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I. Scope and Introduction

THIS review concerns processes that are
responsible for removing biologically active

peptide hormones from the circulation,

which thus terminate the signal that the

hormone carried to its target cells. Mecha-

nisms of clearance and inactivation are of

interest physiologically because they are
the means of terminating the hormonal

message, therapeutically because they reg-

ulate concentrations of exogenous hor-

mones and hence the duration and magni-

tude of their actions, and pharmacologically

because they give information that may

lead to the development of analogues with

improved properties. In what follows, stud-

ies of the metabolism of endogenous hor-

mones, of exogenous hormones at supra-

physiological concentrations, and of pep-

tide hormone analogues all will be consid-

ered.

Investigation of the metabolism of pep-

tide hormones is complicated by a number

of factors. The available assays suffer from

limitations. Radioimmunoassays are usu-
ally not totally specific for the intact hor-

mones and bioasays suffer from the same

disadvantage; moreover, many of the deg-

radation products, active or inactive, may

escape detection. Use of radioactive tracer

calls for careful preparation of the labelled

hormone and extensive application of chro-

matographic techniques to separate the in-

tact peptide and to characterize fragments.

These methodological problems are the

more serious because peptides are complex

molecules capable of giving rise to many

products. There are also difficulties in the

selection of appropriate experimental ani-

mal models. Peptides do not readily cross

cell membranes and the use of models in

vitro, where cellular compartmentalization

may be lost, is of limited interest unless the

results can be related to observations in

vivo. Experimentation is complicated in

vivo by the rapidity and complexity of the

processes involved, which can make it hard

to decide, for instance, whether uptake into

a tissue has occurred before degradation

and, when degradation is extensive, where

the primary sites of cleavage are.

Despite these difficulties a number of

mechanisms of clearance and inactivation

of peptides have been identified and the

aim of this review is to assess the areas in

which progress has been made and also to

indicate some of the fundamental questions

that remain unanswered.

A. Overview of Processes Known to Be

Involved in Peptide Metabolism

Once in the circulation, peptides are sub-

ject to processes of distribution into tissues,

which can be passive or involve active up-

take, and also to processes of degradation.

Distribution into tissues appears in some

cases to be a reversible phenomenon for

which the mechanism has not been eluci-

dated. However, in addition to reversible

distribution, many peptide hormones are
taken up by the kidneys by a process that

is probably irreversible since it involves

glomerular filtration followed by pinocy-

totic uptake by proximal tubule cells.

Degradation or inactivation of peptide

hormones is usually considered to be car-

ried out by peptidases. Although these en-

zymes are ubiquitous, the specificities of

the enzymes at different sites in the body

vary considerably. The degradation of a
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peptide will therefore depend on which sites

in the body it reaches. Thus, unless degra-

dation occurs in the circulation or at the

luminal surfaces of the vascular wall, the

inactivation of a peptide hormone is linked

to its distribution and transport. The as-

sumption that degradation processes are

proteolytic may be an oversimplification

and one should observe caution in the in-

terpretation of data from experiments that

did not allow other mechanisms of inacti-

vation to be observed.

B. Methods for the Assay,

Characterization, and Identification of

Peptides

Because peptide hormones are complex

molecules normally present in small

amounts, it is difficult to acquire absolutely

specific information about their concentra-

tions or identity. The following methods

are most commonly applied.

1. Bioassay. Bioassays are useful for ob-

taining information about the concentra-

tions of biological activity in samples. How-

ever, they do not give information about

inactive products and may fail to indicate

conversion of a peptide hormone to active

metabolites. Bioassays can be very sensi-

tive but sensitive, accurate, and practicable

assays are not available for every peptide

hormone.

2. Radioimmunoassay. Radioimmunoas-

says are usually sensitive and reproducible

but, like bioassays, they lack specificity.

Data obtained by radioimmunoassay can

be seriously misleading since biologically
inactive fragments may crossreact and be

estimated as immunoreactive peptide hor-

mone. Radioimmunoassays, therefore, even

with careful characterization and valida-

tion, require cautious interpretation.

3. Isotopically labelled hormones. The

use of labelled peptides has the advantage

that quantitative assay is relatively simple

and no confusion with endogenous peptides

can arise. There are difficulties, however, in

the preparation and choice of suitable la-

belied molecules and also in establishing

whether the radioactivity in a sample rep-

resents the intact peptide or products of

degradation. Ideally one should use a la-

belled molecule, essentially identical in

physicochemical and biological properties

to unlabelled peptide. This can be achieved

by the use of ‘4C or 3H labelling, but such

products are difficult to prepare. Labelling

with radioactive iodine provides material of

high specific activity but iodine-labelled

peptides are chemically distinct peptide an-

alogues and in addition, unless great care is

taken, the peptide is likely to become chem-

ically damaged during iodination.

4. Chromatography. All of the above as-

say methods can be rendered more specific

and informative by combination with a

chromatographic step. When isotopically

labelled molecules are used it is essential to

include some kind of separation procedure

if any useful data are to be obtained, since

otherwise one might be measuring end

products of degradation.

5. Identification. Criteria for the identi-

fication of a peptide hormone or its metab-

olites depend on the circumstances of the

study. For a natural hormone it is often

taken to be sufficient to establish identical

biological activity or immuno-crossreactiv-

ity and chromatographic behaviour. More

rigorous identification can be carried out

by isolation and amino acid analysis or

sequencing. In practice this can require ex-

tensive purification of quantities of between

10 �tg and 1 mg of peptide. An alternative

procedure for identification is radiose-

quencing, which avoids the need for purifi-

cation and can be carried out with small

quantities of peptide. Radiosequencing,

however, requires the preparation of pep-

tides labelled in specific parts of the mole-

cule and must be coupled to chromato-

graphic procedures if complex mixtures of

labelled products are present. The principle

of the method is the determination of the

number of sequential steps, each involving

the removal of one N-terminal amino acid,

that are required to release label from a

known position in the peptide.
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C. Biological Experimental Methods

In addition to difficulties in the assay of

peptide hormones, studies of peptide hor-

mone metabolism are complicated because

it is rarely possible to observe separately

simple processes of transport and degrada-

tion.

1. Blood and plasma in vitro. Provided

care is taken to ensure that no activation of

peptidases of the clotting mechanism oc-

curs during collection, it may be assumed

that studies of stability in blood or plasma

wifi give reliable information. The experi-

ments are simple, and mechanisms of in-

activation can be elucidated. However, for

many peptide hormones degradation in the

blood is only a minor process in vivo; deg-

radation in tissues is more important.

2. Tissue homogenates or slices. Al-

though experiments in vitro may be easy to

carry out, the results must be interpreted

with caution. With homogenates the pep-

tide hormone is exposed to enzymes that

may never reach it in vivo and with tissue

slices irrelevant enzymes may be released

from cut surfaces or the peptide may have

restricted access to capillary endothelial

surfaces.

3. Isolated perfused organs and tissues.

Studies with perfused systems can yield

information about the capacity of a tissue

to clear peptide hormones. When appropri-

ate measurements are carried out they can

indicate whether the peptide is accumu-

lated or degraded in transit and give infor-

mation on mechanisms of degradation. Re-

sults of perfusion studies cannot be applied

quantitatively to metabolism in vivo. Fur-

thermore, care should be taken to ensure

that the perfused tissue is not damaged in

such a way as to release peptidases into the

perfusion medium.

4. Arteriovenous differences in vivo. This

method can given quantitative information

about the relative importance of various

tissues in clearing a peptide hormone from

the circulation. Clearance can result from

tissue uptake, which may or may not be

associated with degradation, or from deg-

radation in transit through the capillary

bed. Resolution of these possibilities can be

accomplished by infusing the labelled pep-

tide and by sampling tissues.

5. Blood or plasma kinetics in vivo. Al-

though knowledge of the pharmacokinetics

of peptides is important for an understand-

ing of their biological actions, the interpre-

tation of pharmacokinetic observations in

terms of mechanisms of clearance is com-

plex. Plateau blood concentrations reached

after a period of constant infusion at a

known rate give information on total body

clearance under conditions where distribu-

tion has achieved an equilibrium or distri-

bution and metabolism have reached a

steady state. By studying total clearance at

different infusion rates it is possible to es-

tablish whether clearance mechanisms de-

pend on blood concentration. Another

method of studying peptide hormone kinet-

ics is to follow the decline of blood levels

after intravenous injection or cessation of

infusion or secretion. After a bolus injection

it is usual to delay the first measurements

for 2 to 3 mm (to allow mixing in the

circulation) and then to determine the

blood concentrations at short intervals for

the next 20 to 30 mm. During this time the

concentration may fall by several orders of

magnitude and at the end may approach

the limit of detection. Normally, the decline

is approximately exponential and is there-

fore simply characterized by calculating a

half-life. Although the half-life determined

in this time interval is usually quoted as the

half-life in a given species, for some hor-

mones more careful investigation has re-

vealed an early phase of more rapid decline

and a late phase of slower decline. These

findings and their interpretation in terms of

distribution phenomena will be discussed

later in greater detail.

6. Distribution studies in vivo. Investi-

gation of the distribution and nature of

radioactive peptide and its degradation

products in plasma and tissues at various

times after injection will give realistic infor-

mation about the fate of the molecule in

vivo. However, the interpretation of the
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results in terms of simple mechanisms can

be very difficult. The presence of a peptide

fragment in a tissue does not indicate where

or when it was formed. One must not con-

clude that only those tissues that accumu-

late label are involved in metabolism. For

example, there are peptides that are exten-

sively degraded in transit through the

lungs. However, with a peptide for which it

can be shown that fragments do not circu-

late over the period under consideration it

is possible to interpret tissue uptake and

degradation patterns in terms of specific

roles played by the individual tissues.

7. Conclusions on methods of investiga-

tion. The most appropriate methods de-

pend very much on the processes that are

important for each individual peptide and

generally it is necessary to compare the

results of several experimental approaches

to obtain insight into the mechanisms in-

volved in the metabolism of a peptide hor-

mone. There is also a danger that a given

experimental approach may focus attention

on certain specific aspects of the metabo-

lism without revealing processes of major

importance for the overall handling of the

molecule.

II. Individual Hormones or Classes of

Hormones

The sections on individual hormones or

classes of hormones are organized as far as

possible according to a set pattern in which

topics are considered in the following order:

introductory remarks about the properties

of the hormone; stability in blood or plasma

in vitro; plasma half-lives and decay curves;

factors that affect plasma clearance such as

tissue distribution, metabolism, and plasma

protein binding; the role of specific organs

as defined by tracer studies, measurements

of arteriovenous difference, isolated organ

studies, effect of exclusion of organs from

the circulation on survival of the peptide

hormone; mechanisms of enzymatic cleav-

age where data are available that are likely

to be relevant to metabolism in vivo; and

other information of interest, e.g., the be-

haviour of peptide analogues. Amino acid

sequences of low molecular weight peptides

are shown in Figure 1; for primary se-

quences of the larger hormones see Dayhoff

(64). Since a number of reviews have been

written on specific classes of peptide hor-

mones and the total number of publications

on peptide metabolism is very large, no

attempt has been made to provide an ex-

haustive compilation of the literature.

A. Opiate Receptor Agonists

Two classes of potent opiate receptor

agonists, the enkephalins and the endor-

phins, have recently been isolated from

brain (134) and the anterior pituitary (37,

168, 169). One of the enkephalins and all

the endorphins are homologous with se-

quences of the anterior pituitary peptide

fl-lipotrophin ($-LPH); residues 61-65, 61-

76, and 61-91 correspond respectively to

met-enkephalin, a-, and f�- endorphin. It is

likely that the endorphins are formed from

�9-LPH or a common precursor of fl-LPH

and corticotrophin (ACTH) (177), but the

presence in the brain of a second enkepha-

lin, leu-enkephalin, which is not homolo-

gous with /3-LPH, makes the origin of en-

kephalins less certain.

Met- and leu-enkephalin are unstable in

blood in vitro. The half-life is about two

mm and tyrosine is cleaved from the amino-

terminus (119), which results in inactiva-

tion.

On incubation with brain, a- and /9-en-

dorphins have been reported to be more

resistant to aminopeptidase attack than

met-enkephalin (178) and it is likely that

they are also more stable in plasma. It is

probable that the half-lives of all these pep-

tides are shorter in vivo than in vitro, but

nothing is known about the clearance of the

peptides or the importance of different tis-

sues for inactivation.

Studies with the peptide opiate receptor

agomsts have, however, provided informa-

tion on an interesting aspect of distribution:

passage across the blood-brain barrier. En-

kephalins and endorphins are active anal-

gesics when administered intraventricu-

larly (245), and /9-endorphin is also active
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when administered intravenously (292).

Since /9-endorphin is 31 residues long it is

apparent that peptides of moderate size can

cross the blood-brain barrier. The natural

enkephalins are almost inactive when ad-

ministered intravenously (42) but this does

not necessarily indicate inability to cross

the blood-brain barrier since enkephalins

are more unstable than /9-endorphin in

blood and in brain preparations. In fact a

stabilized analogue [D-Ala2, MePhe4, Met

(O)�-0l] enkephalin has been reported to

have considerable analgesic activity after

parenteral and even after oral administra-

tion (245).

Investigation of the stability of opiate

peptides in brain homogenates and slices

shows that amino-terminal cleavage can oc-

cur (178) and result in loss of activity. An-

alogues containing D-Ala2 are more active

(245). However, there is no direct informa-

tion to indicate the mechanisms of inacti-

vation that actually occur when peptide

enters the brain from the blood stream or

when endogenous peptides are released.

Transmitter substances are often confined

to restricted and specialized environments

and it seems possible that the mechanisms

of inactivation differ from those observed

in brain preparations in vitro.

B. Vasoactive Peptides

Bradykimn and angiotensin are vasoac-

tive peptides of nonendocrine origin. They

are released rapidly from plasma proteins

in response to various stimuli and as such

are dissimilar to glandular hormones. Their

metabolism is very rapid. The release and

metabolic fate of bradykinin and of angio-

tensins I and II have been reviewed (300).
1. Bradykinin. The pharmacology of

bradykinin and the other kinins, including

their metabolic fate, has been extensively

reviewed by Erd#{246}s(84, 85). Bradykinin, a

nonapeptide, is the most studied of a family

of peptides that are released by the action

of proteolytic enzymes, the kallikreins, on

circulating proteins, the kimnogens. In ad-

dition to potent vasoactive properties,

pharmacological effects of these peptides

include increased capillary permeability,

production of pain, and contraction of vis-

ceral smooth muscle. The potent effects of

bradykinin make it undesirable that it per-

sist other than at its site of production.

Bradykinin is rapidly inactivated in

plasma by a carboxypeptidase (kininase I

or carboxypeptidase N) that removes the

carboxyl-terminal arginine residue (86) and

by kininase II. Although the half-life in

plasma in vitro is short [17 sec in the cat

(91); 20 sec in man (252)], bradykinin is

even more rapidly inactivated during pas-

sage through most tissue beds.

In the cat, 37% to 72% of the bradykinrn

administered was inactivated in a single

passage through hindquarters, liver, and

kidney but the pulmonary circulation was

most efficient, inactivating 78% (91). Deg-

radation of ‘4C-labelled bradykinin has

been studied in perfused lung (249). Radio-

activity emerged in the form of small frag-

ments indicative of extensive cleavage of

Arg’-Pro2, Pro3-Gly4, Gly4-Phe5, Ser6-Pro7,

and Pro7-Phe8 in a single passage. This

degradation was probably caused in part by

kininase II, which is present in rat lung and

removes the N-terminal dipeptide, Phe8-

Arg9 (318). This enzyme appears to be iden-

tical to angiotensin converting enzyme

(276), a peptidase situated in the vascular

endothelium of lung that facilitates exten-

sive degradation of peptides in transit (251).

Angiotensin-converting enzyme is also

found in many other tissues (44) and is

probably responsible for at least part of the

rapid clearance of bradykinin observed in

many tissue beds.

2. Angiotensins I and II. ANGIOTENSIN I.

The pharmacology of angiotensin and its
analogues has been reviewed by Regoli et

al. (238). Angiotensin I, a decapeptide, is

released from a plasma a2-globulin, angio-

tensinogen, by the proteolytic enzyme

renin. Interest in angiotensin I has mainly

been concerned with its conversion, by re-

moval of the carboxyl-terminal dipepticle

His9-Leu’#{176}, to the biologically more potent

angiotensin II, which has pressor properties

and stimulates aldosterone secretion by the

adrenal cortex.

Ng and Vane (213) showed that the major
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site of conversion was the lung; kidney

and hindquarters also inactivated large

amounts of the hormone in a single passage.

Ryan et al. (250) found that conversion by

the lung of [‘4C]-labelled angiotensin I

takes place in transit without retardation of

radioactivity. Converting enzyme is present

in plasma membranes prepared from rat

lung and has been immunochemically lo-

calized in the caveolae lining the capillary

endothelia (251). Converting enzyme has

been isolated and purified. The isolated

enzyme appears to have a broad specificity

for substrates; it cleaves carboxyl-terminal

dipeptides provided there is a C-terminal

carboxyl group and the bond to be cleaved

does not involve an imino group (82). In the

intact lung, however, the activity of the

enzyme appears to be restricted to brady-

kinin inactivation and angiotensin conver-

sion. Converting enzyme has been found in

many other tissues (44) and indirect evi-

dence suggests that substantial local con-

version may take place in a number of

extrapulmonary tissue beds (73-75, 154). It

is likely that as a result of further metabo-

lism only small amounts of angiotensin I

will emerge from the tissues, as was found

by Oparil et al. (216). Converting enzyme is

also present in blood but in small amounts

(213).

ANGIOTENSIN II. Hodge et al. (126)

showed by bioassay that angiotensin II is

inactivated by dog blood in vitro with a

half-life of 100 to 200 sec. Angiotensin II is

inactivated in plasma by an aminopepti-

dase (237). However, the blood itself plays

little part in the inactivation of angiotensin

II in vivo since biological activity is re-

moved rapidly from the blood stream by

the tissues (30, 31, 126), and the kidney,

liver, and hindquarters but not the lung

substantially inactivate angiotensin II in a

single passage in vivo. The half-life of an-

giotensin II is of the order of one circulation

time, which in the case of the dog is ap-

proximately 15 sec. The importance of the

kidney, liver, and hindquarters in the deg-

radation of angiotensin has been confirmed

in experiments with isolated perfused organ

preparations (17, 159, 160). In a single pas-

sage through the dog kidney 75% of [‘4C-

Ile5]-angiotensin II is degraded but the label

is not retarded (214). A major product was

free isoleucine and in the same investiga-

tion replacement of L-Asp’ by D-Asp’ re-

duced the extent of metabolism of ‘31I-la-

belled angiotensin II. This latter observa-

tion suggests that aminopeptidase attack is

an important initial step in degradation.

Recently it has become apparent that

removal of aminoterminal Asp from angio-

tensin II does not inactivate it but converts

it to angiotensin III, a peptide with en-

hanced steroidogenic but reduced pressor

properties (33,45,51). It has been suggested

that angiotensin III may be an important

mediator of aldosterone production in vivo

(106). It has been reported to be a major

component of angiotensin activity in rat

and human blood (267, 268).

Summary. Bradykinin and angiotensin

are extremely potent vasoactive agents.

They are inactivated in blood but their

inactivation or conversion in many tissues

is even more rapid. The enzyme responsible

for converting angiotensin I to angiotensin

II is well characterized and appears also to

be important for the inactivation of brady-

kinin in the lung and other tissues. Many

of the major mechanisms for the inactiva-

tion of bradykinin and angiotensin in tis-

sues, however, remain poorly defined.

C. Neurohypophysial Hormones

The neurohypophysial hormones, oxyto-

cm and vasopressin, are stored in the pos-

terior pituitary in association with the high

molecular weight proteins, the neurophy-

sins. Like bradykinin and angiotensin, these

hormones have been the subject of inten-

sive research since their isolation and struc-

tural elucidation in 1953. Although struc-

turally related, they have different biologi-

cal functions.

Arginine-vasopressin and its analogue

[desamino-Cys’, D-Arg8]-vasopressin

(DDAVP) are used in the treatment of

diabetes insipidus. They have a direct an-

tidiuretic effect on the kidney. Oxytocin has
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weak vasopressor activity but is primarily

concerned with stimulating contraction of

the uterus during parturition and promot-

ing milk ejection during suckling. Its main

use clinically is to induce labour. The secre-

tion and the metabolism of these two non-

apeptides have been extensively reviewed

(101, 123, 158). The structure of oxytocin is

common to all species so far studied but

two vasopressins have been isolated, Lys8-

vasopressin and Arg8-vasopressin.

DECAY OF BLOOD PEPTIDE LEVELS IN VI-

TRO AND IN VIVO. Both oxytocin and vaso-

pressin are stable in normal plasma in vitro

(1). In pregnant women “oxytocinase” ac-

tivity appears in the plasma and inactivates

oxytocin and vasopressin by cleavage of the

pentapeptide ring between the cysteine and

tyrosine residues (293). The low efficiency

of this inactivation system makes it of

doubtful physiological importance.

The half-life of oxytocin after intrave-

nous injection is short in vivo. In the rat

and man values of 1.7 mm and 2.7 mm,

respectively, have been reported (103-105).

The half-life of Arg8-vasopressin is also

short in vivo, but the value obtained has an

unusual dependency on the dose adminis-

tered. The half-life in the rat ranges from

0.85 mm for a large dose (102) to 3.4 mm

for a low dose (61). Vasopressin, but not

oxytocin, binds to a small extent to human

plasma proteins (88).

ROLE OF TISSUES IN DECAY OF PEPTIDE

LEVELS. The renal and hepatic circulations

are the most important in the metabolism

of both oxytocin and vasopressin since ex-

clusion of the kidney and liver from the

circulation of the rat prolongs the effective

life of both hormones (102, 103). It has been

suggested that during lactation the rat

mammary gland may also be important in

the inactivation of oxytocin after intrave-

nous injection. Ginsburg and Smith (103)

found that oxytocin bioactivity in the

plasma continued to decrease despite the

exclusion of the kidney and liver from the

circulation. Neither vasopressin nor oxyto-

cin are inactivated by the pulmonary cir-

culation in single passage experiments in

the rat (29).

After the intravenous injection of oxyto-

ci tritiated in the leucine or tyrosine res-

idues, into the rat, radioactivity was con-

centrated mainly in the kidney and liver

with smaller amounts found in skeletal

muscle (11, 274). Walter and Shlank (314)

found that when oxytocin, labelled with

[14C] in the glycine residue, was injected

into the rat, the radioactivity was excreted

in the urine in the form of glycinamide or

the intact peptide. Similarly, Walter and

Bowman (313) found that, when [‘4C]-la-

belied oxytocin or vasopressin was added to

the perfusate in an isolated perfused rat

kidney preparation, radioactivity found in

the urine was mainly in the form of glyci-

namide. Labelled glycinamide did not ap-

pear in the perfusate and radioactivity did

not accumulate in the kidney. This shows

that degradation occurs after glomerular

filtration and that the products are not

reabsorbed. With an isolated perfused rab-

bit kidney, Levi et al. (167) found that

clearance was greatest when the concentra-

tion of arginine-vasopressin was small.

However, Little et al. (170) found the con-

verse to be true in the perfused rat liver.

Since the liver is an important site of clear-

ance, the latter observation may explain

why the half-life of vasopressin is shorter in

the rat at high doses.

IN VITRO STUDIES. Enzymic inactivation

of arginine-vasopressin and oxytocin in rat

kidney homogenates has been studied with

the hormones labelled at G1y9 (314). The

results suggest that cleavage of Pro7-Arg8 is

of major importance in the degradation of

vasopressin whereas cleavage of Leu8-Gly9-

NH2 occurs most rapidly when oxytocin is

degraded.

ANALOGUES OF THE NEUROHYPOPHYSIAL

HORMONES. Many analogues of both oxy-

tocin and vasopressin have been synthe-

sized mainly in order to characterize the

appropriate receptors [see Schwartz (260)

for review]. Several analogues of the neu-

rohypophysial hormones that are resistant

to tissue peptidases in vitro have been syn-

thesized (18). These peptidases are not nec-
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essarily relevant in vivo but one in vitro-

resistant analogue of arginine-vasopressin

has turned out to be very successful clini-

cally. This analogue, [desamino-Cys’, D-

Arg8]-vasopressin (DDAVP), was designed

to be resistant to both aminopeptidase and

trypsin-like activity (321). DDAVP is a re-

markable drug in that it produces a pro-

longed antidiuretic effect on the kidneys of

patients suffering from diabetes insipidus.

This is a reflection of its metabolic stability

and also, apparently, of increased receptor

affinity (10, 80, 224).

The modifications in this analogue that

have led to greater stability suggest that

inactivation by aminopeptidases and by en-

zymes of the type proposed by Walter and

Shlank (314) must occur in vivo at tissue

sites that equilibrate with the circulation.

In addition to being longer acting, DDAVP

is almost completely free of pressor activity

(302). Thus this analogue embodies a com-

bination of metabolic stability and selective

and enhanced biological activity.

Summary. Despite their stability in

plasma in vitro both oxytocin and vaso-

pressin have short half-lives in vivo. This is

brought about by rapid inactivation by the

renal and hepatic circulations. Little is

known about the mechanisms of inactiva-

tion. In the lactating rat the mammary
gland may also play a substantial role in

lowering blood oxytocin levels. A study of

the inactivation of arginine-vasopressin by

tissue peptidases has led to the synthesis of

a clinically useful analogue, [desamino-

Cys’, D-Arg8]-vasopressin, that is both met-

abolically stable and characterized by selec-

tive and enhanced biological activity.

D. Hypothalamic Hormones

The existence of hypothalamic hormones

that stimulate or inhibit the release of an-

terior pituitary hormones has been known

for many years. These low molecular weight

peptides are secreted into blood vessels that

pass from the hypothalamus to the anterior

pituitary (121). It is only recently that some

have been isolated and sequenced (93) and

analogues synthesized (242). Since these

hormones act locally for the most part,

systemic studies may not be of physiologi-

cal importance but are nevertheless rele-

vant from experimental and therapeutic

points of view.

1. Thyrotrophin-releasing hormone

(TRH) or thyroliberin. TRH, a tripeptide

that stimulates the release of the hormones

thyrotrophin and prolactin, is used to test

both thyroid and pituitary-hypothalamic

function. Porcine and ovine TRH are iden-

tical. TRH is protected against classical

exopeptidase attack by having a pyroglu-

tamyl residue at its amino-terminus and an

amidated carboxyl-terminus. Nevertheless,

TRH is unstable in rat plasma in vitro

(232), with a half-life of about 3 mm. Inac-

tivation is caused by the removal of the

amide group from the carboxyl-terminus

(207). The half-life of TRH in vivo in the

rat after intravenous injection was esti-

mated with tritiated or [‘4C]-carbon la-

belled peptides to be 2.2 mm (78, 233) or

6.5 mm (253). The decay of total radioactiv-

ity in the blood was measured, and the fall
in biologically active TRH is probably

faster than these values suggest. The

plasma half-life in man has been found to

be 5.0 mm by bioassay (166) and 5.3 mm by

radioimmunoassay (20).

Dupont et al. (78) found that [3H]-TRH

rapidly left the circulation and the deami-

dated form rapidly appeared. In several

studies large amounts of apparently intact

TRH (20, 166, 253), immunoreactive TRH

(83), and deamidated TRH (78, 233, 253)

were found in the urine.

Despite protection against carboxypep-

tidases, TRH is unstable in plasma in vitro

and has a short half-life in vivo in the rat

and man. A major route of inactivation in

vitro and in vivo is deamidation but it is

not clear whether this occurs entirely in the

plasma or whether tissue beds are involved.

2. Melanocyte-stimulating hormone-re-

lease-inhibiting hormone (MRIH) or me-

lanostatin. A tripeptide that inhibits the

release of MSH from the frog pituitary has
been isolated from porcine hypothalami. It

is identical in structure to the carboxyl-



Species of Ani-
m

Method of Assay Reference
Initial Final

Rat ‘25lodine-labelled hormone 5-10 150-600 202

Rat Tritium-labelled hormone 6.8 234

Dog Bioassay 5.0 257

Pig Bioassay 12.0 257

Man Tritium-labelled hormone 2-4 30-60 202

Man Tritium-labelled hormone 4.0 57.0 229

Man Radioimmunoassay 3.6 19.3 148

Man Radioimmunoassay 5.3 27.4 139

Man Radioimmunoassay 3.6 8

Man Radioimmunoassay 2.7 ...3#{216}* 306

Man Bioassay 2.9 306

Man Bioassay

* Authors’ estimate.

2.0 10.0 269
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terminus of oxytocin. As in TRH and

LHRH, the carboxyl-terminus of MRIH is

amidated.

Nair et al. (206) found, through the use

of radiolabelled peptide and a bioassay, that

MRIH is inactivated by human plasma in

vitro; the main mechanism of inactivation

was removal of the proline residue from the

amino-terminus. Some deamidation of the

carboxyl-terminus was also found. The rate

of inactivation was not studied.

The half-life of disappearance of radio-

activity after the intravenous injection of

tritiated and [‘4C]-labelled MRIH is ap-

proximately 9 mm in the rat (231) and 1.9

mm in man (230). A slow component of

decay with a half-life of 15.2 mm was ob-

served in man but this may reflect the

clearance of radiolabelled peptide frag-

ments and not intact peptide. The distri-

bution of tritiated MRIH in the mouse and

rat has been studied by direct measurement

of tissue radioactivity and by whole body

autoradiography (79, 231). After intrave-

nous injection, radioactivity was concen-

trated in the pineal, pituitary, kidney, liver,

and fat. Considerable amounts of intact

MRIH are excreted in the urine by man

after intravenous injection (230) but the r&t

excretes very little intact peptide (231).

At present it is not clear what processes

are responsible for the short half-life of

MRIH in vivo.

3. Luteinizing hormone/follicle-stimu-

lating hormone-releasing hormone or lu-

liberin (LHRH or folliberin (FSHRH)).

LHRH is a decapeptide that stimulates the

release of both luteinizing hormone and

follicle-stimulating hormone from the an-

terior pituitary. Like TRH this hormone is

apparently protected against exopeptidase

degradation by the pyroglutamyl residue at

its amino-terminus and the amidated car-

boxyl-terminus.

DECAY OF BLOOD LHRH CONCENTRATIONS

IN VITRO AND IN VIVO. LHRH has been

shown by bioassay to be only slowly de-

graded by rat, guinea-pig, chicken, dog,

sheep, and human plasma (256) and to be

almost completely stable in human plasma

and whole blood (306) upon incubation in

vitro. Since LHRH has a short half-life of

a few minutes in vivo (table 1), it follows

that the blood itself plays little part in

reducing circulating levels of this peptide

after injection. Table 1 lists the half-lives in

vivo of synthetic LHRH in the rat, dog, pig,

and man after bolus intravenous injection.

Initially, the blood peptide levels fall very

rapidly and, in man, in the first 2 mm, about

80% of the dose leaves the circulation (139).

The half-life values appear to be shorter for

man than for the other species and indicate

that in man LHRH is very rapidly inacti-

vated. Recently, Pimstone et al. (219) found

that by radioimmunoassay LHRH has a

TABLE 1

Estimates olin vivo half-lives of LHRH in the rat, dog, pig, and man

Half-lives (mm)
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somewhat longer half-life of 5.5 to 9 mm in

man after intravenous infusion. Bolus injec-

tion may yield shorter values because of

rapid distribution outside the vascular com-

partment. Observation of the decay of

LHRH by use of isotopically labelled pep-

tide or radioimmunoassay may produce

misleading half-life values because neither

method distinguishes between biologically

active hormone and inactive fragments. In

man the initial plasma half-life value for

LHRH is, in general, lower by bioassay

than by the other methods. This is also

noticeable when decay rates at later times

are considered. As with some other pep-

tides, notably ACTH and calcitonin, a sec-

ond much slower component of decay fol-

lows the initial rapid drop in blood hormone

levels. Half-life values for this secondary

decline in blood levels in man vary from 30

to 60 mm when tritium-labelled hormone

or radioimmunoassay is used, but by bioas-

say the value is only 10 mm. Virkkunen et

al. (306) concluded that the longer half-life

by radioimmunoassay was mainly because

of the slower elimination from the circula-

tion of immunologically active, biologically

inactive LHRH fragments. The second

phase of decline in blood bioactive hormone

levels could be caused by peptide binding

to plasma protein or to peripheral tissues.

The latter mechanism is more likely be-

cause, according to Virkkunen et al. (306),
LHRH is not bound to plasma protein.

ROLE OF TISSUES IN DECAY OF BLOOD

LHRH CONCENTRATIONS. Studies of the dis-

tribution of [3H]-LHRH after intravenous

injection into the rat have shown that the

kidney and to a lesser extent the liver con-

centrate most of the radioactivity (234).

Very little intact LHRH was found to be

excreted in the urine of rats (bioassay) or

man (radioimmunoassay), which confirms

the ability of the kidney to accumulate or

degrade the peptide (139, 234). Redding et

al. (229) studied the nature of the radioac-

tivity in human urine after the injection of

LHRH labelled with tritium in the amino-

terminal pyroglutamyl residue. They con-

cluded that radioactivity was mainly ex-

creted in the form of pyroglutamic acid and

the dipeptide pyroglutamyl-histidine,

which suggests that LHRH is probably in-

activated, among other mechanisms, by the

cleavage of these components from the

amino-terminus. Because the label was

present only at the amino-terminus these

findings could indicate only part of the

breakdown pattern.

IN VITRO STUDIES. Sandow et al. (255)

have shown by bioassay that LHRH is rap-

idly inactivated by dog and pig kidney and

liver homogenates. Muscle had little inac-

tivating capacity. Hudson et al. (133) em-

ployed radiosequencing to show that

LHRH labelled with [3H] in trytrophan and

[‘4C] in proline is cleaved mainly at Tyr5-

G1y6 in rat liver homogenates. Rat hypotha-

lamic and brain homogenates inactivate

LHRH in vitro (109, 150, 180). However,

peptidases in these organs cannot play a

role in limiting blood LHRH concentrations

after intravenous injection since only a

small fraction of the circulation passes

through these tissues. In addition there is

no evidence that endogenous hormones re-

leased from the hypothalamus are inacti-

vated before they reach their target tissue,

the pituitary.

SUMMARY. LHRH, despite structural

characteristics that protect it against ex-

popeptidases, has a short half-life in vivo,

especially in man, but little is known about

the processes responsible for this.

4. Growth hormone-release-inhibiting

hormone (GHRIH) or somatostatin. So-

matostatin, a tetradecapeptide first isolated

and identified as hypothalamic growth hor-

mone-release-inhibiting factor, was subse-

quently found also to inhibit release of glu-

cagon, insulin, and gastrin. Since somato-

statin-like immunoreactivity has been de-

tected in many extrahypothalamic sites in-

cluding pancreas and stomach (9), it seems

likely that somatostatin is a locally secreted

inhibitory factor and as such might be ex-

pected to be inactivated rapidly. Recent

evidence suggests that somatostatin may

also be released as a circulating hormone

that plays a role in glucose homeostasis by
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regulating glucose absorption from the in-

testine (294).

Cyclic somatostatin is rapidly converted

to [des-Ala’]-somatostatin in heparmnized

rat plasma and whole blood in vitro [T’/2,

0.5-1 mm (195)]. This is the only product

formed after 2 mm, and since it is probably

biologically active (297) it is unlikely that

rapid inactivation of somatostatim occurs in

the blood. Brazeau et al. (38) estimated that

the half-life of circulating somatostatim in

vivo was certainly less than 10 mm in the

rat and McMartim and Purdom (195) found

that 1 mm after injection only about 5% of

the dose was present in the circulation as

somatostatin; 20% was present as [des-

Ala’]somatostatin.

The linear or reduced form of somatosta-

tin is fully active in vivo (297). In plasma in

vitro the reduced form apparently ring-clo-

ses since it rapidly converts to a product

that resembles cyclic somatostatin (195).

After intravenous injection linear somato-

statin is totally cleared from the circulation

in 1 nun but presumably sufficient cyclized

somatostatin reaches the appropriate tissue

receptors before clearance is complete.

Extracts of rat brain tissue degrade so-

matostatin very slowly in vitro (179-181).

[D-Trp8]-somatostatin is slightly more re-

sistant to brain peptidases. This analogue

has been reported to be 8 times more potent

than somatostatin itself both in vivo and in

vitro (243). It is not clear whether this is

because of increased metabolic stability in

the circulation, more efficient activation of

the appropriate receptor through increased

binding, resistance to peptidase attack, or

a combination of these factors.

Like the other hypothalamic hormones,

somatostatim has a short half-life in vivo.

[des-Ala’]-somatostatin is rapidly formed

from the parent molecule in the rat in vivo

and in rat blood in vitro. It seems likely

that endogenous somatostatin acts locally

as the intact molecule but that the biologi-

cally active circulating form is [des-Ala’]-

somatostatin. The biological properties of

exogenous somatostatin observed in vivo

may well reflect the activity of the [des-

Ala’]-form, which might differ in some re-

spects from intact somatostatin. The role

of various tissues in clearing and inactivat-

ing these peptides is not known.

E. Anterior Pituitary Peptide Hormones

The anterior pituitary and the pars inter-

media contain several protein and glycopro-

tein hormones and a series of structurally

related peptide hormones, namely adreno-

corticotrophin, a- and /9-melanocyte stim-

ulating hormones, and the so-called lipotro-

phins (261). Of these peptide hormones,

information is available only for a-MSH

and ACTH, which will be discussed here;

protein and glycoprotein hormones will be

considered in a later section.

1. a-Mela#{241}ocyte-stimulating hormone
(a-MSH). a-MSH is a peptide 13 amino

acids in length. In primitive vertebrates it

causes melanophore expansion and thus

produces skin darkening. Its function, if

any, in mammals is not known. This pep-

tide is protected from aminopeptidase at-

tack by an N-acetyl group at the amino-

terminus and from carboxypeptidase attack

by amidation of the carboxyl-terminus.

a-MSH has been found to be stable in

vitro in dog serum for up to an hour (271).

However, it has been found by bioassay to

have a half-life in vivo, after intravenous

injection, of 1.6 mm (97). In the frog it has

been suggested that a-MSH has an unusu-

ally long half-life of 2 h (107). This may be

a reflection of its biological function in this

species.

In the rat, Dupont et al. (77) showed by

whole body autoradiography and direct

measurement that high levels of radioactiv-

ity are found in the pineal, kidney, thyroid,

stomach, and oesophagus after intravenous

injection of [‘311]-labelled a-MSH. Shizume

and Irme (271) used a bioassay to study the

fall in blood levels of a-MSH after intrave-

nous injection in intact and hepatectomized

dogs. They concluded that the liver was a

major site of inactivation of a-MSH. They

did not determine how much accumulation

by the liver contributed to the disappear-

ance of the peptide as it passed through the



260 BENNETT AND MCMARTIN

liver. Waring and Kirk (316) and Shizume

and Irie (271) have shown that liver, kidney,

and muscle homogenates can inactivate a-

MSH.

Despite protection at the amino- and car-

boxyl-termini against exopeptidase attack,

a-MSH has a short half-life in vivo in dogs

and the liver appears to be a major organ

for clearance. The role of other tissues has

not been determined.

2. Adrenocorticotrophin (ACTH). This

peptide hormone is 39 amino acids in length

and its main function is to stimulate the

adrenal cortex to secrete corticosteroids.

Preparations of ACTH and its analogue

Synacthen (corticotrophin-(1-24)-tetraco-

sapeptide) are used clinically to treat rheu-

matoid arthritis and asthma and to test

adrenal function. Biological potency is sub-

stantially reduced in sequences containing

less than the first 18 amino acids (196). Loss

of any of the residues from the amino-ter-

minus leads to biological inactivation.

DECAY OF BLOOD CONCENTRATIONS OF

ACTH IN VITRO AND IN VIVO. Some early

reports indicated that ACTH preparations

are unstable in blood in vitro (see Meakin,

et al., (197)). However, more recently both

Matsuyama (188) and Besser et al. (26)

have found, by bioassay and radioimmu-

noassay, that human ACTH is relatively

stable in fresh heparinized human plasma.

These authors emphasize how important it

is to use fresh blood or plasma samples in

experiments on stability. Several other

workers have demonstrated by bioassay

that ACTH preparations are stable in

vitro in heparimzed blood and plasma

(136, 239, 288). Synthetic human ACTH,

corticotrophin-(1-24)-tetracosapeptide and

[D-Ser’, Lys’7”8]-corticotrophin-(1-18)-

octadecapeptide amide have long half-lives

in rat blood in vitro by bioassay (194).

Numerous reports have shown that the

circulating half-life of ACTH in vivo is short

and it is evident that degradation by the

blood cannot contribute substantially to

this. Table 2 shows the half-lives deter-

mined for both endogenous and exogenous

ACTH in the rat, dog, sheep, pig, and man.

They indicate that in general ACTH has a

short half-life in vivo. The values obtained

for physiological concentrations of endoge-

nous ACTH are similar to those obtained

for exogenous ACTH. In the examples

cited, the exogenously applied hormone

gave rise to levels of peptide that were

much higher than those found under phys-

TABLE 2

Estimates of in vivo half-lives of ACTH in the rat, dog, sheep, pig, and man

.
ACTH Preparation

Species of
Animal

Method of
Injection Method of Assay

Half-life
(mm)

Refer-
ence

Endogenous rat ACTH

Endogenous rat ACTH

Exogenous natural human ACTH

Synthetic human ACTH

Endogenous canine ACTH

Exogenous porcine ACTH

Endogenous porcine ACTH

Exogenous synthetic porcine

ACTH (radiolabelled with [‘�‘I])

Endogenous human ACTH

Endogenous human ACTH

Endogenous human ACTH

Exogenous natural porcine ACTH;

human ACTH

Synthetic porcine ACTH

Rat

Rat

Rat

Rat

Dog

Sheep

Pig

Pig

Man

Man

Man

Man

Man

Bolus

Infusion

Bolus

Bolus

Bolus

Infusion

Bioassay

Bioassay

Radioimmunoassay

Bioassay

Radioimmunoassay

Bioassay

Bioassay

Immunoprecipitation

Radioimmunoassay

Immunoprecipitation

Radioimmunoassay

Bioassay

Bioassay

Radioimmunoassay

Bioassay

Radioimmunoassay

Bioassay

Radioimmunoassay

1.0

1.7

3.6

2.7

4.1

2.3*

3.5

1.0

7.0

13.0

5.0*

10.4

6.75-7.0

10.0-15.0

7.6-18.2

11.0-24.6

4.9-10.0

17.1-28.6

288

190

190

190

190

196

87

142

205

205

205

236

62

319

26

26

26

26

* Authors’ estimates.
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iological conditions. The similar half-lives

indicate that high and low levels of circu-

lating peptide are metabolized in a similar
manner. There is a trend towards longer

half-lives in larger mammals, which proba-

bly reflects slower circulation times as well

as slower metabolism. Radioimmunoassay

gives higher values than bioassay, which

indicates relatively slow destruction of im-

munologically active fragments that are bi-

ologically inactive. Clearance mechanisms

in the dog are not saturated during intra-

venous infusion. The metabolic clearance

rate for porcine ACTH in the dog has been

found to be independent of the rate of in-

fusion (58).

Although after injection, infusion, or the

cessation of pituitary secretion the initial

drop in plasma corticotrophin levels is

rapid, several workers have found that if

sampling is continued at later times a sec-

ond slower phase of decay is observed. Ev-

erson (87) showed that after hypophysec-

tomy, corticotrophic activity in the circu-

lation of the dog fell with an initial half-life

of 3.2 mm followed by a slow decay with a

half-life of 45 mm. After injection of cortisol

into a normal human subject, blood corti-

cotrophin levels fell with an initial half-life

of 10.4 mm followed by a slow phase with

a half-life of about 90 mm (236). The latter

study employed a sensitive cytochemical

bioassay and the slow decay curve was

manifested at blood levels well below nor-

mal values.

Biphasic decay curves based on radioim-

munoassays have also been reported (26,

190, 205), but are less conclusive since the

second phase might represent circulating
fragments that are immunologically reac-

tive but biologically inactive.

Bioassay of blood concentrations of

corticotrophic activity in rats after the in-

fusion of corticotrophin-(1-24)-tetracosa-

peptide, human 1-39 corticotrophin, or

[D-Ser’, Lys’7”8]-corticotrophin- (1-18)-

octadecapeptide amide confirmed the

presence of biphasic decay curves in each

case (194). In the first 20 mm, after infusion

had been stopped, the levels declined with

respective half-lives of approximately 1.3,

2.5, and 4 mm, and by this time the concen-

trations of the three peptides differed sub-

stantially. However, at later times the rates

of decay of all three peptides became much

slower in each case, with an identical half-
life of 20 mm. These findings explain differ-

ences between the potencies of the three

peptides observed in vivo and in vitro (196).

The slow phase of decline is of interest from

a pharmacological point of view since it

helps to explain the prolonged steroido-

gemc properties of the octadecapeptide

amide observed in vivo. As would be pre-

dicted, prolonged steroidogenic effects are

also found with the tetracosapeptide when

sufficiently large doses are administered

(172). These prolonged effects are not

caused by overloading of degradative pro-

cesses since the biphasic property is not

affected by infusion rates (194) and is also

found at very low corticotrophin concentra-

tions (236). Persistence of bound corticotro-

phin at the adrenal receptor site may also

contribute to the prolonged steroidogenic

effect.

The differences in biological properties

of the tetracosapeptide and natural corti-

cotrophin suggest that the 25-39 carboxyl-

terminal portion has a protective function.

The greater stability of the natural hor-

mone in vivo does not, however, lead to

significantly increased potency in vivo, be-

cause its potency at the receptor (deter-

mined with isolated adrenal cells) is ap-

proximately 7 times less than that of the

tetracosapeptide (196). The observed simi-
larity of potencies of the two peptides in

vivo is therefore not an indication that the

carboxyl-terminal portion is without func-

tion but is a result of a similar inhibitory

influence of this part of the molecule on its

interaction with inactivating processes in

vivo and its interaction with the receptor.

ROLE OF TISSUES. Corticotrophin-(1-24)-

tetracosapeptide is not taken up or de-

graded in a single passage through the lungs

in vitro or in vivo (130). This finding, based

on direct evidence, indicates that the earlier

suggestion of degradation in the lung is
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incorrect (194) and it seems unlikely that

the lung would play any role in clearing

endogenous corticotrophic activity since

the 1-24 sequence comprises the active part

of the molecule. Meakin et al. (197) and

Everson (87) showed by bioassay that clear-

ances of corticotrophin in a single passage

through liver, kidney, adrenals, and hind-

quarters must be small. Since cortico-

trophic activity is undoubtedly cleared

from the circulation these results could in-

dicate small but significant amounts of

clearance in many major tissues; for exam-

ple, 20% total clearance per circulation with

a 15-sec circulation time would give a half-

life of about 1 mm.

Distribution studies confirm the involve-

ment of many tissues. Richards and Sayers

(239) found that 5 mm after injection, 20%

of the administered biological activity was

in the kidney. After injection of radioiodi-

mated corticotrophin, radioactivity ap-

peared in many tissues including liver, skin
and muscle (50, 189, 278). However, it is not

clear whether label was taken up before or

after degradation and, in addition, the io-

dinated hormone may differ from the nat-

ural one in its properties.

Investigations of the distribution and

degradation of corticotrophin, (1-24)-tetra-

cosapeptide, and [D-Ser’, Lys’7”8]-cortico-

trophin-(1--18)-octadecapeptide amide, spe-

cifically labelled with tritium, have pro-

vided information about the handling of

these analogues in the rat. One minute after

intravenous administration, 70% to 75% of

the dose had left the circulation (16,22). At

this time after injection of the tetracosa-

peptide, circulating radioactivity was al-

most entirely in the form of intact peptide

and a small but variable amount of the

Met5-sulphoxide (131). Thus cleavage does

not occur in transit through tissues and

uptake of label into organs must represent

clearance of intact peptide. Although kid-

ney and liver had the highest concentra-

tions at 1 mm, muscle and skin, by virtue

of their large mass, contained the greatest

amount (40%) of the injected dose. In mus-

cle and skin the tetracosapeptide was ex-

tensively degraded while the octadecapep-

tide amide was stable in comparison; 0.5%

compared to 20% of the radioactivity was

in the form of intact peptide (22). Degra-

dation in liver and kidney was about 70%

for both peptides. The difference in degra-

dation in muscle and skin could explain the

higher plasma levels found with the octa-

decapeptide amide (194). Intact peptide

persisted in these tissues for long periods

(22) and it is possible that stored peptide

can return to the circulation thus maintain-

ing plasma concentrations. Evidence that

peptides can return to the circulation from

muscle and skin is provided by the obser-

vation that labelled peptide fragments

found in muscle and skin at 1 mm, but not

in other tissues, are similar to fragments

that appear in the circulation at 2 mm and
later times (132). Some of the circulating

fragments are large, e.g., (3-24) corticotro-

phin. Identification of these fragments in-

dicates cleavage after Ser’, Tyr2, Phe7,

Lys’5, Lys’6, Arg’7, Pro’9, Val2#{176},Lys2’ with

major attack at the amino- and carboxyl-

termini (21, 131).

The role of the kidney appears to be quite

different from that of muscle and skin. Au-

toradiographic studies (15) show that rapid

uptake occurs by pinocytosis from the

brush border of the proximal tubules adja-

cent to the glomerulus. The peptide is pre-

sumably filtered and sequestered too rap-

idly for the brush border enzymes to be

able to degrade it because at 1 mm the

peptide in the kidney is mainly intact (132).

Peptide is then transferred to the lysosomes

where it is likely that extensive degradation

occurs before any material is released. Con-

firmation of this suggestion is provided by

results that suggest that the octadecapep-

tide amide is extensively degraded to [D-

Ser’-Tyr2] within renal lysosomes in vivo

(22).

OTHER ADRENOCORTICOTROPHIN ANA-

LOGUES. Comparison of the potencies in

vivo and in vitro (in a bioassay free of

peptide inactivation) of corticotrophin frag-

ments confirms the sensitivity of the

amino-terminus to primary attack (196).
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Investigation of a highly modified (4-9)

corticotrophin analogue with activity on

behaviour, [Met4 (02), D-Lys8, Phe9]-corti-

cotrophin-(4-9) hexapeptide, has shown

that it can be absorbed from the gastroin-

testinal tract and cross the blood-brain bar-

rier (303). The molecule was specifically

labelled with tritium. Products in brain and

the circulation 1 mm after intravenous in-

jection showed that 50% of the circulating

peptide had been degraded and that cleav-

age of the His6-Phe7 and Phe7-D-Lys8 bonds

had taken place. The second cleavage is

unusual and demonstrates that an adjacent

D-residue does not necessarily completely

stabilize a peptide bond.

SUMMARY. Although stable in blood in

vitro the initial circulating half-lives of cor-

ticotrophins are short. At later times a slow

phase of decline can be observed. These

characteristics and certain pharmacological

features of corticotrophin analogues, i.e.,

potency and duration of action, are consist-

ent with a model for distribution and me-

tabolism that has emerged from studies

with two corticotrophin analogues. Accord-

ing to this model the handling of these

peptides can be understood in terms of two

very different types of metabolic process

that occur in muscle and skin on the one

hand and in kidney on the other. Cortico-

trophins are extensively degraded by am-

nopeptidases on entering muscle and skin

but a portion survives and is stored at sites

where it resists further attack. It seems

likely that this peptide can return to the

circulation. Amino-terminal protection (re-

placement of L-Ser’, by D-Ser’) increases

the quantity of peptide that survives the
initial attack and by allowing larger

amounts of peptide to return to the circu-

lation enhances the potency and duration

of action of analogues. While degradation,

storage, and release are taking place in mus-

cle and skin, circulating peptide and peptide

fragments are continuously filtered from

blood and taken up by proximal tubules of

the kidney. This material is not extensively

degraded initially but is transferred to ly-

sosomes where it is metabolized to amino

acids or very small fragments that can then

return to the circulation.

F. Gastrointestinal Hormones

The stomach and intestinal tract are ma-

jor endocrine organs. The three best estab-

lished gastrointestinal hormones, gastrin,

cholecystokinin, and secretin, will be dis-

cussed here. Several other intestinal pep-

tides have been isolated but their physio-

logical roles are as yet not clear. The subject

of the gut as an endocrine organ has been

reviewed recently (110, 141).

1. Gastrin. Gastrin is secreted into the

blood stream by the antrum of the stomach

after feeding; it is also found in the duo-

denum. Its long-recognized functions are to

stimulate gastric hydrochloric acid and

pepsin secretion. It also stimulates calci-

tonin release from the C cells of the thyroid

gland. Gastrin has been shown to exist in

at least five different molecular weight

forms. Three of these, consisting of 13 (G-

13), 17 (G-17), and 34 amino acid residues

(G-34), have been isolated. They are struc-

turally related by possession of a common

carboxyl-terminal sequence of which the

carboxyl group itself is amidated. Each

form in turn has been found to circulate

with or without a sulphate-ester group on

the tyrosine residue in position 12. The

sulphated and monsulphated forms are

found in equimolar quantities and appar-

ently share identical biological properties.

At least two higher molecular weight

plasma gastrin components have been ob-

served. G-17 and G-34 are regarded as the

principal circulating forms of gastrin. The

predominant form in the stomach antrum

is G-17 whilst in plasma it is thought that

G-34 or a G-34-like material is the major

form. The carboxyl-termmnal tetrapeptide

of the gastrins possesses full intrinsic bio-

logical activity. The synthetic carboxyl-ter-

minal pentapeptide analogue, pentagastrin,

is used to test gastric acid secretion and as

a provocative test for calcitonin in the di-

agnosis of medullary thyroid carcinoma.

The physiology and metabolism of gastrin

have been reviewed recently (228, 309-311).
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DECAY OF BLOOD PEPTIDE CONCENTRA-

TIONS IN VITRO AND IN VIVO. By bioassay,
gastrin preparations were not degraded in

serum and plasma in vitro. Blair et al. (32)
showed that gastrin (G-17) and pentagas-
trim were stable in cat plasma. Table 3
shows the circulation half-lives in vivo of

pentagastrin, minigastnm (G-13), gastrin
(G-17), big gastrin (G-34), and big, big gas-
trim (high molecular weight form) in various
species after intravenous injection or infu-

sion. Since most of endogenous circulating
gastrin exists in the plasma in two distinct

forms (G-17 and G-34) the half-lives of ex-
ogenous peptides listed in table 3 are diffi-

cult to equate fully with the decay of en-

dogenous gastrin activity in vivo. However,
it is clear that in the dog at least, G-17 has

a plasma half-life that is about 5 times

shorter than that of G-34. In addition,

Walsh et al. (312) have shown that the
metabolic clearance rate of G-17 is 5 times

faster than that of G-34 in the dog. This

may explain in part why the main form of
gastrin in the plasma is G-34 whilst in the
stomach antrum it is mainly G-17. The half-

life of endogenous gastrin activity is a re-

flection of the decay of both G-17 and G-34
(305). The progression from pentagastrin to

the higher molecular weight gastrmns is ac-

companied, as shown in table 3, by a con-
comitant increase in half-life values.

ROLE OF TISSUES IN DECAY OF BLOOD

PEPTIDE CONCENTRATIONS. Measurement

of arteriovenous differences of gastrin bio-
logical activity across the dog kidney has
shown that this organ reduces the levels of
both endogenous and exogenous gastrin (G-
17) by 30% to 40% in a single passage (53,

63, 125). After the intravenous injection of

synthetic human gastrin (G-17) radiola-

belied with [1251] into dogs and rats, large

amounts of radioactivity were found in the
kidney (204, 212). This suggests that the
kidney may reduce blood gastnn by seques-
tration of the peptide, probably in the renal

cortex. Since very little intact endogenous

or exogenous gastrin is excreted in the urine
of dogs (53, 63) it seems likely that the
kidney both sequesters and degrades gas-
tm or its fragments. The importance of the

kidney in gastrin metabolism is emphasized

TABLE 3

Estimates of in vivo half-lives of the gastrins in the cat, dog, and man

Gastrin preparation
S��of Method of �

Half-life Refer-

Synthetic pentagastrin Cat Bolus Bioassay 1.50 32

Natural human gastrin (G-13) Dog Infusion Radioimmunoassay 1.75 65

Synthetic human gastrin (G-17) Cat Bolus Bioassay 2.65 32

Synthetic human gastrin (G-17) Dog Infusion Radioimmunoassay 1.3 235

Synthetic human gastrin (G-17) Dog Infusion Radioimmunoassay 3.7 258

Synthetic human gastrin ((-17) Dog Infusion Radioimmunoassay 2.5-2.8 54

Natural human gastrin (G-17) Dog Infusion Radioimniunoassay 2.9 312

Natural porcine gastrin (G-17) Dog Infusion Radioimmunoassay 3.1 312

Synthetic human gastrin (radio- Dog Bolus Immunoprecipitation 10.3 212

labelled with [‘9]) (G-17)

Natural porcine gastrin (G-17) Dog Bolus Radioimmunoassay and

gel filtration chroma-

tography

3.0 287

Synthetic human gastrin (G-17) Man Radioimmunoassay 8.0 98

Synthetic human gastrin (G-17) Man Infusion Radioimmunoassay 7.5 259

Natural human gastrin (G-34) Dog Infusion Radioimmunoassay 15.0 312

Natural human gastrin (radio- Dog Bolus Gel filtration 9.0 287

labelled with iodine) (G-34)

Natural human big, big gastrin (ra- Dog Bolus Gel filtration 90 287

diolabelled with iodine)

-Endogenous human gastrin Man Radioimmunoassay -‘-7 318
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by the finding that the circulating life of

synthetic human gastmin (G-17) is pro-

longed in nephrectomized dogs and mats
compared with intact animals (54, 214) and

that in some patients with chronic renal
failure elevated plasma gastrin levels are

observed (153).
The study of the arteriovenous gastrin

difference across the dog small intestine

during infusion of synthetic human gastrim

(G-17) has shown that this organ consider-
ably reduces blood hormone concentrations
(289). In the same study a similar technique

showed that the liver did not degrade gas-

tm itself but showed considerable ability
to inactivate pentagastrin. The hepatic deg-

radation of pentagastrin has been con-
firmed (198).

Korman et al. (153) observed that the

isolated perfused lung from dogs and sheep
inactivated synthetic human gastrin (G-17)
and suggested that the pulmonary circula-
tion was a major route of inactivation of

this hormone. However, in similar experi-

ments Dent et al. (71) were unable to con-
firm this result. Since gastrin released from

the stomach antrum in vivo must negotiate
the pulmonary circulation before reaching
its site of action, the lung seems an inap-

propriate site of gastrin inactivatiom. Whilst
investigating whether or not the isolated

perfused rat lung inactivated the adreno-
corticotrophin analogue, Synacthen, Hud-
son (130) showed that the perfusate itself

was capable of rapidly degrading the pep-

tide and care had to be taken to avoid
artifactual results. Inactivation of gastrin in
the perfusion medium might also explain

the results of Korman et al. (153).
IN VITRO STUDIES. The in vitro inactiva-

tion of penta- and tetragastrin by homoge-
nates of liver and kidney tissue from various
species has been investigated (157, 191,

262). Destruction of biological activity was

found to be brought about by removal of
the carboxyl-terminal amide group al-

though other peptidase activity was also
observed. Seelig et al. (262) found that syn-

thetic human gastrin was also inactivated
by amidase activity in rat kidney and liver

homogenates but that the process was very

much slower than the inactivation of pen-

tagastrin.

2. Cholecystokinin (CCK). CCK is found
in the duodenal mucosa. It has been iso-

lated in two molecular weight forms, one
with 33 amino acid residues and the other
with 39. They have been found to be equi-

potent. The structure of only the porcine
hormone has been elucidated and natural

porcine CCK is used in most studies. The
carboxyl-termini of both forms are ami-

dated. The principal physiological func-
tions of CCK are to stimulate the secretion

of pancreatic enzymes into the duodenum
and to cause contraction of the gall bladder.

CCK has also been found to inhibit emp-

tying of the stomach and to augment the
stimulation of bicarbonate secretion from
the pancreas by secretin. The five carboxyl-
terminal amino acid residues are identical
to those of the gastrin molecule. The car-

boxyl-terminal heptapeptide sequence is
the minimum required for biological activ-

ity.
In vitro, CCK has been found by bioassay

to be stable in whole dog blood for up to 30
mm (165). Measured by radioimmunoassay

the half-life in vivo of disappearance of

CCK from the circulation in man was 2.4
mm after cessation of an intravenous infu-
sion (22.7); that of emdogenous CCK in man
was 5 to 7 mm (122); the half-life of CCK in

dogs after intravenous injection was ap-

proximately 2.5 mm (291) and 1.8 mm by
bioassay (164).

Lehnert et al. (165) and Thompson et al.
(291) concluded that the short half-life of

CCK in vivo primarily reflected either in-
activation or sequestration of the hormone

by the kidney. They found that the loss in
biological or immunological activity in the
blood owing to the kidney was of the order

of 50% to 60% in a single passage. Lehnert

et al. (165) also observed that the liver does
not inactivate CCK in a single passage.

3. Secretin. Like CCK, secretin is found
in the duodenal mucosa. There is appar-
ently only one form of secretin. It consists
of 28 amino acid residues and n� fragments
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have been found to possess biological activ-

ity. Only the structure of the porcine hor-

mone is known and the natural preparation

is used in most studies. Secretin is related

structurally to glucagon and two other pep-

tides of the intestinal mucosa, gastric inhib-

itory peptide (GIP) and vasoactive intes-

tinal peptide (VIP). Like gastrin and CCK,

the carboxyl-terminus of secretim is ami-

dated and therefore it is protected against

carboxypeptidase attack. Secretim stimu-

lates the release of water and bicarbonate

from the biiary tract and pancreas and has

been found to augment the stimulation of

the secretion of pancreatic enzymes by

CCK.

By bioassay, secretin is stable for up to

30 mm in vitro in whole blood from dogs

(165). The circulating half-life of secretim in

vivo in dogs after intravenous injection is

3.2 mm, again by bioassay (165). As with

gastmin and CCK, secretin blood concentra-

tions are drastically reduced by the kidney.

Lehnert et al. (165) found that in the dog

renal degradation or uptake was responsi-

ble for reducing blood concentrations of

biologically active peptide by about 75% in

a single passage. No secretin activity was

found in the urine during such experiments.

Nephrectomy significantly prolonged the

half-life of secretin, which confirms the im-

portance of the kidney in the metabolism

of secretin.

Summary. The in vivo half-lives of gas-

trim, cholecystokinin, and secretin in the

species studied are short despite their sta-

bility in plasma in vitro. This is due to a

large degree to efficient renal destruction of

these hormones. To judge by the behaviour

of other peptide hormones the reduction of

blood hormone concentrations results in

part from uptake by the proximal tubule

cells of the renal cortex. However, this proc-

ess follows glomerular filtration, which can

account for only about 20% of the dose in

a single passage and some of the observed

clearances are appreciably higher than this.

Thus a second mechanism of clearance

must be operating but the results do not

indicate whether this involves sequestra-

tion or degradation in transit.

G. Calcium Regulating Hormones of the
Thyroid and Parathyroid

1. Calcitonin. This peptide hormone is

32 amino acids in length and is secreted by

the parafollicular cells (C cells) of the thy-

roid. It lowers blood calcium levels by in-

hibiting outflow of calcium from bone. Syn-

thetic human and salmon calcitonin prep-

arations are used clinically to treat Paget’s

disease of bone, in which bone turnover is

abnormally high.

DECAY OF BLOOD PEPTIDE CONCENTRA-

TIONS IN VITRO AND IN VIVO. Estimates of

the half-life of synthetic human calcitonin

in vitro range from approximately 2 h in

human and rat plasma measured by bioas-

say, to 30 to 43 h in human plasma by

radioimmumoassay (7, 116). For natural

porcine calcitonin the estimates range from

1 to 3 h in human and rat plasma by bioas-

say (211) and in the dog, pig, and human

plasma by radioimmunoassay (116, 249,

317). Synthetic salmon calcitonin has been

found to be almost completely stable in

plasma in vitro; it has been found to have

a half-life of approximately 48 h in dog

plasma (116) and of over 30 h in human

plasma (117). It is clear that salmon calci-

tonin is much more stable than either the

porcine or human hormones in plasma in

vitro; however, the inactivation in every

case is too slow to account to any great

extent for the short plasma half-lives ob-

served in vivo.

Table 4 shows the half-lives determined

in vivo for natural and synthetic prepara-

tions of salmon, chicken, porcine, and hu-

man calcitonin in the rat, dog, pig, and man.

After bolus injection or cessation of infu-

sion, human and porcine calcitonin concen-

trations fall rapidly. However, salmon and

chicken calcitonin concentrations decline

much more slowly, which suggests greater

stability of these molecules. Results from

different methods give similar values. This

indicates that any biologically inactive frag-
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TABLE 4

Estimates of in vivo half-lives of calcitonin preparations in the rat, dog, pig, and man

Calcitonin Preparation
Species
of Ani-

mal

Method of
Inection�

Method of Assay
Half-lives (m in) Ref

Initial Final
nCI

e ce

Natural porcine, salmon, and Rat Bolus Bioassay 2 (porcine) 211

chicken calcitonins 10-15 (salmon)

7 (chicken)

211

211

Natural porcine calcitonin Dog Infusion Radioimmunoassay 2.2 150 116

Natural and synthetic salmon Dog Infusion Radioimmunoassay 21.0 115 116

calcitonin

Synthetic human calcitonin Dog Bolus Radioimmunoassay 3 60 52

Synthetic human calcitonin Dog Bolus TCA precipitation 3 60 52

(radiolabelled with [‘�‘IJ)

Natural porcine calcitonin Pig Bolus Chromatoelectro- 5 45 317

(radiolabelled with [‘�I]) phoresis

Natural porcine calcitonin Pig Infusion Bioassay 2-3 33-37 317

Synthetic human calcitonin Man Bolus Chromatoelectro- 2.8 317.8 7

(radiolabelled with [‘�‘I]) phoresis

Synthetic porcine calcitonin Man Bolus Radioimmunoassay 2.4 40.9 249

ments that are in the circulation must also

have lost their immumo-crossreactivity.

In one of the studies (317) there was

evidence for am even more rapid very early

phase of distribution of calcitonim in the

pig. In the first 1 to 2 mm, 80% to 90% of

the dose appeared to have left the circula-

tion. This loss must to some extent repre-

sent reversible distribution because other-

wise the calcitonin concentrations would

continue to fall with a half-life of less than

1 mm.

Evidence presented so far indicates that

salmon calcitonim is much more stable than

the porcine or human hormones in vivo.

This has been considered to be the expla-

nation for its greater hypocalcaemic activ-

ity (211). However, salmon calcitonim has

also been found to have greater affinity for

isolated rat kidney membranes and calvaria

than the human or porcine hormones (187).

Thus increased binding at its site of action

may also account for the enhanced biolog-

ical properties of salmon calcitonin. This is

the view of Ardafflou et al. (6), who found

no evidence that salmon calcitonim had

greater metabolic stability than the human

hormone in man. They found by use of

chromatoelectrophoresis that [‘251]-labelled

salmon calcitonim was cleared from the cir-

culation faster than [‘31I]-labelled human

calcitonim. In view of the convincing evi-

dence that salmon calcitonin is resistant to

peptidase cleavage in many systems in vivo

and in vitro, it may be that iodimation sig-

nificantly altered the properties of the mol-

ecule. Salmon calcitonin therefore appears

to owe its enhanced biological activity to a

combination of stability in vivo and high

affinity for the appropriate target tissue

receptors.

In most studies cited in table 4, between

20 mm and 1 h after intravenous injection

or infusion of calcitonins into various spe-

cies, a slow phase of decline in plasma hor-

mone concentration levels begins with half-

lives ranging from 41 mm to 318 mm. In all

cases but one, radioimmunoassay was em-

ployed and it may be that immunologically

active but biologically inactive fragments

are cleared from the circulation more slowly

than the intact hormone. However, Habe-

ner et al. (118) found no evidence of circu-

lating immumoreactive porcine or human

calcitonim fragments in the dog by gel fil-

tration chromatography and concluded

that the levels of calcitonin fell slowly in

the dog because of the binding of hormone

to plasma proteins. Evidence for binding of

calcitonim to plasma proteins has also been

reported by others (163, 199). However, the

efficient clearance of calcitonins by the kid-



TABLE 5

Arteriovenous differences in radioimmunoassayable calcitonin concentrations across organs in the dog

Muscle and/or Bone Referen�
(Hindquarter)Calcitonin Lung Kidney Liver

Salmon -3% -17% -3% -2% 272

Porcine -1% -26% -22% -32% 272

Human -30% -8% 52
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ney, probably by glomerular filtration (see

below), suggests that strong binding to

plasma proteins does not take place. The

binding of hormone to peripheral tissue

beds has been suggested as an explanation

for the slow phase of decline of plasma

levels observed for ACTH (194), and this

possibility cannot be ruled out for calci-

tonim. Whatever the explanation, it is inter-

esting to mote that Habener et al. (116)

observed similar half-lives for both salmon

and porcine calcitonins during this slow

phase of decay in the dog, which indicates

similar efficiency of protein or tissue bind-

ing in each case.

ROLE OF TISSUES IN DECAY OF BLOOD

CALCITONIN CONCENTRATIONS. Salmon,

porcine, and human calcitonins differ mark-

edly in their tissue clearances after intra-

venous injection. Singer et al. (272) and

Clark et al. (52), by cannulating the appro-

priate blood vessels, were able to measure

the arteriovenous differences across various

organs by radioimmunoassay during the in-

fusion of salmon, porcine, and human cal-

citonins into the dog. Their results, sum-

marized in table 5, provide direct evidence

for the relative stability of salmon calci-

tonim to degradation, which has already

been suggested by its prolonged plasma

half-life. Only the kidney significantly re-

duces the blood levels of salmon calcitonin,

probably by filtration at the glomerulus

and concentration of peptide by the kidney

cortex as has been shown for radioiodine-

labelled human calcitonin, by extraction

(52), and by whole body autoradiography

(124). The data in table 5 indicate that all

three calcitonins share a common fate in

the kidney. The pulmonary circulation

plays little part in reducing blood salmon or

porcine calcitonim levels whilst the hind-

quarters and liver show considerable ability

to degrade or sequester porcine calcitonin.

These clearance studies do not differentiate

between degradation and sequestration.

The tissue distribution of radioiodine-la-

belied calcitonins in the rat after intrave-

nous injection (68, 69) shows that the liver

and kidney reduce blood levels by accu-

mulating calcitonin. The findings are in

agreement with the results in table5. Only

the injection of [‘31I]-labelled porcine cal-

citonin produced high concentrations of ra-

dioactivity in the liver whilst the radiola-

belled human and salmon hormones gave

rise to high levels in the kidney. De Luise

et al. (68) found surprisingly low concentra-

tions of radioactivity in the kidney after the

intravenous injection of [‘3’I]-labelled por-

cine calcitomin. This may be because of the

very rapid clearance by the liver and rapid

degradation elsewhere in the body. The

conclusions drawn from this work, concern-

ing the relative affinities of the various cal-

citonins for the liver, have been confirmed

in vitro by Greenberg et al. (108), who used

an isolated perfused pig liver preparation.

Indirect evidence has confirmed the im-

portance of the kidney in the metabolism

of human calcitonin. Ardafflou et al. (5)

showed that in patients with renal failure

the half-lives of human calcitonin were con-

siderably longer than those found in normal

subjects. The mean metabolic clearance

rate was 5 times higher in the normal sub-

jects. Recently, Ardafflou et al. (4) observed

high plasma concentrations of endogenous

immunoreactive calcitonin in patients with

acute renal failure. Clark et al. (52) showed

that the disappearance of human calcitonin

from the circulation of nephrectomized

dogs was slower than from intact animals.

IN VITRO STUDIES. De Luise et al. (68,69)
have shown that rat kidney, liver, spleen,

and muscle homogenates show consider-
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able ability to degrade [‘31I]-labelled por-

cine and human calcitonins in vitro. Simi-

larly dog kidney homogenate degrades hu-

man calcitonin (52) and extracts of rat kid-

ney and liver degrade porcine calcitonin

(211). However, salmon calcitonin was re-

markably resistant to all rat tissue homog-

enates and extracts except those of the

kidney. Although homogenization of a tis-

sue releases intracellular peptidases that

these peptides might not encounter in vivo,

these experiments do confirm that salmon

calcitonin is considerably more stable met-

abolically than either the human or porcine

hormones. De Luise et al. (68) took their

experiments in vitro a step further and em-

ployed subcellular fractionation to deter-

mine which component of rat kidney and

liver was responsible for inactivation of

their [‘311]-labelled calcitonins. They found

that all three calcitonins were degraded by

the kidney microsomal fraction whilst the

porcine and human forms were also de-

graded by a soluble liver enzyme or en-

zymes.

Although stability of calcitonin prepara-

tions in tissues peripheral to the target or-

gan determines to a large degree their blood

concentrations and hence their relative po-

tencies, the behaviour of the hormone at

the appropriate target tissue must also be

considered. As has previously been dis-

cussed, salmon calcitonin has greater affin-

ity for receptors in rat renal membranes

and calvaria than the porcine or human

hormones (187). Recently, Hsu and Hay-

movits (129) have shown that isolated rat

renal cells, but not bone cells, readily and

apparently specifically degrade various cal-

citonins. The part the target tissues play in

determining the potency of calcitonims in

vivo is not fully known.

CALCITONIN ANALOGUES. Considerable

effort has gone into the synthesis of calci-

tonin analogues. Much of the work has been

aimed at determining which sequences of

amino acids in the salmon calcitonin mole-

cule confer on this hormone its high hypo-

calcaemic potency (173-176).

SUMMARY. Salmon calcitomin is known

to possess greater hypocalcaemic potency

than either human or porcine calcitonins.

This greater potency cam be explained in

part by its metabolic stability, which is

reflected in a long plasma half-life. Salmon

calcitonim is more stable when incubated

with tissue homogenates in vitro. Increased

target tissue receptor affinity may also con-

tribute to the greater potency. After intra-

venous injection all three calcitonins are

sequestered and degraded by the kidney

although the salmon hormone is resistant

to degradation by the other tissues. Porcine

calcitonin is very efficiently concentrated

by the liver. It is probable that peripheral

tissues such as muscle and skin also inacti-

vate human and porcine calcitonins and

thus contribute to the short half-lives of

these peptides in vivo.

2. Parathyroid hormone (PTH). PTH

contains 84 amino acids and is largely re-

sponsible for calcium homeostasis. It is se-

creted by the parathyroid gland in response

to lowered blood calcium concentrations. It

has direct effects on bone and kidney, and

am indirect effect on intestine. Two precur-

sors of PTH have been isolated and they

are extended at the amino-terminus by 6

and 25 residues (146). The extra residues

are cleaved within the cell during transport

and storage in preparation for secretion

(112). Full biological activity is retained in

the synthetic amino-terminal fragment, 1-

34 bovine PTH. Removal of residues from

the amino-terminus, but not the carboxyl-

terminus, of PTH leads to complete biolog-

ical inactivatiom (222).

HALF-LIFE IN BLOOD IN VITRO AND IN

VIVO. Results for PTH have been obtained

by use of [‘25I]-labelled hormone and ra-

dioimmunoassay. As will become clear in

the section on circulating fragments of

PTH, radioimmumoassays often detect bi-

ologically inactive carboxyl-terminal frag-

ments of the molecule and data obtained

by radioimmumoassay must be interpreted

accordingly. [‘251]-PTH appears to be stable

in ox, human, dog, chicken, and rat serum

in vitro (113, 210). Although th�se results

are less conclusive than findings for plasma,



270 BENNETT AND MCMARTIN

since significant changes in many proteo-

lytic enzymes take place during clotting, it

seems likely that PTH is stable in plasma.

Half-lives of PTH in vivo have mot been

determined by totally specific methods.

Berson and Yalow (23) found that half-lives

depend on the antiserum used in the assay.

The shortest value for a half-life presum-

ably results from the most specific antise-

rum and in rabbits values of about 10 mm

were obtained. Singer et al. (273), with an

antiserum directed towards amino- and car-

boxyl-termini, found initial half-lives of 4 to

8 mm after the infusion of bovine PTH in

dogs. They also observed a second slower

phase of decay but it is almost certain that

this can be attributed largely to carboxyl-

terminal fragments of PTH that are more

stable than the intact molecule. Neuman et

al. (210) reported initial half-lives of 2 to 7

mm for radioactivity levels in dogs after

intravenous administration of [‘25I]-PTH.

CIRCULATING FORMS OF PTH. The pres-

ence of more than one form of immuno-

reactive PTH was first reported by Berson

and Yalow (23) in plasma from hyperpara-

thyroid patients and in the circulation of

rabbits after injection of bovine PTH. Ha-

bener et al. (114, 115) found two forms in

human plasma. One form corresponded to

(1-84) PTH (about one-tenth of total im-

munoreactivity). The second major form

was about two-thirds of the size of (1-84)

PTH and lacked the amino-terminal por-

tion (114). The latter would, therefore, be

expected to be biologically inactive. The

formation of a carboxyl-terminal fragment

from injected PTH has been demonstrated

in the dog, rat, and calf (113, 263, 265, 266).

PTH disappears rapidly from the circula-

tion and the fragments appear slowly and

consist of (34-84) PTH in dogs at 6 to 8 mm

while at later times (37-84) PTH and (43-

84) PTH become more prominent. Frag-

ments (34-84) and (37-84) were also found

in the circulation of the rat. These findings
do not prove that cleavage does not occur

closer to the amino-terminus than residue

33 but they are compatible with the sugges-

tion that a biologically active amimo-ter-

minal fragment is released. In the refer-

ences cited amino-terminal fragments were

found to be absent from the circulation.

This is not because of rapid clearance; by

injection, (1-34) PTH has a long half-life of

20 mm in the calf (113). Taken together,

the results suggest that PTH leaves the

vasculature and is converted into a car-

boxyl-termimal fragment that can reenter

the circulation. A biologically active amino-

terminal fragment might be formed but if

this is the case it must be locally since it

does not appear in plasma.

These conclusions, however, must be

qualified since other groups of workers have

reported the presence of amino-terminal

fragments in human and dog serum (47, 48,

127). The amino-terminal fragment in hu-

man serum was biologically active (47).

These findings also are not conclusive since

the fragments in serum could have resulted

from cleavage during the clotting process.

Although PTH is stable in serum, during

clotting transient activation of many pro-

teolytic enzymes takes place (171). A curi-

ous feature of the findings of Canterbury

and Reiss (48) was that the concentration

of the fragment with biological activity (47)

did not decrease after calcium infusion

whereas the product corresponding to (1-

84) decreased as expected. Thus the physi-

ological role of the amino-terminal frag-

ment is obscure.

Although the question of the existence

and significance of a circulating amino-ter-

minal fragment is unresolved it is clear that

fragments found in the circulation must be

formed after release of intact PTH from the

parathyroid since hormone collected from

the parathyroid vein in man is homogene-

ous according to gel filtration and immu-

nochemical criteria (264).
ROLE OF INDIVIDUAL TISSUES IN CLEAR-

ANCE AND CONVERSION OF PTH AND ITS

FRAGMENTS. The lung and hindquarters do

not clear immunoreactive PTH in the dog

(273). Kidney and liver are the major tis-

sues involved in the clearance of immuno-

reactive PTH from the circulation of rats

and dogs (89, 186, 273). In the dog the liver
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has a 40% clearance for (1-84) PTH but not

for the carboxyl-terminal fragments or (1-

34) PTH (183). This is confirmed by studies

showing negligible arteriovenous differ-

ences across the liver in mam of carboxyl-

terminal immunoreactivity and high differ-

ences (50% clearance) of emdogemous

amino-terminal immumoreactivity (57).

The kidneys clear both amino- and car-

boxyl-terminal reactivity in man (57) and

in the dog they clear (1-84) PTH, carboxyl-

terminal fragments, and (1-34) PTH with

an efficiency of about 20% in a single pas-

sage (183).

Martin et al. (184) have shown that in

the dog kidney glomerular filtration is nec-

essary for clearance of carboxyl-termimal

fragments but accounts for only part of the

clearance of (1-34) and (1-84) PTH. Al-

though Martin et al. (184) explain this find-

ing by postulating a mechanism of peritu-

bular uptake it is equally possible that the

peptides are degraded in transit to products

with altered immumochemical reactivity.

Hruska et al. (127) have shown that (1-84)

PTH is converted to carboxyl-termimal

fragments and a small amount of amino-

terminal fragments in the perfused kidney

and these fragments appear in the perfu-

sate. Canterbury et al. (46) also found that

perfused rat liver generates carboxyl- and

amino-terminal fragments of PTH in the

perfusion medium and that the peak con-

taining amino-terminal fragments is biolog-

ically active. It is not clear whether these

findings account for the appearance of frag-

ments in the circulation in vivo, but it seems

possible that the kidney and liver im addi-

tion to being the maim tissues responsible

for clearance of PTH may also play a major

part im its conversion to circulating frag-

ments.

IN VITRO STUDIES. Bovine PTH has been

found to be extensively degraded in vitro

by rat kidney slices (217), homogenates

(296), and am isolated enzyme (185). Vajda

et al. (296) also found that liver and muscle

homogenates have considerable ability to

degrade PTH and that the kidney peptidase

activity was associated with the microsomal

fraction. Although tissue incubations in vi-

tro probably expose PTH to peptidase ac-

tivity it would not otherwise encounter,

some results do agree with those found

from experiments in vivo. For example,

Catherwood and Singer (49) found by ra-

dioirnrnumoassay that incubation of bovine

PTH with a dog renal plasma membrane

preparation gave rise to a carboxyl-termimal

fragment similar to the one previously

found in the bovine and human circulation

(155). Also Fujita et al. (97), by use of [1251]

-labelled bovine PTH and its synthetic

amino-terminal (1-34) fragment, showed

that rat kidney homogenates degrade the

(1-84) sequence very much more readily

than the (1-34) portion. This is consistent

with findings in the circulation of the calf

(113).

SUMMARY. Parathyroid hormone, al-

though stable in serum in vitro, is rapidly

degraded in vivo after injection or secretion.

The liver and kidney are mainly responsible

for degradation and in man, dog, and ox

may give rise to a circulating biologically

inactive carboxyl-terminal fragment, about

two-thirds the size of the parent molecule.

The precise fate of the biologically active

amino-terminus of PTH is not known.

H. Hormones of the Pancreas

The endocrine pancreas secretes two

peptide hormones, glucagon and insulin,

that control the release and utilization of

body glucose and carbohydrate. Both pep-

tides are secreted directly into the portal

vein and thus reach one of their target

organs very quickly. The liver is also a site

of inactivation of both hormones.

1. Glucagon. Glucagon is secreted by the

a-cells of the islets of Langerhans and is

comprised of 29 amino acid residues. It

mobilizes hepatic glycogen, thus releasing

glucose into the blood stream in response

to hypoglycaemia. Glucagon preparations

are sometimes used to treat cases of insulin

hypoglycaemia. Natural porcine glucagon

is usually used in metabolism studies.

Interpretation of radioimmunoassays for

measurements of endogenous glucagon is
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complicated by the fact that several higher

molecular weight immunoreactive forms

are present in the circulation (138).

Narahara and Williams (209) found

[‘31I]-labelled glucagon to be stable in rat

plasma upon incubation in vitro whilst Mir-

sky et al. (201) and Assan (13) found similar

radioactive glucagom preparations to be

slowly degraded by human plasma. How-

ever, this inactivation was far too slow to

account for the half-life of this hormone in

vivo. After intravenous injection, the half-

life of glucagon in man has been estimated

to be approximately 10 mm (295) and 4.8

mm (2) by radioimmunoassay. The half-life

of [‘9]-labelled glucagon in the dog after

intravenous injection was somewhat longer,

22 mm, when measured by trichloroacetic

acid-precipitable radioactivity (90).

Cox et al. (59) and Narahara et al. (208)

studied the tissue distribution of [‘3’I]-la-

belied glucagon in the rat after intravenous

injection. They found that the kidney con-

centrated the most radioactivity, the liver,

somewhat less. Skeletal muscle, because of

its large mass, accounted for the largest

percentage of the injected dose even though

the radioactivity was diffuse. This agrees

with the results of Berson et al. (25), who

found that [‘3’I]-labelled glucagon, injected

intravenously, has an extremely high vol-

ume of distribution in the rabbit. Light

microscopic autoradiography revealed that

the site of kidney concentration of radio-

activity in the rat after the injection of

radioiodinated glucagon is the proximal tu-

bule cells of the renal cortex (208).

That radioactive products rapidly ap-

peared in the circulation of the rabbit after

the intravenous injection of [‘31I]-labelled

glucagon led Berson et al. (25) to conclude

that this hormone is degraded very quickly

in vivo. The importance of the kidney in

the reduction of endogenous glucagom con-

centrations in the blood has been demon-

strated by measurement by radioimmu-

noassay of arteriovemous differences across

the renal circulation. Assam et al. (14) and

Lefebvre et al. (162) found that in man and

the dog, renal clearances were about 50%

and 30%, respectively. In mephrectomized

dogs and patients with renal failure the

circulating life of both endogenous and ex-

ogenous glucagom as measured by radioim-

munoassay is prolonged compared with in-

tact animals and normal subjects (14, 161).

Little endogenous or exogenous glucagon is

excreted intact in human urine, which in-

dicates that this hormone is reabsorbed

efficiently by the kidney from the glomer-

ular filtrate and subsequently degraded (13,

161). Rojdmark et al. (246) have shown that

endogenous and exogenous glucagon (dur-

ing infusion) are not significantly cleared

by the liver in the dog. They found, how-

ever, that at the start of an infusion of

glucagom, the hormone is taken up by the

liver and after the end of infusion it is

released into the circulation.

Rat tissue homogenates degrade [‘�‘I]-

glucagon in vitro. Liver, kidney, and muscle

possess greatest inactivating capacity (209).

A rat liver plasma membrane fraction has

been found to inactivate glucagon (221).

Glucagon-degrading enzymes have also

been isolated from bovine and rat liver (143,

193) and rat muscle (76). The degradation

of glucagom in vitro has been reviewed by

Kenny et al. (147). The failure of the liver

in the dog to clear glucagom (246) suggests

that the liver peptidases observed in vitro

do not play a role in vivo, at least in this

species.

Both emdogemous and exogenous gluca-

gon are rapidly cleared from the circulation.

The kidney is mainly responsible for this

and it sequesters peptide through reabsorp-

tion from the glomerular filtrate. The high

renal clearance in man indicates that a

second mechanism of clearance must also

exist.

2. Insulin, proinsulin, and C-peptide. In-

sulin is secreted by the $-cells of the islets

of Langerhans in response to a number of

stimuli including elevated blood glucose

concentrations. Insulin has a well defined

three-dimensional structure (34) and is

made up of two peptide chains, the A and

B chains, which are 21 and 30 amino acid

residues long, respectively, and are joined
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by disulphide bridges. Insulin extracted

from animal pancreas has proved to be a

lifesaving hormone in the treatment of in-

sulin-deficient diabetes mellitus. Porcine

and bovine insulins are closely related

structurally to human insulin and prepara-

tions from these two species have been used

in most experimental studies. The structure

of proinsulin, the biological precursor of

insulin, has been determined for several

species (64). In proinsulin the carboxyl-ter-

minus of the B chain is linked to the amino-

terminus of the A chain by a connecting

peptide sequence of 35 residues, known as

the C-peptide.

The secretion of the pancreas mainly

consists of equimolar quantities of insulin

and C-peptide with about 5% to 10% of

unconverted proinsulin (247). Proinsulin

has low biological activity and is not con-

verted to insulin once released into the

circulation. The C-peptide is biologically

inactive but radioimmunoassay of this pep-

tide can give useful information on pan-

creatic function since, unlike insulin, C-pep-

tide is not cleared during passage through

the liver. In addition, C-peptide measure-

ments can provide an indication of pan-

creatic function in insulin-treated diabetics

in whom it is not possible te distinguish

between exogenous and endogenous hor-

mone.

A further factor that influences studies

on insulin is the presence in the circulation

of insulin-like biological activity that is im-

munologically distinct from insulin (96).

This activity, which is not suppressed by

insulin antibodies, is known as NSILA

(nonsuppressible insulin-like activity). It

can be 10 times higher than insulin activity

and its presence invalidates the use of

bioassay for many insulin studies. However,

radioimmunoassays appear to be specific

for insulin and proinsulin and there is no

evidence that other major immunoreactive

species circulate.

CIRCULATING HALF-LIFE AND CLEAR-

ANCE. Radioiodine-labelied insulin is only

slowly inactivated in rat, dog, and human

plasma in vitro (24, 137); and it is unlikely

that inactivation in plasma accounts for the

short half-life of insulin in vivo.

Studies have shown that the half-life of

iodine-labelled insulin in vivo is consider-

ably longer than that of unlabelled hor-

mone. Typical estimates of half-life of un-

labelled insulin and proinsulin are shown in

table 6. S#{246}nksem et al. (282) have shown

that in man clearance of unlabelled insulin

depends on blood concentration and de-

creases by a factor of 3 when the concen-

tration is increased from 0.2 mg/mi to 10

mg/mi. This phenomenon has also been ob-

served in the dog over an extended concen-

tration range (1-100 mg/mi) by Framcksom

and Ooms (94), who found in addition that

iodine-labelled insulin was cleared more

slowly than unlabelled insulin and that

more heavily labelled insulin was cleared

more slowly than that lightly labelled.

Table 6 shows single estimates of. half-

lives but there is evidence for two phases;

a more rapid phase of decline at early times

and a slower phase at later stages. Izzo et

a!. (137) found that, with low doses of

lightly labelled insulin, 80% of the radioac-

TABLE 6

Estimates olin vivo half-lives of insulin and proinsulin in the pig, baboon, and man

Insulin Preparation S�ecies?f Method:f In- Method of Assay H(alf�11)fe Refer-

Natural porcine insulin Pig Bolus Radioimmunoassay 6 286

Natural porcine proinsulin Pig Bolus Radioimmunoassay 20 286

Natural porcine insulin Baboon Bolus Radioimmunoassay 8 286

Natural porcine proinsulin Baboon Bolus Radioimmunoassay 18 286

Natural human insulin Man Infusion Radioimmunoassay 4.3 282

Natural porcine proinsulin Man Infusion Radioimmunoassay 25.6 282

Endogenous human nsulin Man Radioimmunoassay 3-4 284

Endogenous human proinsulin Man Radioimmunoassay 18-25 284
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tivity leaves the circulation after 1 mm.

Indirect evidence for rapid distribution was

provided by S#{246}nksemet al. (282), who found

in man that insulin has am apparent distri-

bution volume twice that of the plasma

volume and concluded that distribution

must occur in the first minutes after injec-

tion. They also produced evidence of a

much slower phase of decline at later times

and suggested that this was because of the

return of insulin to the circulation from

various tissues. These suggestions were cor-

roborated by Sherwin et al. (270), whose

analysis of plasma decay curves indicated

two extravascular poois in man; one of

small volume, which equilibrates rapidly

with plasma, and the other of large volume,

which equilibrates more slowly (mean res-

idence time 50 mm) and results in a phase

of decay with a longer half-life.

The half-life of proinsulim (table 6) is

longer than that of insulin. C-peptide is

cleared more slowly than insulin in the rat

(145) and in man peripheral venous C-pep-

tide concentrations are about 4 times

higher than insulin concentrations al-

though these two peptides are secreted in

equimolar proportions (247).

ROLE OF INDIVIDUAL ORGANS AND TIS-

SUES. Framcksom and Ooms (94) showed

that in the dog, liver and kidney are major

organs for clearing insulin. In man the liver

clears 40% to 50% of endogemous and ex-

ogenous insulin in a single passage (255)

and in the dog clearances of 40% to 60%

have been reported (120). The hepatic

clearance of insulin does not appear to de-

pend on insulin concentration when within

the physiological range, i.e., up to about 10

mg/mi in portal blood (120, 255), but in dogs

it is appreciably reduced in the presence of

glucagon (246) and at higher insulin levels

(94). Insulin is cleared by the isolated per-

fused rat liver but C-peptide and proinsulin

are not (285). Hepatic clearance of lightly

iodinated insulin involves uptake in the dog

and rat. (94, 137). In the latter study large

amounts of intact insulin and fragments

were found in the liver at 1 mm indicating

that uptake and degradation are rapid pro-

cesses. In the isolated perfused rat liver,

reticuloendothelial blockade reduced clear-

ance of [‘25I]-insulim by 50%, which suggests

that Kupfer cells and parenchymal cells

may be involved (39).

The kidney clears insulin, proimsulin, and

C-peptide at rates greater than the glomer-

ular filtration rate; in the rat arteriovemous

differences are 30% to 40% (145). In man

the arteriovemous difference for insulin is

46% (92). Glomerular filtration is partly

responsible for this clearance and Bourdeau

et al. (36) found that with labelled insulin

radioactivity was taken up from the ifitrate

and concentrated in residues at the apical

end of cells of the convoluted proximal tu-

bule. Uptake or degradation must be effi-

cient since in man only 0.1% of the daily

pancreatic secretion appears in the urine

(247). C-peptide is also filtered, but uptake

or degradation is less efficient and 5% of

the daily pancreatic secretion appears in

the urine. Glomerular ifitratiom can account

for only 20% at most of the observed renal

arteriovemous difference for these peptides,

and Katz and Rubenstein (145) have shown

that renal clearance is still substantial in

the rat when glomerular filtration is

impeded. Soltiurai (277) found by autora-

diography after administration of iodine-la-

belled insulin that in addition to uptake

from the lumen of the proximal tubule some

radioactivity was also present in the peri-

tubular region of the rat kidney. The pro-

portion of grains was about 30% and it was

suggested that a pertubular uptake might

represent a second mechanism of renal

clearance. However, Bourdeau et a!. (36)

did not observe peritubular uptake and it is

possible that the label observed by Soltiurai

(277) represented degradation products of

insulin. Francksom and Ooms (94) found

that clearance of labelled insulin by the

kidneys was not associated with a corre-

sponding uptake of label, and Izzo et al.

(137) also found much lower quantities of

label in the kidneys than in the liver of rats

at 1 mm. It therefore seems possible that in

addition to clearance by glomerular filtra-

tion insulin is cleared by degradation in
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transit, although the possibility of peritu-

bular uptake cannot be conclusively ruled

out.

Although hepatic and renal clearances

are high they do not vary over the physio-

logical range of insulin concentrations (94,

120, 255), whereas the total metabolic clear-

ance is sensitive over this range (1-10 ng/

ml) in man and dogs (94,282). This suggests

other major sites of clearance at low con-

centrations. Harding et a!. (120) have

shown in dogs that the mesenteric circula-

tion clears insulin with an efficiency of 33%,

which is, however, independent of insulin

concentration. These workers also calcu-

lated that the clearance by tissues other

than liver and mesentery was 13% at low

insulin levels but fell to 6% at higher con-

centrations. Since a large part of the circu-

lation passes through these other tissues

this clearance contributes substantially to

the total.

Clearances by muscle and skim, i.e., dur-

ing passage of insulin through a limb, of

20% at low insulin and 10% at moderate

insulin levels (about 8 mg/mi) have been

reported in man (255). Muscle and skin and

the lymphatic system may also play a

rather different role in determining insulin

kinetics. In the dog, basal insulin concen-

trations in hepatic, thoracic, and paw

lymph are the same as those in plasma

(226). After glucose infusion or insulin in-

jection hepatic and thoracic lymph insulin

concentrations take about 15 min to rise

but the paw lymph insulin rises more

slowly, reaching a maximum after 30 to 40

mm. These findings show that insulin is

stable in interstitial fluid. The clearance of

insulin by the periphery is 10% to 20% (255)

and part of this could be from passage into

lymph. In the liver insulin is extensively

cleared and the appearance of intact insulin

in hepatic lymph is surprising. Presumably

the sites of insulin uptake and degradation

line the blood vessels and sinuses and once

insulin leaves the vasculature it is no longer

exposed to active clearance processes. The

return of insulin from interstitial fluid to

the circulation may explain the slow phase

of decay of plasma levels observed by Sdnk-

sen et al. (282) and Sherwin et al. (270). In

addition to its return via the lymphatics

insulin can reenter the blood vessels di-

rectly. Franckson and Ooms (94) demon-

strated that the latter process occurs in

dogs by measuring a negative arteriovenous

difference across the hind limbs after ces-

sation of insulin infusion. In the dog, S#{246}nk-

sen et al. (281) showed that when injection

of iodine-labelled insulin is followed by a

pulse of cold insulin, label is displaced from

the hind limb and appears in venous blood

draining the limb.

The role of tissues such as muscle and

skim in clearing insulin and acting as an

extravascular depot may have an added

significance since the kinetics of these pro-

cesses may depend on regional blood flow,

which will be enhanced under conditions of

exercise. It has been shown, for instance

(27), that the rate at which insulin leaves a

site of injection depends on regional blood

flow and that in normal man insulin is

released into the circulation from periph-

eral tissues during exercise (72).

In addition to the investigations already

mentioned there has been a single report

suggesting that insulin may be cleared to

the extent of 10% to 20% in a single passage

through the lung in man (248).

MECHANISMS OF INACTIVATION. Al-

though potent enzymes capable of rapidly

degrading insulin exist in many tissues

(290), the mechanisms of inactivation that

are important in vivo remain to be estab-

lished. Mirsky and Perisatti (200) showed

that an enzyme in liver homogenates was

specific for insulin and that concentrations

of this enzyme could vary independently of

other proteolytic enzymes. Insulin-specific

proteases have been isolated from rat liver

(41) and muscle (40). These proteases are

cytoplasmic and the muscle enzyme has

remarkable properties. It is apparently spe-

cific for insulin and glucagon and either

substrate inhibits inactivation of the other

(76). However, this specificity must be rec-

onciled with the observation that the highly

purified enzyme cleaves glucagon at many

- -#{149}
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sites characterized by a wide variety of

adjacent amino acid residues (19).

A second insulin-inactivating enzyme iso-

lated from rat liver is not a protease. It

reduces the sulphur bridges of insulin in the

presence of the reduced form of glutathione

and is called glutathione-insulin transhy-

drogemase (301). This enzyme is present in

the emdoplasmic reticulum (3).

Either of these enzymes would require

uptake of insulin into the cell before the

enzyme could act and it is likely that uptake

rather than degradation would be the rate-

limiting step for clearance from the circu-

lation. It is possible that insulin might be

degraded by extracellular mechanisms

since insulin-degrading activity is found in

liver plasma membrane preparations (95).

Degradation is apparently independent of

receptor binding (60, 95). In view of the

extensive uptake of insulin by the liver in

vivo (94, 137) it is perhaps unlikely that

substantial extracellular degradation oc-

curs in vivo. However, the question of the

actual functions in vivo of the various en-

zyme systems capable of inactivating insu-

lin in vitro can only be conclusively resolved

by further investigations.

Summary. The metabolism of insulin ap-

pears to be more subtle than that of many

other peptide hormones, perhaps because

insulin has multiple sites of action and plays

such a key role in distribution and utiliza-

tion of fuel in the body. In man the half-life

appears to be 3 to 4 mm but the significance

of this value is doubtful since the total

metabolic clearance rate of insulin is sensi-

tive to circulating insulin concentrations.

The clearance rate of basal insulin concen-

trations may be up to 3 times higher than

that of elevated physiological concentra-

tions of insulin. Liver and kidney are im-

portant organs of clearance but the renal

mechanism is not sensitive to insulin con-

centration and hepatic clearance is only

significantly reduced at supraphysiological

concentrations of insulin. There is some

evidence to suggest that peripheral tissues

such as muscle and skin play an important

part in clearance at basal insulin concentra-

tions by a mechanism that is saturable in

the physiological range of concentrations.

Muscle and skin can also act as a depot for

insulin and after there has been a rapid fall
in circulating concentrations these tissues

may return insulin to the circulation, which

gives rise to a slow phase of decline with a

half-life of 30 to 60 mm. Several mecha-

nisms for the inactivation of insulin have

been demonstrated in vitro but conclusive

experimental information about the pro-

cesses that take place in vivo does not ap-

pear to be available.

I. Protein and Glycoprotein Hormones of
the Anterior Pituitary

These hormones are much larger than

the peptide hormones considered so far.

The glycoprotein hormones are made up of

subunits each with carbohydrate groups

that have profound effects on their metab-

olism. They have little in common with the

smaller peptide hormones and will be con-

sidered only briefly.

1. Protein hormones. A. GROWTH HOR-

MONE (SOMATOTROPHIN). Growth hormone

is present in large amounts in the anterior

pituitary and has a wide range of functions

including the stimulation of protein synthe-

sis and the promotion of skeletal and gen-

eral body growth. The bovine hormone con-

sists of 188 amino acid residues.

In general the half-life of growth hor-

mone in vivo has been found to be longer

than that found for any of the peptide hor-

mones. Following bolus intravenous injec-

tion of bovine growth hormone into rats the

circulation half-life, as measured by bioas-

say, was found to be 26 mm by Van Dyke

et al. (299). However, large amounts of hor-

mone were administered. With [‘311]-la-

belied bovine growth hormone Sonemberg

et al. (279) were able to follow the decay of

circulating radioactivity after the injection

of a much smaller amount of hormone into

the rat. They observed a half-life of about

25 mm. In man exogenous human growth

hormone has a half-life of about 30 mm by

radioimmunoassay or by following the fate

of immunoprecipitable [‘31I]-labelled hor-
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mone after intravenous injection (35, 218).

Endogenous circulating growth hormone in

human subjects has been observed to decay

with a half-life of 20 to 30 mm by radioim-

mumoassay (104, 135). After bolus intrave-
nous injection of [‘31I]-labelled human
growth hormone into the rabbit, plasma
radioactivity fell initially with a half-life of

between 2 and 10 min. Slower phases of

decay followed with half-lives of decay of
17.6 nun and 165 min (254). Since no rapid

phase of decay in blood concentrations of
endogenous growth hormone in man was
observed, the short estimated initial half-

life in rabbits probably reflected the mixing

of the hormone in its volume of distribution
as suggested by Van Dyke et al. (299).

The distribution of tritiated or radioio-

dine-labelled growth hormone preparations

in the rat, guinea pig, rabbit, and sheep has

been studied (56, 192, 254, 279, 308). After
the intravenous injection of radiolabelled

hormone, the highest concentrations of ra-

dioactivity in all these studies were in the
kidney and to a lesser extent the liver.
However, small but significant amounts of

radioactivity were in many other tissues.
Coffipp et al. (56) calculated that, because
skeletal muscle represents 40% of the body
weight, the low concentrations of radioac-

tivity in the tissue in fact constitute about

40% of the injected dose in the guinea pig
and rat. Light microscopic autoradiography
has localized the renal fate of radiolabelled

growth hormone. With light microscopic

autoradiography, Collipp et al. (56), De
Kretser et al. (67), and Rabkim et al. (223)

found the radioactivity to be associated
with the proximal tubule cells of the kidney
cortex. Similarly, fluorescent-labelled bo-
vine growth hormone was detectable by
ultraviolet light microscopy in the proximal
tubule cells of the rat after intravenous

injection (304). With an isolated sheep
proximal tubule preparation Stacy et al.
(283) showed by electron microscopic au-

toradiography that the intracellular fate of
[‘9]-labelled sheep growth hormone in-
volved uptake by the lysosomes. Rapid deg-

radation of the hormone was observed to

take place in these organelles. The fact that

after intravenous injection of growth hor-

mone no biologically active hormone is

found in rat urine (299) and that the met-
abolic products excreted by man and sheep

are of low molecular weight (218, 308) con-
firm that the kidney actively degrades this

hormone. That the contribution of the kid-
ney to the overall metabolism of exogenous

growth hormone is large is demonstrated

by the fact that nephrectomy in the rat and

sheep markedly prolongs the circulating life

of the hormone (307,308). However, endog-

enous human growth hormone has a half-
life of decay, after the intravenous admin-

istration of somatostatin, of 27 mm and 17
mm by radioimmunoassay, in patients with

liver and renal disease respectively (220).
These values are well within the normal

range and indicate that despite the abnor-
mal state of these two organs the metabo-

lism of endogenous human growth hormone
carries on unabated.

B. PROLACTIN AND PLACENTAL LACTO-

GEN. Prolactin has sequence homology with

growth hormone and consequently is diffi-

cult to separate from this hormone. The
function of prolactin is to promote full
breast development in the female and to

initiate milk production after parturition.

The ovine hormone consists of 198 amino

acid residues.
The circulating half-lives of prolactim

preparations in vivo that have been re-
ported are very variable. With [‘311]-la-

belied rat and bovine prolactin, Van der

Gugtem and Kura (298) found that radio-
activity in the blood decayed with a half-

life of about 70 mm after intravenous injec-
tion into the female rat. As the authors

suggest, the long circulating life may be a
reflection of the high doses administered.
In contrast, Grosvenor (111) found by

bioassay that the circulating half-lives of
various prolactin preparations in the rat
were very short. He found that ovine, rat,

bovine, and porcine prolactins had half-
lives in the female rat of 10 to 12 mm, 10

mm, 3 mm, and 3 mm, respectively. Koch
et al. (151) found that rat prolactin labelled
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with [‘�‘I] decayed with a half-life of 4 to 6

mm in the female rat after both bolus in-

jection and intravenous infusion. Similarly

Kura et al. (155) found the half-life of bo-

vine prolactin in female rats to be 6 mm by

radioimmunoassay. Intermediate half-life
values, rather similar to those obtained for

growth hormone, have been observed. Bir-

kinshaw and Falconer (28) found the half-

life of [‘25I]-labelled prolactin in female rab-

bits to be 16 mm whilst Johke (140) found

that the circulating half-life of bovine pro-

lactin in the lactating cow was 29 mm by

radioimmunoassay. These results suggest

that there may be a correlation between

the half-life of prolactin and the size of the

mammal studied; a correlation that is not

apparent with growth hormone.

Another lactogenic hormone, placental

lactogen, is secreted by the placenta. This

polypeptide hormone has structural homol-

ogy with both growth hormone and prolac-

tin itself. After delivery of the human pla-

centa the decay of endogenous human pla-

cental lactogen in the circulation has been

found to have a half-life of between 10 and

29 mm by radioimmumoassay (244).

Radioiodinated prolactim preparations

have been used to study the tissue distri-

bution of this hormone in mice, rats, and

rabbits either by direct measurement of

tissue radioactivity or by whole-body au-

toradiography (28, 225, 280). Highest con-

centrations were in the kidney in each study

with lesser amounts in the liver. With flu-

orescent-labelled prolactin Vilar et at. (304)
showed that the hormone was concentrated

in the kidney by the proximal tubule cells

of the renal cortex. The importance of the

kidney in the clearance of human placental

lactogen from the circulation of the dog has

been shown by Rochman et a!. (244). They

found that the circulation life of this hor-

mone was considerably prolonged in neph-

rectomized dogs compared with intact ani-

mals.

SUMMARY. As a general rule the half-lives

of the anterior pituitary protein hormones

are longer than those found for the smaller

peptide hormones. The larger molecular

size appears to confer some measure of

metabolic stability on these hormones. The

kidney appears to play a major part in the

degradation of these hormones.

2. Glycoprotein hormones. The glycopro-

tein hormones all have monidentical a- and

/3-subunits each of about 100 amino acid

residues and carbohydrate moieties. In

each species the a-chain appears to be iden-

tical or nearly so in each glycoprotein hor-

mone whilst the fl-chain differs from hor-

mone to hormone and apparently confers

hormonal specificity.

The gonadotrophic hormones, namely

follicle stimulating hormone (FSH) and lu-

teinizing hormone (LH), are involved in the

stimulation and normal development of the

gonads and the production of gametes.

Their critical role in reproduction has led

to their use to help infertile women become

pregnant. Thyrotrophic hormone (TSH) is

essential for proper development and func-

tion of the thyroid gland. It stimulates this

gland to secrete thyroxine and triiodothy-

romne, which in turn raise the basal meta-

bolic rate.

The half-lives of the glycoprotein hor-

mones in vivo are much longer than the

other hormones considered in this review.

For instance, human LH has a half-life of

136 mm in man by radioimmunoassay after

intravenous infusion (182) and the half-

lives of [‘25I]-labelied human FSH after in-

travenous injection into the rat, rabbit, ewe,

and cow are 94, 118, 334, and 301 mm,

respectively (156). The half-life of immu-

noreactive human FSH in man after intra-

venous infusion is 2.9 h (149).

The intravenous injection of radioiodi-

mated TSH and FSH into the rat resulted

in high concentrations of radioactivity

being sequestered by the kidney (43, 144).
The sequestration of fluorescent labelled

FSH, LH, and TSH by the rat kidney after

intravenous injection results from incorpo-

ration of the proteins by the proximal tu-

bule cells of the renal cortex (304). Light

microscopic autoradiography revealed sim-

ilar accumulation of radioactivity after the

injection of [‘251]-labelled LH (67). Ne-

phrectomy considerably prolonged the cir-

culating life of both LH and FSH in the rat
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and LH in the sheep (66, 100). Measure-

ment of the arteriovenous difference of ra-

dioactivity across the kidney during the
intravenous infusion of radioiodinated TSH

has shown that this organ clears 5.8% of the

hormone in a single passage whilst the liver,

thyroid, and hindquarters are inactive in

this respect (240). Recently, Ascoli et at.

(12) showed that appreciable amounts of

tritiated LH are excreted in the urine by

the rat without substantial modification

after intravenous injection. Similar results
were obtained by Coble et al. (55) when
radioiodinated FSH was injected into the

monkey.
The kidney appears to be mainly respon-

sible for lowering the circulating concentra-
tions of the glycoprotein hormones. Under
certain circumstances the liver may be im-

portant in limiting the effective life of these

hormones. Morell et al. (203) found that, in

common with other glycoproteins, cho-

rionic gonadotrophin and FSH are rapidly
and almost completely taken up by the rat

liver after intravenous injection if the sialic

residues of the carbohydrate moieties have

been removed previously. The sialic resi-
dues are essential for the biological activity
in vivo of these two hormones.

The prolonged life in the circulation of

the glycoprotein hormones follows from

their resistance to breakdown by most tis-
sues, which presumably may be attributed

to their three-dimensional structure. The

kidney probably lowers circulating glyco-

protein hormone levels by glomerular filtra-

tion. Part of the hormone in the filtrate is

sequestered by renal proximal tubule cells
and part may be excreted in the urine un-
changed. Finally, the liver may be impor-

tant in the rapid accumulation of these
hormones if the biologically important

sialic acid residues are removed.

ifi. General Discussion: Comparison
of the Metabolism of Peptide

Hormones

A. General Characteristics of the Plasma

Decay Curve and Clearance

The decay of plasma concentrations after
intravenous injection of a peptide hormone

will be discussed in terms of three phases.

First phase. The earliest phase lasts for

1 or 2 mm and is characterized by very

rapid disappearance from the circulation.

Iodine-labelled insulin in the rat (137),

LHRH in man (139), calcitonin in the pig

(317), corticotrophins in the rat (22), and
somatostatim in the rat (195) all leave the
circulation to the extent of 70% to 80% in 1

to 2 mm after intravenous injection. At

later times the rate of decline for insulin,

LHRH, calcitonin, and corticotrophins falls
and this suggests that the early phase re-

flects rapid equilibration into a pool with
an apparent volume greater than plasma. A
peptide hormone returning from this pool
will sustain the plasma concentration and

thus reduce the initial rate of decay that
otherwise would have resulted in a half-life

in the second phase of less than 1 mm. An
early phase of distribution of insulin also

occurs in man (270, 282). Although an early

phase has not been reported for many hor-
mones, the methods used may have been

inadequate to detect it, and it is possible
that the phenomenon of rapid extravascu-
lar distribution is widespread. For peptides

with very short half-lives in the period after
2 min it will not be possible to distinguish

first and second phases and interpretation

of the processes involved in distribution
and clearance will be very difficult.

Second phase. From 1 to 2 mm after
intravenous injection, peptide hormone

levels usually decline exponentially for 20
to 40 mm. In the first phase peptide con-

centration may fall by a factor 2 to 5 times
faster than in the second more prolonged
phase. Even though the disappearance rate
is slower in the second phase than in the

first, the peptide hormone concentration
may still fall very rapidly in the second
phase. This phase is therefore of great im-

portance physiologically and it is the ex-

ponential decline of this phase that is usu-

ally reported as a half-life. Half-lives in the
second phase are usually in the range of 1
to 10 mm but can be more than 1 h in the

case of some of the large peptide and pro-
tein hormones. Bradykimim and angiotensin

have potent local effects and exceptionally
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short half-lives. For these hormones it
would therefore not be easy to distinguish

two phases. The half-lives of peptides are
usually independent of dose up to moder-

ately high concentrations but vasopressin
is an exception; its half-life decreases with

concentration (61, 102).
Clearance measurements made during

infusion or steady endogenous concentra-

tions probably reflect processes that oper-

ate in the second phase of decay of blood

concentrations. Clearance is usually inde-
pendent of hormone concentration but in-

sulin (94, 282) and vasopressin (170) do not
conform to this rule.

Third phase. At times later than 20 to 40
nun after injection or termination of infu-
sion, a third phase of decline of plasma
levels is sometimes observed that can be as

much as 10 times slower than the second
phase. Examples in man are LHRH (269),

calcitonin (249), ACTH (236), and insulin
(270, 282). It is possible that careful studies

with other hormones would yield many

other examples of a third phase of decline.
Although concentrations of hormone have
normally fallen sharply by this time, the
third phase could be important when large

doses of hormone are administered or when
very low hormone concentrations play a

physiological role. For insulin (94, 281) and

ACTH (22, 132), it appears likely that the
slow phase is caused by return of peptide

to the circulation from tissue sites that

equilibrate slowly with plasma.
Inspection of the half-lives reported in

different species (tables 2-6) shows that

there is considerable variation and it is not
possible to generalize from one peptide hor-

P-.M P

11
P-. M

mone to another. This in itself is an indi-
cation that a multiplicity of processes are

involved in clearance and degradation. It is

also apparent that the half-life of a peptide

does not depend in a simple way on its
linear sequence. Addition of an extra por-

tion of peptide chain frequently lengthens
the half-life considerably, e.g., insulin and
proinsulin (284), gastrin (G17) and gastrim

(G34) (312), (1-24) ACTH and (1-39)
ACTH (194). These findings suggest that

the three-dimensional structure of the pep-

tide is an important determinant of its sus-

ceptibility to uptake and degradation.

B. Mechanisms of Clearance and

Distribution

The mechanisms of clearance and distri-

bution that have emerged from studies car-
ried out so far can be provisionally classified
into five major types (see fig. 2). This clas-

sification is based on the way a mechanism

affects plasma levels of peptide and peptide
fragments. Ultimately one would like to be

able to categorize mechanisms on molecular

and morphological bases.
Type I, rapid degradation or conversion

in blood or plasma, is observed with a num-
ber of smaller peptides. It can be the result
of circulating aminopeptidases [enkepha-
lins (119), angiotensin 11(237), somatosta-

tin (195)]; iminopeptidase [melanostatin
(207)]; carboxypeptidase N [bradykinin

(86)]; dipeptidyl carboxypeptidase [brady-
kinin (276), angiotensin I (213)]; or amidase

[TRH (232)]. In no case has it been dem-

onstrated that this type of process is the

major mechanism of inactivation in vivo
and for some of these hormones it is known

Vascular

lumen

Tissue

I II III IV V

FIG. 2. Processes observed in peptide metabolism. P, peptide; M, metabolites; I, degradation in blood; II,

degradation in transit; III, irreversible uptake and degradation; IV, equilibration; V, equilibration and degrada-

tion.
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that clearance by tissues is even faster than

degradation in the blood (91, 126, 213).

Type II, conversion or degradation in
transit through a tissue bed, occurs in the

lung, kidney, and probably liver. Peptide
hormones do not leave the circulation and

peptide fragments emerge from the tissue

at the same time as a plasma protein
marker. Peptide analogues that resist type

I and type II processes should be longer-

acting and more potent. The best examples
of a type II process are the extensive con-
version of angiotensin I to angiotensin II

and the inactivation of bradykinim in the
pulmonary circulation by the same enzyme
[angiotensin converting enzyme or dipepti-

dyl carboxypeptidase; see Soffer (276) and
section I B]. The enzyme is thought to line

caveolae that lie close to and open into the
vascular lumen (251). The lung does not

clear angiotensin 11(126), oxytocin, vaso-

pressin (29), (1-24) ACTH (136), gastrin

(G-17) (71), porcine and salmon calcitonin
(272), or PTH (273). Thus although angio-

tensin converting enzyme has a broad spec-

ificity in vitro it does not cleave many pep-
tides in vivo. It is possible that the carboxyl-
terminal amide group of many of the small

peptides prevents degradation by the lung.
A type II process has been demonstrated in

the kidney for angiotensin 11(214) that may

involve the action of an amimopeptidase.

Type II processes may be responsible for
converting PTH to amino- and carboxyl-

terminal fragments in the liver and kidney
(46, 127) but it is also possible in either of
these tissues that peptide uptake precedes

formation of fragments.
Type III, irreversible uptake followed by

degradation, appears to be a common proc-

ess in kidney and may be important for
some peptides in the liver. The rate-limiting
step for clearance by this type of mecha-

nism is uptake and the degradation process
is of secondary importance. Many peptide
hormones are filtered by the glomerulus in

the kidney and it is unlikely that they can
subsequently return to the circulation. Up

to 20% of plasma peptide can be cleared in
a single passage in this way and the process

will apply to all molecules of less than about

20,000 MW unless they are protein bound.

TSH, with a molecular weight of 28,000, is
cleared by the kidney with an efficiency of
6% (240) and clearance is due to filtration

because glycopeptides of this sort are sub-

sequently taken up by proximal tubule cells

(304). After glomerular filtration, a peptide

can be excreted unchanged [melanostatin

(230)], degraded to products that are ex-

creted [oxytocin and vasopressin (313)] or
reabsorbed by the proximal tubule [corti-
cotrophin analogues (15), calcitonin (124),

glucagon (208), insulin (36), growth hor-
mone (304), and glycopeptide hormones

(304)]. After uptake peptides can be trans-

ferred to lysosomes and extensively di-

gested (15, 22) by enzymes of broad speci-

ficity.
Uptake by glomerular filtration is ob-

viously a process of minimal specificity.
Clearance by the liver may also involve a
type III process but one of considerable

specificity. Examples of this specificity are:

clearance of pentagastrin but not gastrin
(289); clearance of porcine calcitonin (272),
low clearance of human calcitonin (52), neg-
ligible clearance of salmon calcitonin (272);
clearance of (1-84) PTH but not the car-

boxyl-terminal fragment or (1-34) PTH

(183); clearance of insulin but not C-peptide

or proinsulin (285). Many other peptides
are cleared by the liver, but clearances of

gastrin, cholecystokinin, secretin, glucagon,
and TSH are low or negligible. It is often

not clear whether a peptide hormone is

taken up before degradation or cleaved in

transit. However, uptake of peptide has
been observed for insulin (94, 137), corti-
cotrophin (22, 239), and porcine calcitonin

(52). Presumably for these peptides hepatic
clearance is a process of the third type. The
specificity of a type III process will reflect

the characteristics of uptake or binding
rather than of the nature of the peptidases
that may be subsequently involved in deg-
radation.

Type IV, equilibration with tissues, has
already been mentioned (Section III A 2)
as an explanation of the first and third
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phases in the decline of plasma hormone
concentrations. Rapid equilibration is re-

quired to explain the first phase. The ana-

tomical basis for this distribution is not
known; perhaps the peptide does not leave

the blood vessels but is adsorbed to the

capillary wall or alternatively does not pen-
etrate far into the tissues. S#{246}nksen et al.

(281) have shown that iodine-labelled in-

sulin is rapidly displaced from the dog hind
limb by cold insulin and this suggests rapid
equilibration. The slow phase of decline of

plasma concentrations at times later than
20 to 40 mm suggests that mechanisms of

slow equilibration are also important.

Rojdmark et al. (246) found that, after in-

fusion, glucagon was slowly released from
the liver in dogs and Franckson and Ooms

(94) showed a similar release of insulin from
the dog hind limb after infusion. Dieterle et
at. (72) found that insulin is released from

peripheral stores during exercise and there
is also evidence that after intravenous in-
jection insulin slowly appears in the periph-

eral lymph (226). This discussion of equili-
bration has assumed that no degradation is
taking place. It is possible that a certain

amount of inactivation of insulin occurs in

the periphery so that strictly speaking some
of the results cited above might be better
described by a process of the fifth type.

Type V, equilibration and degradation,
refers to a process in which a peptide hor-
mone can enter and leave sites within a
tissue at which degradation occurs. If equil-
ibration is fast, this process will become

indistinguishable from degradation in tran-
sit. If equilibration is slow and degradation

not too extensive, the tissue will act as a
depot from which intact peptide hormone
as well as peptide fragments will slowly
enter the circulation. Findings for cortico-
trophin are consistent with such mecha-
nisms. Extensive degradation of (1-24)

ACTH occurs in the rat during uptake into

tissues such as muscle and skin in the first
minute after injection (22). Subsequently,
the rate of degradation in the tissues falls
and ACTH and peptide fragments return
to the circulation (132). An amimopeptidase

plays a major role in the degradation but
endopeptidases also are active (21, 131).

Replacement of the amino-terminal amino
acid by a D-residue results in a peptide that

at early times is more stable in muscle and
skin but not in other tissues (22) and which

has a very high potency and long duration

of action (172, 196). Although this type of

mechanism has been described only for cor-

ticotrophins, it seems likely that it will ap-
ply to other peptides.

So far, we have not considered the details
of renal clearance, which frequently in-
volves processes in addition to glomerular

filtration. This has been shown for: angio-

tensin 11(215); gastrin (G-17) (53); chole-
cystokinin and secretin (165); human cal-
citonin (52) and porcine calcitonin (272);

parathyroid hormone, its carboxyl-terminal

fragment and amino-terminal (1-34) frag-
ments (183); glucagon (13); and insulin,
proinsulin, and C-peptide (145). Evidence
that clearance is not attributable solely to
glomerular filtration includes observation

either of a clearance of more than 20% or of
a clearance that persists after glomerular

filtration has been stopped, e.g., by tying

the ureter. A type II clearance process may

be responsible for angiotensin 11(214) and
insulin (section II G 2) but for most pep-

tides the information available does not
distinguish clearance by degradation and
clearance in transit. The lack of specificity

of this clearance process that does not in-
volve glomerular ifitration is in marked

contrast to clearance by the liver, which is
highly selective. If clearance in transit does

occur in the kidney the enzymes must cover

a wide range of specificity.

C. Summary and Conclusions

After an initial period of 1 to 2 mm after
intravenous injection, peptide hormone
concentrations in plasma rapidly decline
further in an exponential manner for 20 to
40 mm. Half-lives are usually short (1 to 10
mm) but can be as much as 1 to 2 h. In the
first 1 to 2 mm a more rapid decline has

been observed for some peptides, which

appears to be caused by distribution. At
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times later than 20 to 40 mm a slow phase

of decline has been reported in a number of

instances. For insulin and corticotrophins
the slow phase seems to be return of these

hormones to the circulation from tissues

such as muscle and skin. For most peptides
reversible processes that could give rise to
the rapid early phase and slow late phase

of decline of plasma concentrations have
not been studied and little is known about

the ultrastructural basis of the mechanisms

involved.

In the intermediate phase of decline of
plasma concentrations (between 1 to 2 and
20 to 40 mm) several clearance mechanisms

can operate and the part these play in the

metabolism of the most thoroughly studied
peptides is summarized in table 7. Glomer-

ular filtration is important for every peptide

for which there are adequate data and this
mechanism is well understood. Pulmonary

clearance, on the other hand, is a highly
selective process and the enzyme responsi-

ble for clearance has been well character-

ized. Renal clearance by a nonspecific proc-

ess that does not involve glomerular filtra-
tion is also important for many hormones

although it seems likely that TSH, ACTH,
and salmon calcitonin, which have compar-

atively low renal clearances (87, 240, 272),
resist this process and oxytocin and vaso-

pressin are probably also not cleared in this
manner (313). Little is known about the

nature of renal clearance of peptide hor-

mones and it is quite possible that several

mechanisms that give rise to the broad

specificity are involved. Clearance by the
liver is highly selective but the mechanisms
of clearance and the reasons for the speci-

ficity are unknown. Clearance by muscle
and skim has been inadequately studied.

The proportion of the cardiac output flow-
ing through these tissues is large and even
when the proportion of peptide cleared in

a single passage is low, the contribution to

total metabolic clearance can be large. The
information available does not enable us to

assess whether clearance by these tissues is
specific or not.

A large number of investigations of the

TABLE 7

Clearance processes involved in the metabolism of peptide hormones

Peptide Kidney Kidney Liver Muscle! Lung Plasma

Salmon calcitonin +(272) 0(272) 0(272) 0(272) 0(272) 0(117)

Thyroid stimulating hormone +(240) 0(240) 0(240) 0(240) N.A. N.A.

Gastrin (G17) +(53) +(53) 0(289) NA. 0(71) 0(32)

Oxytocin +(102) 0(313) +(102) NA. 0(29) 0(1)

Vasopressin +(102) 0(313) +(102) N.A. 0(29) 0(1)

Cholecystokinin +(165) +(165) 0(165) N.A. N.A. 0(165)

Secretin +(165) +(165) 0(165) N.A. N.A. 0(165)

Glucagon +(14) +(14) 0(246) NA. N.A. 0(201)

Proinsulin +(145) +(145) 0(285) N.A. NA. NA.

Insulin C-peptide +(145) +(145) 0(285) NA NA. N.A.

Parathyroid hormone C-frag- +(183) +(183) 0(183) N.A. N.A. N.A.

ment

1-34 Parathyroid hormone +(183) +(183) 0(183) N.A. NA. N.A.

Parathyroid hormone +(183) +(183) +(183) 0(273) 0(273) 0(210)

1-24Corticotrophin +(16) N.A. +(22) +(132) 0(130) 0(194)

Human calcitonin +(124) +(52) +(52) N.A. N.A. 0(7)

Porcine calcitonin +(272) +(272) +(272) +(272) 0(272) 0(211)

Insulin +(36) +(92) +(255) +(255) N.A. 0(24)

Angiotensin II NA. +(126) +(126) +(126) 0(126) +(126)

Bradykinin N.A. +(91) +(91) +(91) +(91) ±(91)

* +, tissue or mechanism is important; 0, contribution to clearance is small or undetectable; N.A., adequate

information not available to the best of the authors’ knowledge. Kidney (A) refers to clearance by glomerular

filtration; kidney (B) to renal clearance by other mechanisms. The peptides are listed in order of increasing

involvement of clearance processes. Numbers in parentheses are references.
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metabolism of different peptides have been

carried out in the past 20 to 30 years. Al-

though the information that has been
gained remains incomplete, we have tried

to show that it is possible to compare and

describe the metabolism of peptide hor-
mones in terms of a limited number of basic

processes of clearance and distribution. The

classification adopted is, of course, provi-
sional and inevitably raises many questions.
However, with the experience gained from
previous investigations and the powerful

experimental methods now available, e.g.,
sequence-specific radioimmunoassays and

specifically labelled peptides in combina-

tion with radiosequencing and chromatog-

raphy, there is no reason to suppose that

rapid progress will not continue to be made

in this field.
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