il ~
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casurement of Hormone Concentrations

0st hormones are present in the circulating body
s and tissues in extremely minute quantities,
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iill see that once a hormone accomplishes its
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some in concentrations as low as one-millionth of a
milligram (one picogram) per milliliter. Therefore,
except in a few instances, it has been almost impos-
sible to measure these concentrations by usual chem-
ical means, There are two important methods that
have been employed for this purpose: (1) bioassay
and (2) radioactive competitive binding methods.

Bioassay, Bioassay means developing an appro-
priate animal preparation in which one can test the
action of the hormone on the animal. For instance, an
appropriate bicassay for antidiuretic hormone is to
measure the degree of water conservation caused by
injecting plasma or a concentrated extract of the
plasma from an experimental animal or human being
into a test animal and to compare the animal’s re-
sponse with the response to a known quantity of pure
antidiuretic hormone. In a similar manner, bioassay
for growth hormone is based on stimulation of
growth, usually of rats. Bioassays for gonadotropic
hormones are based on their effects on the ovaries or
other gonadotropic target tissues. By appropriate ti-
tration, a reasonable degree of accuracy can be
achieved for most hormones but not for all, because
appropriate animal models have not been achieved
for all hormones.

Competitive Binding Assays—Radioimmu-
noassay. For measuring extremely low concentra-
tions of hormones, a substance that specifically binds
with the hormone is first found. For instance, an-
tibodies can usually be developed that will bind spe-
cifically with a given hormone, Then a mixture is
made of three different elements: (1) a fluid from the
animal to be assayed, (2) the antibody, and (3) an
approximate equivalent amount of purified hormone
of the type to be measured but that has been tagged
with a radioactive isotope. However, one specific
condition must be met: There must be too little anti-
body for all of the hormone from the two separate
sources to combine completely. Therefore, the
natural hormone and the radioactive hormone com-
pete for the binding sites on the antibody; the quan-
tity of each hormone that will bind is proportional to
its concentration. After binding is complete, the
antibody-hormone complex is separated from the
remainder of the solution, and the quantity of
radioactive hormone that has bound with the anti-
body is measured by means of radivactive counting
techniques. If a large amount of radicactive hormone
has bound, then it is clear that there was only a small
arnount of natural hormone to compete, Conversely,
if only a small amount of radioactive hormone has
bound, it is clear that there was a very large amount
of natural hormone to compete for the binding sites.
Thus, by the use of an appropriate calibration curve,
very precise measurements of the quantities of most
hormones in body fluids can be achieved, As little as
a fraction of a picogram (one-trillionth of a gram) of
vasopressin per milliliter of assay fluid has been
measured in this way,

Several other competitive binding techniques for
assay of minute quantities of hormones have also
been employed. One of these is to use—in place of
the antibody—the specific carrier globulins of plasma
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ffect of Thyraid Hormones on the Cellular
Within a week or so follow-
ing administration of the thyroid hormones, at

least 100 and probably many more intracellular
nzymey are incréased in quantity. This may
E’"esult from the direct effect of the thyroid hor-
mones to cause generalized increase in protein
synthesis. As an example, one enzyme,
a-glycerophosphate dehydrogenase, can be in-
creased to an activity six times its normal level,
Since this enzyme is particularly important in
{ ' the degradation of carbohydrates, its increase
¥ could help to explain the rapid utilization of
- carbohydrates under the influence of thyroxine.
. Also, the oxidative enzymes and the elements
of the elegtron transport system, both of which
are normally found in mitochondria, are greatly
increased.
Effect of Thyroid Hormones on Mitochon-
dria. When thyroxine or triiodothyronine is
given to an animal, the mitochondria in most
cells of the body increase in size and also in
number. Furthermore, the total membrane sur-
face of the mitochondria increases almost di-
. N . R .
fectly in proportion to the increased metabolic
rate of the whole animal. Therefore, it is an ob-
vious deduction that the principal function of
thyroxine might be simply to increase the
number and activity of mitochondria, and these
tirn increase the rate of formation of ATP to
ergize cellular function. Unfortunately,
ough, the increase In nimber and activity of
itochondria could as well'be the result of in-
eased activity of the cells as be the cause of
the increase,
.. When oncentrations of
yroid hormones are administered, the
itochondria swell inordinately, and there is
coupling of the oxidative phosphorylation
rocgss. However, under natural condifions,
the concentration of thyroid hormones seems
ver to become high enough to cause this ef-
ct, even in human beings who have thyro-
Xicosis.
Effect of Thyroid Hormone to Increase Cel-
lilar Cyclic AMP. Thyroid hormones in-
crease cyclic AMP in some—perhaps all—cells
iof the body, but especially in muscle cells.
Therefore, some physiologists believe that the
Dtimary action of the thyroid hormones might
be simply to activate adenylcyclase, which in
m causes the formation of ¢cyclic AMP, Then
e cyclic AMP presumably acts as a second
Messenger, as was explained in the previous
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chapter, to initiate all or at least many of the
intracellular functions of thyroid hormones,

Summary. It is clear that we know many
specific events that occur in the cells through-
out the body under the influence of the thyroid
hormones. But it is equally clear that the basic
mechanisms leading to all of these effects are
still almost completely unknown.

EFFECTS OF THYROID
HORMONE ON METABOLISM OF
SPECIFIC DIETARY SUBSTANCES

Effect on Protein Metabolism and on
Growth, The rates of both protein anabolism and
catabolism are increased by thyroid hormone, which
is the expected effect because of the increased en-
Zymatic activities in the cells, Thus, thyroid hormone
is necessary for development of structural and other
proteins of the body cells and therefore is necessary
for growth in the young person.

On the other hand, thyroid hormone causes rapid
oxidation of carbohydrates and fats, and, when these
“protein sparers” are depleted, proteins rmust be
utilized for energy. As a result, a negative nitrogen
balance then ensues. Thyroid hormone also has a
specific effect on the tissves to *‘mobilize’’ protein
and thereby release amino acids into the extracellular
fluids. In additjon to making these amino acids avail-
‘able for energy purposes, this effect also increases
the rate of gluconeogenesis.

“ Effect on Bone Growth and Calcium
Metabolism. Thyroid hormone increases the
growth of bone in the same way that it increases
growth of all other tissues of the body. This probably
results from the effect of thyroid hormone to increase
protein formation. On the other hand, thyroid hor-
mone also causes rapid closure of the epiphyses.
Therefore, a young person under the influence of
thyroid hormone grows rapidly at first but then stops
growing at a much younger age than his normal coun-
terpart. Consequently, his final height may actually

. be less than normal.

Thyroid hormone also increases osteoclastic activ-
ity in the bones. When the conceniration oI the hor-
mone is marked, the osteoclastic activity causes the
bones to become¢p and greater than normal
quantities of calciUlmAMI phosphate are emptied into
the urine and excreted into the gastrointestinal tract.

This same effect occurs when the rate of metabolism
1s Increased as a result of fever, which indicates that

“the loss of calcium and pHosphate from the bones

following thyroid hormone administration could re-
sult simply from the increased ra lism.
Effect on Carbohydrate Metabolism. Thyroid

hormone stimdmwamwkiﬁmm"
drate metabolism, including tapid uptake of glucose)

the cells, enhanced glycolysis, enhanced ghico-
neogenesis, increased rate of absorption from the
gastrointestinal tract, and even increased insulin se-
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cretion with its resultant secondary effects on car-
bohydrate metabolism. All of these effects probably
result from the overall increase in enzymes caused by
thyroid hormone. — —

Effect on Fat Metabolism. Essentially all aspects
of fat metabolism are also enhanced under the
influence of thyroid hormone. However, since fats
are the major source of long-term energy supplies,
the fit stores of the body are depleted to a greater
extent than are most of the other tissue elements; in
particular, lipids are mobilized from the fat tissue,
which increases the free fatty acid concentration in
the plasma, and thyroid hormone also greatly accel-
erates the oxidation of free fatty acids by the cells.

Effect on Blood and Liver Fats. Increased thyroid
hormone decreases the quantity of ol,
phospholipids, ‘and triglycenides in the blood, ei(en
though it increases the Iree Tatty acids. On the other
hand, decreased thyroid secretion greatly increases
the concentrations of cholesterol, phospholipids, and
triglycerides and almost always causes excessive
deposition of fat in the liver. The large increase in
circulating blood lipids in prolonged hypothyroidism
is always associated with severe arteriosclerosis,
which was discussed in Chapter 68,

The cause of the reduced blood cholesterol in-
duced by thyroid hormone is enhancement of its

excretion into the gut and its conversion to bile acids °

by the liver.

Effect on Vitamin Metabolism. Because thyroid:
hormone increases the quantities of many of the
different enzymes 4nd because vitamins are essential
parts of some of the enzymes or coenzymes, thyroid’
hmm%ﬁins. There-
fore, a relative vitamin deficiency can occur when
excess thyroid hormone is secreted, uniess at the
saﬁmamins are avail-

able. :

PHYSIOLOGIC EFFECTS OF THYROID
HORMONE ON DIFFERENT
BODILY MECHANISMS

Effect on Basal Metabolic Rate. Because thyroid
hormone increases metabolism in most cells of the
body (with the exception of the brain, retina, spleen,
testes, and lungs), excessive quantities of the hor-
mone can occasionally increase the basal metabolic
rate to as much as 100 per cent above normal. How-
ever, in most patients with severe hyperthyroidism
the basal metabolic rate ranges between 40 and 60 per
cent above normal. On the other hand, when no
thyroid hormone is produced, the basal metabolic
rate falls almost to half normal; that is, the basal
metabolic rate becomes —30 to —45, as discussed in
Chapter 71. Figure 76-5 shows the approximate rela-
tionship between the daily supply of thyroid hor-
mones and the basal metabolic rate. Extreme
amounts of the hormones are required to cause very
high basal metabolic rates,

Effect on Body Weight. Greatly increased

BASAL METABOLIC RATE

the constituent parts of the body, the cardiac O'U‘P“t-
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Figufe 76-5, Relationship of thyroid hormone daily rate
of secretion to the basal metabalic rate. )

thyroid hormone production almost always de-
creases the body weight, and greatly decreased
production almost always increases the body weight;
but these effects do not always occur, because
thyreid hormone increases the appetite, and this may
overbalance the change in the metabolic rate.
Effect on Growth. Because protein synthesis

cannot occur normally in the absence of thyroid"

hormone, the growth effect of growth hormone from
the pituitary gland is not significant without the con-
current presence of thyroid hormone in the body
fluids. There are two conditions in which this effect
on growth is especially evident: First, in growing
children who are hypothyroid, the rate of growth is

greatly retarded. Second, in growing children who '

are hyperthyroid, excessive skeletal growth often
occurs, causing the child to become considerably
taller than otherwise. However, the epiphyses close
at an early age so that the eventual height of the adult
may be shortened.

Effect on the Cardiovascular System. Because
increased metabolistn induced by thyroid hormone
increases the demand of the tissues for nutrient sub-
stances, the following effects occur in the cardiovas-
cular system in hyperthyroidism and the opposite ef-
fects occur in hypothyroidism:

Blood Flow and Cardiac Output, Incre:el'sed
metabolism in the tissues causes more rapid utiliza-
tion of oxygen than normally and causes greater than
normal quantities of metabolic end-products to be
released from the tissues, These effects cause vas-
odilatation in most of the body tissues, thus increas-
ing blood flow i almost all areas of the body. Espe-
cially does the rate of blood flow in the skin increase
because of the increased necessity for heat elimina-
tion. ' R
As a consequence of the increased blood flow 10
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