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INTRODUCTION

The pattern of food intake by modern man probably exerts much more

influence on the regulation of intermediary metabolism and on the release

of the metabolic hormones than is generally recognised. Newborn infants

display readiness for continuous feeding but are soon taught to conform to

a system of intermittent feeds at regular intervals, which they continue

throughout childhood into adult life. In prehistoric times, food intake

was dictated mostly by the availability of food; the hunters' success or

failure conditioned feast or famine (Neel, 1962). Regularly spaced meals

are one of the artefacts of civilization and may have evolved after the

discovery of cereal cultivation allowed stores of food to be created, and

so made possible regular feeding habits. At meal times the body is

flooded with nutrients in excess of immediate needs and is then faced with

the task of regulating its economy in a way suited to the intermittent

food supply.

As periods of refueling are constantly interspersed with varying

intervals of starvation, intermediary metabolism can be projected into two

dimensions: the "fed" and the "starved" state (Prienkel, 196I+). This

idea makes it difficult to envisage that a "steady state" in human inter¬

mediary metabolism ever exists. The distinction between the "fed" and the

"starved" state arises from the predominance of anabolic activity in the

first and of catabolism in the second. Thus during the post-prandial

phase, metabolism is concerned mainly with building up of the body stores

from /



from the ingested food substrates, while in the postabsorptive phase energy

requirements are met entirely from endogenous reserves*

Cohn and Joseph (I960) pointed out that the rate of ingestion of

foodstufs played an important role in regulating the overall economy of fat,

carbohydrate and protein metabolism* They showed that meal eating as con¬

trasted to "nibbling" caused notable changes in the economy of the caloric

intake. Rats sustained on spaced full meals deposited 50 to 100% more body

fat than their "nibbling" counterparts (Cohn, Joseph & Shargo, 1957)* They

suggested that meal feeding may have altered the traffic over alternate

metabolio pathways, leading to enhanced lipogenisis* Werthessen (1937) and

Tepperman, Brobeck and Long (1942) have reached similar conclusions on the

basis of R*Q* measurements on rats trained to eat their entire day's ration

in a limited period of time* The phenomenon of increased deposition of fat

which acoompanied periodic feeding was described by Tepperman and Tepperman

(1965), as "adaptive hyperlipogenisis".

There is evidence to indicate that the eating pattern may also influ¬

ence endocrine activity. Cohn, Joseph, Oliner and Morton (193d) examined

the effect of force feeding of rats on thyroid function and found that in

force fed animals the rates of *^1 uptake was decreased and regeneration of

the thyroid slower. The hypothyroid state produced by force feeding was

interpreted as secondary to decreased release cf thyroid stimulating hormone

(TSH). Decreased "^i uptake by the thyroid in tube-fed rats was also

reported by Kalant, Molntyre and Wilansky (1959)*

Houssay and Martinez (1947) working on the effect of diet on the onset

of experimental diabetes found that rats given one meal a day were more

sensitive /
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sensitive to the diabetogenic effect of alloxan. Subtotal pancreatectony

also resulted in an earlier onset of diabetes mellitus in rats which

received their food once a day than in those who consumed the same amount

of food divided into three feedings. It appeared from these studies that

the rate of ingestion of calories played some part in the regulation of the

internal secretion of the pancreas.

Hypophysial growth hormone has been shown to be concerned with the

economy of energy metabolism during starvation. In 1934 Lee and Schaffer

showed that the administration of a crude growth promoting extract from the

anterior pituitary to normal rats resulted not only in nitrogen retention

but also in a loss of body fat. This finding was perhaps the first hint

that growth hormone had an effect in mobilizing depot fat. Lee and Ayres

(1936) went on to show that during starvation the hypophysectomised rat

lost more protein and less fat than control animals, which suggested that

in the absence of the pituitary fat mobilization was impaired. In 1943

Young pointed out that "if an adult animal which is consuming a normal

ration of food is given each day a dose of suitable anterior pituitary

extract, his basic metabolic pattern will resemble that of a starving

animal despite his continued ingestion of food adequate to maintain a

constant body weight under normal conditions". This fundamental observ¬

ation supported the previous findings of Lee and his co-workers. Subse¬

quent work with purified growth hormone preparations confirmed Young's

observations (Li, Simpson & Evans, 1948). In I956 Li and Fapkaff extrac¬

ted a pure preparation of growth hormone from human pituitary glands

obtained at autopsy. This development permitted the investigation of the

actions /
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actions of human growth hormone (HGH),

A new approach to the study of the effect of growth hormone on fat

mobilization was offered by the method of Dole (1956) for micro-determination

of the concentrations of free fatty acids (FFA) in plasma. Using this

method Dole (1956) and Gordon (1957) showed that FFA played an important role

as a source of fuel and their plasma levels provided an indication of adepo-

kinetic activity. The issue of the fat mobilizing effect cf HGH was settled

by the work of Raben and Hollenberg (1959)» who showed that in fasting subjects

the values of plasma FFA were raised by the injection of human and simian

growth hormones. This work showed further that insulin administration, taking

glucose or a mixed meal all suppressed the effect of growth hormone on fatty

acids.

In a review on growth hormone and diabetes Young (1953) wrote: "There

is as yet no evidence of which I am aware to show that growth hormone is

secreted during starvation by the pituitary gland of an adult animal, but it

seems to me probable that this is so. So far the methods available for the

estimation of growth hormone are not adequate for this task". Nor, indeed,

were adequate methods available for the estimation of physiological concen¬

trations of insulin in plasma.

Sufficiently sensitive and specific assays, however, did become avail¬

able when Yalow and Berson in I960 introduced the radio-immunoassay for plasma

insulin. The principle of the radio-immunoassay was applied to the measure¬

ment of growth hormone in human plasma by Hunter and Greenwood (1962, 1964),

Utiger, Parker and Daughaday (1962) and by Glick, Roth, Yalow and Berson (1963).
These new techniques marked the beginning of a new era in the physiology of

protein /



protein and polypeptide hormones. Work could now begin on the patterns of

secretion of such hormones and their physiological regulation.

One of the first findings to be reported on the secretion of HGH

showed that Young's statement of 1933 was correct. Growth hormone was,

indeed, secreted during starvation in adults, (Both, Glick, Yalow & Berson,

1963aJ Hunter & Rigal, 1965} Quabbe, Schilling & Helge, 1966). Other

situations associated with growth hormone secretion and accompanied by

raised plasma FFA have also been described. These include muscular exercise

in the postabsorptive state (Hunter, Fonseka & Passmore, 1965) and insulin-

induced hypogl./caemia (Roth et al, 1963bj Greenwood, Landon & Stamp, 1966).
A fall in the blood glucose level suggested itself as a possible stimulus to

HGH secretion.

The rapid fall in blood glucose during the second hour after the

ingestion of glucose in normal adults was shown to be followed by a rise in

the plasma concentrations of HGH and an increase in the level cxf FFA, (Roth,

Glick, Yalow & Berson, 1964; Hunter, Clarke & Duncan, 1966). Two stages

are therefore apparent in the events following a glucose load. The first

is dominated by increased insulin secretion, stimulated by the absorption

of glucose and the second is characterised by the release of HGH and increas¬

ed fat mobilization.

Ever since the immunoassay for plasma insulin became available in I960,

much attention was given to the metabolic and endocrine effects that followed

the ingestion of a glucose meal in man. Little is known about hormonal

changes after taking other nutrients, particularly protein. Although insulin

has been known to influence protein metabolism far a long time (Janny &

Shapiro /
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Shapiro, 1926; MacKay, Barnes & Bergman, 1939), the effect of the ingestion

of protein under physiological conditions on insulin secretion, has received

much less attention than the effect of carbohydrate intake. Likewise growth

hormone is known to exert well recognised effects on protein conservation and

tissue growth (Evans & Long, 1921; Young, 1945), hut the part played hy

dietary protein on growth hormone secretion remains uncertain.

In 1969 a new field was opened when Hunter, Fonseka and Passmore demon¬

strated that the H&H response to muscular exercise in the fasting state was

increased by the ingestion of protein (in the form of casein). At the same

time Knopf, Conn, Fajans, Floyd, Guntsche and Rull (1965) reported that the

infusion of large doses of amino acids intravenously in human subjects was

followed by HGH secretion. Merimee, Lillicrap and Rabinowitz (1965) found

that intravenous infusions of arginine resulted in the release of both insulin

and HGH. These experiments suggested that amino acids may have a stimulating

effect on the release of insulin and growth hormone.

This thesis sets out an account on the changes in the levels of plasma

insulin and HGH that take place in normal adult subjects under two main

conditions; (1) during a period of starvation and (2) following the ingestion

of a meal rich in protein. The experiments investigate, further, the effects of

moderate muscular work during the absorption of protein. The normal patterns

of secretion of the two hormones are described in the postabsorptive state and

also in the postprandial phase following the protein meal.

The main findings obtained from these experiments have been published

(Sukkar, Hunter & Passmore, 1967, 1968).



CHAPTER I

THE ACTIONS OF HYPOPHYSEAL GROWTH HORMONE

AND INSULIN ON PROTEIN METABOLISM

The protein content of the body is in a constant state of change*

Tissue proteins are broken down in the normal wear and tear and new pro¬

teins are continuously resynthesised. In a 70 kg man protein turnover may
(Neuberger & Richards, I964)

be as high 4s 4&O g per daj^. Among tne various factors involved in the
regulation of this dynamic state of body proteins* are the hormones. Some

hormones are labelled as protein anabolic and others as protein catabolic.

Growth hormone and insulin are the most recognised protein anabolic hormones

and perhaps the most studied* The influence of the anabolio steroids on

the regulation of protein metabolism is much less understood* The present

study deals in its main part with the changes that take place in the plasma

levels of insulin and growth hormone after the ingestion of protein.

This section will evaluate available information on the effects of the

two hormones on the regulation of the various stages of the utilization of

exogenous amino acids and the conservation of body proteins. As in other

fields of endocrinology* knowledge on this subject has been obtained by the

use of three main experimental procedures

1* Studies which examine the effects of various hormonal deficiencies

induced by surgical removal of one or more endocrine organ or chemical

destruction of their secreting tissues.

2. Experiments which investigate the effects of exogenous hormone

preparations /



preparations on experimental animals or on isolated tissues,

3. Studies dealing with endogenous!^ produced hormones and the

regulation of their production and release.

Earlier studies of the effects of insulin and growth hormone on

protein metabolism were mainly on the first two lines. Such work made

important contributions to the understanding of endocrine factors in meta¬

bolism. With the development of new techniques many of the older theories

have been re-examined in the light of more recent work. The availability

of highly purified hormone preparations has facilitated the study of their

effects on intact animals and on isolated tissues. In the case of growth

hormone and insulin it is only in the last few years that it became possible

to pursue the third line of research. Sinoe the development of immunoassays,

which are sensitive enough to monitor the physiological fluctuations of the

endogenous hormones, much has been learnt about the physiology of growth

hormone and insulin secretion.

The following pages will summarise such evidence as was obtained using

the methods outlined above.

1. Effects of Growth Hormone on Protein Metabolism.

A relationship between the pituitary gland and body growth was first

recognised by clinicians when Marie (1886) described the clinical syndrome

of acromegaly and later described pathological changes in the pituitary

gland which he considered were aetiologic in the disorder (Marie & Marinesco,

1891). By 1900 Hutchinson was able to state that "in the pituitary body

we appear to have a sort of growth-regulating centre of the entire bo<fy", the

disturbance of which in early life will produce the phenomena of gigantism,

and /
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and in later life those of acromegaly"• The role of the pituitary in the

phenomenon of dwarfism was as yet unrecognised probably because of many

unsuccessful attempts at hypophysectomy in animals which stimulated at least

one authority to conclude that the pituitary was essential for life (Paul-

esco, 1907)» In 1910-1912, Aschner performed successful hypophysectomy

operations in dogs through a sphenoidal route and thereby avoided injury to

the brain which used to cause the high postoperative mortality. Aschner

(1912) then showed that hypophysectomy resulted in cessation of growth in

young animals. In his book "The Pituitary Body and Its Disorders" published

in 1912, Cushing refers to the pituitary "hormone that aocelerates skeletal

growth" and to "the hormone of growth". It was recognised therefore that

the pituitary gland must be the source of an endocrine secretion which

increases the growth of the body.

The first successful attempt to influence growth by the injection of

a pituitary extract in an experimental animal was that of Evans and Long

(1921). They produced gigantism in rats by long continued daily injections

of a saline extraot of ox pituitaries. They also found that this treat¬

ment interfered with the general maturation of female rats. In fact

this was a history-making contribution, for it was the first time an extract

of the pituitary gland was shown to produce biological effects under experi¬

mental conditions.

As processes of growth are ultimately concerned with the synthesis of

new protein, it was natural that much attention has been directed to studies

on the effects cf growth hormone on protein metabolism. Much of the earlier

work consisted cf detailed metabolic studies in hypophysectomised animals.

Effects /
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Effects of Hypophysectomy on Protein Metabolism*

The nitrogen balance provides a gross method for the assessment of

the general state of the economy of body proteins and has been used exten¬

sively for the study of overall changes of protein metabolism. If growth

hormone has a positive function in the promotion of protein anabolism, then

its absence would be expected to result in a negative nitrogen balance.

Data on this point have remained contradictory for many years. The hypo-

physectomised animal may or may not lose body tissues in the immediate

postoperative period depending mainly on the age of the animal and on the

amount of food consumed during this period. Usually the appetite of

hypophysectomised animals is greatly curtailed and their voluntary food

intake is therefore markedly reduced. As would be expected, this is

accompanied by loss of body tissues and loss of body nitrogen, Hypophys-

ectomised animals may eventually achieve stability of body weight and may

establish nitrogen balance (Ashworth & Cowgill, 1938), Hypophysectomised

animals suffer from deficiency of both thyroid and adrenocortical hormones,

the absence of which is known to result in a reduction of endogenous

nitrogen cataboliam. A period of nitrogen equilibrium may, therefore,

evolve from a stability of food intake and diminished level of secretion

of the catabolic hormones as a result of reduced activity of the thyroid

and adrenal cortex,

Lee and Ayres (1936) were first to show that nitrogen loss did occur

during the period following hypophysectomy (33 days). Using the technique

of total body analysis they showed that hypophysectomised rats lost about

one fifth of their body nitrogen, while no nitrogen was lost by normal

pair- /
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pair-fed rats. The normal rats however lost twice as much fat as the

operated animals. Thus when food intake was restricted the operated

animals were unable to maintain their nitrogen balance. In 1944 Levin

compared the effects of restricted food intake with those of force feeding

during three weeks following removal of the pituitary gland. Restriction

of the food intake of normal animals resulted in less nitrogen loss than in

hypophysectomised animals feeding ad libitum. If the normal and hypophys-

ectomised rats were force-fed the same amount of food, the nitrogen loss of

the operated animals was &*eatly reduced. These experiments showed that

when an adequate supply of food is insured the hypophysectomised animal is

able to maintain an improved nitrogen balance. The force feeding of

hypophysectomised animals also showed that they can actually gain weight

largely in the farm of body fat (Samuels, Heineeke & Bauman, 1943} Levin,

1944), Samuels and his associates also showed that storage of exogenous

nitrogen was reduced in hypophysectomised rats.

The above experiments extended over a rather long period of time and

it was not clear whether deprivation of protein over a short period of time

will induce a negative nitrogen balance in hypophysectomised animals,

Russell (1957) examined this question in rats which were starved from the

time of hypophysectomy onwards. On the first day after the operation,

hypophysectomised and sham operated rats showed an increase in nitrogen

excretion compared with that of untreated starved rats. On the second day,

however, while the nitrogen excretion of the normal and the sham operated

rats decreased, that of the animals lacking growth hormone continued to

increase. Thus it was clear that during the immediate postoperative period

hypophysectomised /
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hypophysectomised animals are unable to conserve their tissue proteins in

the face of starvation. Whether this could be corrected by the adminis¬

tration of exogenous growth hormone remained to be seen.

The Effect of Exogenous Growth Hormone on Protein Metabolism.

Since the time of the demonstration by Evans and Long of the growth

promoting properties of anterior pituitary extracts, similar results have

been obtained many times and in several animal species. Nevertheless, some

oonfusion remained as to the identity of the active principle or principles

responsible for the effect of crude pituitary extracts on body growth.

This state of affairs persisted for over twenty years before a sufficiently

pure preparation of growth hormone was obtained from ox pituitaries by Li,

Evans and Simpson (1945)* This was followed by technical advances in the

method of extraction of the hormone which yielded larger quantities of a

crystaline product of a similar order of purity (Wilhelmi, Fishraan & Russell,

1948).

In the years that followed these developments, growth hormone prepar¬

ations from several animal species became available for experimental work.

This permitted extensive studies of the effects of the hormone which largely

confirmed earlier observations obtained with the use of crude extracts.

Li, Simpson and Evans (1948; 1949) using their purified growth hormone

confirmed the findings of Young (1945), namely that growth hormone stimulates

the deposition of protein-containing tissue in normal animals.

Russell (1957) found that the increased loss of body nitrogen in

starved hypophysectomised rats could be greatly reduced by the administration

of growth hormone. It has proved difficult to induce nitrogen retention in

starving /



13 -

starving animals with growth hormone although it can be done with rather

large doses resulting in loss of adipose tissue and ketosis (Bennett, Kreiss,

Li & Evans, 1948). The effect of growth hormone on protein anabolism, on

the other hand, has generally been found to depend largely on the quantity

of available protein in the diet, (Oordan, Bennett, Li & Evans, 1947J 1943)*
These workers found that in normal animals a given dose of growth hormone

induced an amount of nitrogen retention which was directly proportional to

the amount of protein taken. This suggested that growth hormone acted in

some way on the synthesis of new protein.

The importance of dietary constituents was further emphasised by the

work of Russell on urea formation in nephrectomised rats. These animals

have a low rate of protein degradation in the absence of exogenous nitrogen

which is little affected by prior administration of growth hormone, An

infusion of a moderate amount of amino acids in the form of casein hydroly-

sate is found to produce a marked increase in urea formation. When, however,

a dose of growth hormone is given 1-2 hours before the amino acid infusion,

the rate of urea synthesis is greatly diminished. Changes in the rate of

urea formation under these conditions was taken as an indication of increased

protein synthesis rather than an effect of the hormone on the rate of cata-

bolism of amino acids. This argument was mainly based on the findings of
& Russell

Millmag((l950) and Russell (19553) who described the effect of growth hormone
treatment on the level of plasma amino nitrogen in normal rats. Four to

six hours following the injection of a single dose of growth hormone the

plasma amino acid level was found to drop by 20-30 per cent. The minimum

effective dose, however, was rather large (1 mg of ox growth hormone per

100 g /
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100 g of rat body weight),

A more direct approach to the action of exogenous growth hormone on

amino acid utilization was made possible by the use of radioactively labelled

amino acids, Isotopically labelled amino acids were injected into an

animal before it was killed and the extent of incorporation of the amino

acids into the protein of various organs was determined, Hypophysectomised

animals were found to incorporate less amino acids into liver and muscle

protein (Friedberg & Greenberg, 1948; Lee & Williams, 1952; Reid, O'Neil,

Stevens & Bumop, 1956), Administration of growth hormone, however, did

not always restore the ability of hypophysectomised animals to incorporate

amino acids into protein to normal, Lee and Williams (1952) found an

35
increase in the incorporation of S-cystine in liver, kidney and heart

following treatment of fed hypophysectomised rats with growth hormone.

Similar results obtained by Priedberg and Greenberg (1948) showed one excep-

35
tion: growth hormone treatment reduced the incorporation of S-methiomine

by the liver.

The effect of growth hormone on amino acid transfer to the intracellu¬

lar compartment was investigated by the use of a nonmetabolizable amino acid

a-aminoisobutyric acid (AIB), It was found that the administration of

growth hormone to adult rats increased the accumulation of AIE in a number

of tissues (Noall, Riggs, Walker & Christensen, 1957)* It was also found

that hypophysectomy decreased the accumulation of AIB in muscle and increase*:

its concentration in blood. Growth hormone administration reversed these

effects (Riggs & Walker, I960),

When whole body studies of this nature are undertaken the question

inevitably /
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inevitably arises whether the effects seen in vivo are primary or secondary.

There is evidence that the actions of growth hormone on protein metabolism

may be largely dependent on the presence of insulin. This idea was sugges¬

ted by the work of Young (1941; 1944), G-aebler and Robinson (1942) and

Millman, DeMoor and Lukens (1951)♦ Millman et al. (1951) found that in

depancreatized rats which were maintained on small doses of insulin, the

effect of bovine growth hormone administration on the nitrogen balance could

not be demonstrated. when the daily dose of insulin was increased, the

treatment with growth hormone readily produced nitrogen retention. Work
& Chernick

on depancreatised rats (scow/ i960) and on hypophysectomised and alloxan
diabetic animals led to similar conclusions (Best, 1955)*

Suitable isolated tissue preparations were sought for the investi¬

gation of the effects of growth hormone in an attempt to elliminate secon¬

dary factors present in whole body studies.

In vitro Studies with Growth Hormone.

The rat diaphragm has been used to study the influence of growth

hormone on the incorporation of radioactively labelled amino acids into

protein of muscle. Kostyo and Knobil (1959a) found that the diaphragm

muscle from hypophysectomised rats incubated in vitro in a buffered medium

containing "^"C-leucine incorporated much less of the labelled amino acid

than diaphragms from normal rats. The administration of growth hormone to

the rats for 4-6 days before the experiment restored the incorporating

ability of their diaphragms to normal. The incorporation of other natural

amino acids into protein was also found to be increased by growth hormone

(Manchester & Young, 1959a; Manchester & Wallis, 1963).

Using /
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Using a cell-free system prepared from a homogenate of rat liver

Korner (1958J 1959; 1960a; 1961) found that microsomes of the rat liver

synthesise protein from precursors including radioactively labelled amino

acids. Microsomes prepared from livers of rats hypophysectomised 3 weeks

earlier, incorporated much less amino acids than those prepared from normal

rat livers. Treatment of the hypophysectomised rat with growth hormone

for 9 days prior to the removal of the liver resulted in an increase in the

amount of amino acids incorporated by the microsomes but did not restore

the rate of incorporation to normal. These studies suggested that growth

hormone may be one of the factors determining the ability of the rat liver

to incorporate amino acids into protein.

These experiments were not conducted striotly in vitro, as the growth

hormone deficiency and the administration of exogenous hormone were carried

out on living animals some time before the removal of the tissues used for

measurement of protein synthesis. This gives rise to certain difficulties

in the interpretation of the results. First, the hypophysectomised animal

suffers from multiple hormonal deficiences which alter the endocrine envir¬

onment of the tissues used far the in vitro study. Second, the injection

of relatively large amounts of growth hormone (l mg or more per day) induces

metabolic and probably endocrine changes which may influence protein

synthesis. Secondary factors were eliminated when the hormone was added

in vitro. Work on this line of investigation set out to examine the effects

of growth hormone on (a) the transport of amino acids into cells and (b) on

protein synthesis.

In 1959, Kostyo, Hotchkiss and Knobil investigated the effect of

growth /
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growth hormone on the accumulation of "^C-AIB in the muscle cells of the

isolated rat diaphragm. Diaphragms from hypophysectomised rats were found

to take up less ^"C-AIB than those from normal rats. The addition of

growth hormone (2.5 to 25 pg/ml of incubation medium) was found to produce

a two-fold increase in the uptake of this amino acid* AIB was used in

more experimental work on these lines with similar results (Kostyo & Engel,

I960j Knobil & Hotchkiss, 19&f). Using utilizable amino acids, Snipes

and Kostyo (1962) found that hypophysectomy decreased the concentration of

L-alanine and L-histidine in the cell water of the rat diaphragm. The

diaphragms from these animals accumulated amino acids to a lesser extent

than those obtained from normal rats. When bovine growth hormone (50 y.g/

ml) was added to the incubation medium, the accumulation cf L-alanine and

L-histidine was increased. This indicated that growth hormone may have an

effect on the transport of amino acids into muscle.

The effect of added growth hormone on the incorporation of ^"C-glycine
by muscle was investigated by Manchester and Young (1959a) who showed that

bovine growth hormone increased the incorporation of radioactivity from ^"C-
glycine into muscle protein. Kostyo and Knobil (1959b) conducted similar

experiments with "^"C-DL-leucine, They found that the addition of simian

growth hormone (10 p^ml) to rat diaphragm incubated in buffered media,

increased the incorporation of DL-leucine labelled with "^C into the protein

of muscle. Similar experiments with bovine and porcine growth hormones

were unsuccessful*

Another preparation used for studying the in vitro effect of growth

hormone is the perfused rat liver. Jefferson and Korner (1967) perfused

rat /
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rat livers in situ with different concentrations of growth hormone and of

amino acids. When the concentration of amino acids in the perfusing medium

was that present in normal rat plasma, growth hormone stimulated the incor¬

poration of amino acid into liver protein to a slight extent which was not

statistically significant. The effect could, however, be greatly increased

when the concentration of perfusing amino acids was increased to three-times

the concentration of normal rat plasma. The effect was obtained with

concentrations of the hormone in the perfusing medium from 100 ng/ml to 20

It appears that although available evidence supports an effect of

growth hormone which leads to protein synthesis, the mode of action of the

hormone remains to be elucidated. It has been suggested that growth hormone

may stimulate the synthesis of ribonucleic acid (KNA) in subcellular fractions

prepared from liver of hypophysectomised rats (Komer, 1964), Similar

effects, however, were not obtained in the isolated rat diaphragm (Martin &

Young, 1965).

2. Actions of Insulin on Protein Metabolism.

Von Mering; and Minkowski (1889) were the first to show that removal

of the pancreas produced diabetes mellitus in dogs. A part from the loss

of glucose in the urine of these animals they also described an abnormal

excretion of urinary nitrogen and general wasting of body tissues. When

insulin was isolated from the pancreas, its administration was found to

correct this negative nitrogen balance. It has become clear that insulin

excreted an anabolic effect on protein metabolism, but this concept was

greatly overshadowed by the more dramatic effects of the hormone on carbo¬

hydrate /
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hydrate metabolism in general and in the treatment of diabetes mellitus in

particular. In the last decade, however, work on the effects of insulin in

the utilization of amino acids has provided evidence which points to a direct

effect of the hormone on protein metabolism (Manchester & Young, 1960a; 1961;

Korner & Manchester, I960; Lukens, 1964; Wool, 1965).
Much of the earlier work on the actions of insulin was carried out in

vivo on various species of experimental animal. Studies on intact and

depancreatised animals have been extensively reviewed (Manchester & Young,

1961). Such studies often led to equivocal observations. The treatment

of diabetes in humans, or experimental animals, by insulin prevented tissue

wastage and led to retention of nitrogen. This effect, however, proved

difficult to demonstrate in the normal. Nevertheless a few workers suoceeded

in showing a positive effect on the nitrogen balance following the adminis¬

tration of insulin to normal subjects (Janny & Shapiro, 1926) and in rats

(MacKay, Barnes & Bergman, 1939)* The administration of insulin to normal

animals leads to hypoglycaemia and compensatory reactions in other endocrine

organs. Such reactions, particularly those arising in the adrenal medulla

and adrenal cortex, would be expected to counteract the influence of insulin

on nitrogen retention.

The effect of insulin on the blood levels of amino acids has also been

examined. The administration of insulin resultedin a rapid lowering of the

blood amine acid levels in many animal species. It was suggested that

insulin increased the rate cf removal of the amino acids from the blood.

Lotspiech (1949) made a detailed study of the effect of insulin on blood

amino acids. He measured the levels of ten essential amino acids in the

blood /
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blood of fasted dogs after the administration of insulin. The disappearance

rates of the various amino acids was found to be directly related to their

proportions in the protein of skeletal muscle. This work suggested that

insulin stimulated the synthesis of muscle protein from circulating amino

acids.

The use of radioactively labelled amino acids greatly facilitated

further investigation of this subject. Direct evidence that insulin pro¬

motes the incorporation of amino acids into protein was first obtained by

Porker, Chaikoff, Entenman and Tarver, (1951). These workers reported

that the administration of insulin to eviscerated-depancreatised dogs
35

increased the incorporation of S-methionine into muscle protein. This

finding strongly suggested that the lowering effect of insulin on blood

amino acid levels was due to an increase in the rate of their removal from

the circulation. Whole body studies generally left much to be desired.

It was not clear whether the anabolic effects of insulin on protein meta¬

bolism was secondary to its stimulation of glucose uptake by tissues.

Studies on Isolated Tissues

The in vitro action of insulin was studied by Gey and Thalhimer (1924)

who showed that the addition of the hormone to culture media increased the

growth of fibroblasts obtained from chick embryos and augmented the rate of

their glucose uptake. Eventually other tissues were used and similar find¬

ings were obtained (von Haam & Chappel, 1940; Leslie & Davidson, 1951)*

House epidermis, cultured in vitro, was found to show increased numbers of

mitoses in response to the addition of insulin to the medium; but the

presence of glucose was also necessary for this effect (Bullogh, 1954).

Epithelial /
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Epithelial cells of human origin showed increased growth when insulin was

added in vitro (Leiberman & Ove, 1959)» Wore recently Mayne, Barry and

Hivera (1966) reported that insulin was one of the hormones which were

essential for successful cultures of explants of the mammary gland of preg¬

nant mice. Although these experiments point to an effect of insulin on

growth they provide little information on its mode of action.

By far the largest contribution to knowledge on the influence of

insulin on protein anabolism in vitro has come from work with the isolated

rat diaphragm. Sinex, MacMullen and Hastings (1952) and Krahl (1952;

1953) were first to demonstrate in vitro that insulin accelerates the incor¬

poration of radioactiveiy labelled amino acids into muscle protein of the

isolated rat diaphragm. Other workers confirmed this finding using other

amino acids singly or in various combinations (Manchester & Young, 19586;

Wool & Krahl, 1959a). The effect of insulin on amino acid incorporation

into muscle protein is seen at concentrations of the hormone (about 50 pV

ml) normally encountered under physiological conditions (Manchester & Young,

1959a, b). The effect is therefore likely to be of physiological importance.

In view of the well known effect of insulin in promoting the entry of

glucose into cells, it was naturally asked whether the amino acid incorpor¬

ation was influenced by glucose uptake. Evidence was obtained from several

experimental procedures that the action of insulin on the incorporation of

amino acids into protein was independent of simultaneous enhancement of

glucose transport. Manchester and Young (1958b) and Wool and Krahl (1959a)
showed that the absence of glucose from the incubation medium had no effect

on the increased incorporation of amino acids stimulated by insulin. The

effect /
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effect was therefore demonstrable when an enhanced glucose entry into the

cells could not have occurred* Furthermore, when glucose transport was

inhibited by phlorizin, amino acid incorporation remained unchanged (Batt-

aglia, Manchester & Handle, i960). It has also been shown that while the

effect of insulin on glucose uptake by the rat diaphragm may be impaired

by growth hormone amino acid incorporation may increase (Manchester et al.,

1959).

Since the effects of insulin on glucose uptake by tissues is largely

due to acceleration of the rate of transport of the sugar across the cell

membrane, the question has been asked whether the hormone exerted a

similar influence in the case of amino acids* Kipnia and Noall (1938)

using a nonutilizable amino acid, a-aminoisobutyric acid (AIB), found
that insulin increased the accumulation of this amino acid by the intact

isolated rat diaphragm. Since this paper similar actions of insulin on

other unnatural amino acids has been reported (Mahler, Shoemaker & Ashmore,

1959| AKedo & Christensen, 1962). Mahler et a^. (1939) also found that

this effect could be obtained on some naturally occurring amino acids like

glycine, methionine and proline but not on other naturally occurring amino

acids. Manchester and Young (1960b) found that under the conditions in

which insulin promotes accumulation of AIB it has not been possible to

obtain a similar effect on other amino aoids normally incorporated into

the protein of muscle (except glycine). It appeared that not all naturally

occurring amino acids could be made to accumulate under these experimental

conditions. Manchester and Young (1961) favoured a direct action of

insulin on protein biosynthesis and suggested that the intracellular

concentration /
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concentration of AIB could have been increased as a result of the uptake of

intracellular amino acids in protein synthesis. Subsequent work has

supported a direct action of insulin on some intracellular aspect of protein

synthesis.

Wool, Castles and Moyer (1965) described experiments on the isolated

rat diaphragm in which the uptake of radioactivity from utilizable amino

acids was increased by insulin. The uptake was slightly reduced when

puromycin was added to the medium but the intracellular concentrations were

increased. Similar observations with puromycin were also made on the

perfused rat heart (scharff & Wool, 1965a, b). These findings led to the

conclusion that insulin increased the synthesis of protein and to a lesser

extent the transport of amino acids into cells (Wool, 1965).

Evidence that insulin enhances protein synthesis has also come from

studies using subcellular fractions in vitro. It was found that cell-free

systems prepared from the rat liver can incorporate radioactively labelled

amino acids into protein. Preparations obtained from insulin deficient

rats were found to incorporate less amino acids than those from normal rat

livers. Pretreatment of the diabetic animals with insulin was found to

increase the incorporating ability of liver microsomes incubated in a cell-

free system (Korner, 1960b, c). The in vitro addition of insulin to these

preparations or to similar cell-free systems from the rat heart has not

been effective in stimulating protein synthesis (Doell, I960; Rampersad &

Wool, 1965). When, however, the heart from an alloxan diabetic rat was

perfused with insulin for 15 minutes before it was homogenised for the

preparation of the cell-free system, it was found that insulin increased

the /
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the incorporating ability of the ribosomes (Stirewalt & Wool, 1966),

These observations supported an action of the hormone on protein synthesis

which is not dependent on the transfer of amino acids across the cell

membrane•

Studies on isolated tissues have given strength to the concept of

the protein anabolic effect of insulin. It is now clear that this effect

is independent of the action of the hormone on glucose transport. From

a physiological point of view these observations indicate that insulin

may play an important role in promoting the incorporation of newly

absorbed amino acids into tissue proteins.

It is apparent from this summary that great effort and thought has

been directed towards the effects of insulin and growth hormone on protein

metabolism. The effeot of various food substrates on the production and

release of the endogenous hormones, however, is far less understood.

This perhaps is a result of the inadequacy of methods which can detect

physiological changes in the rates of secretion of the hormones, In the

past few years this state of affairs has been largely corrected and we

are now able to measure minute changes in the plasma concentrations of

endogenous insulin and growth hormone in human subjects and some experi¬

mental animals.



CHAPTER II

THE HORMONAL RESPONSE TO PROTEIN INTAKE

As soon as a sufficiently sensitive method for determining the

concentrations of insulin in plasma came into use, factors regulating

insulin secretion were investigated. Much of the research in this field

was done on human subjects but some work has also come from experiments on

dogs and on monkeys.

Investigators were mindful of the all-important role of insulin in

the control of carbohydrate metabolism. It is understandable, therefore,

that the effect of carbohydrate intake on insulin secretion has taken pres¬

idenee in most of the work hitherto reported. So far an increase in blood

glucose concentration is the only physiological stimulus known to bring

about the release of insulin from the (3-cells of the islets of Langerhans.

If insulin has a role to play in the utilization of ingested amino

acids, cme would expect that protein intake would be associated with the

release of insulin. Although the actions of insulin on protein metabolism

have been recognised for the past 40 years, little is now known about the

influence of incoming amino acids on insulin secretion. A similar situa¬

tion obtains equally strongly in the case of the factors regulating the

secretion of growth hormone.

The immunochemical method was eventually applied to the measurement

of growth hormone in human plasma. It soon became apparent that normal

adults can secrete growth hormone and that its level in the blood can

undergo /
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undergo rapid changes in response to a variety of stimuli. Grov/th hormone

has, therefore, acquired a new identity. Instead of being regarded as a

substance with slow and long term effects, it now emerges as a remarkably

versatile endocrine secretion. Human growth hormone (HGH) is released in

sudden bursts and disappears rapidly from the blood. Its half-life has

been found to be of the order of about 25 minutes (Parker, Utiger & Daughaday,

1962; Hunter & Greenwood, 1964a; Both, Glick, Yalow & Berson, 1963b).
Several situations are now known to be associated with the appearance

of growth hormone in human plasma: -

1. During starvation the plasma levels of growth hormone in normal

subjects are found to increase (Koth et al.. 1963a).

2. During muscular exercise in the postabsorptive state, Hunter,

Fonseka and Passmore (1965) found that healthy adult men and women showed a

consistent increase in the plasma HGH concentrations.

3. Insulin-induced hypoglycaemia was shown to be followed by a rise

in the level of circulating HGH (Roth et al., 1963b; Franz & Rabkin, 196k).
4. Reactive hypoglycaemia during the postabsorptive phase of a dose

of glucose is associated with the release of HGH in the blood of normal adults

(Hunter, Clarke & Duncan, 1966; Roth et al.. 1963a). Glucose administration

has been shown to abolish the HGH response to exercise (Roth et al. 1963a;

Hunter et al.. 1965),and to fasting (Roth et al.. 1963b; Hunter & Greenwood,

1964).

It is of interest to note that the vast majority of the studies on

insulin and growth hormone secretion concerned themselves with problems of

energy metabolism. However some work has been done on the anabolic role of

the /
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the endogenous hormones and on whether amino acids could call forth their

release. The first indication that ingested amino acids may be associated

with insulin secretion came from studies on children with idiopathic famil¬

ial hypoglycaemia.

Using the radioimmunoassay for plasma insulin several workers found

that these patients secreted insulin during leucine induced hypoglycaemia

(Yalow & Berson, I960; Grumbach & Kaplan, I960; Marby, DiGeorge & Auerbach,

I960). In 1963 Fajans, Knopf, Floyd, Power and Com were able to sensitise

normal subjects to leucine by the previous administration of small doses of

insulin, tolbutamide or glucagon. The hypoglycaemic effect of leucine was

greatly increased in subjects who had glucagon or tolbutamide and not so

much in those who had insulin. It was concluded that the hypoglycaemia was

brought about by an increase in the release of endogenous insulin. Of

particular interest in this work was the effeot of leucine on normal subjects

who had no previous treatment. Leucine taken by mouth had little effect on

blood glucose but its intravenous administration resulted in a small but

consistent decrease in blood glucose. It was argued that the decrease in

blood glucose might be due to a small increment in insulin secretion. If

this were so, then normal subjects could secrete insulin in response to

leucine. This was shown to be the case (Floyd, Fajans, Knopf & Com, 1963).

Following the ingestion of leucine by mouth there was a small but significant

increment in the plasma levels of insulin (mean 12 |j.Vml); and a small

decrease in the blood levels of glucose. Intravenous leucine administration

was associated with a mean increase of 20 (iv/ml in plasma insulin concen¬

trations and a significant fall in blood glucose. These findings showed

that /
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that the hypoglycaemic effect of leucine was indeed brought about by an
«

increased release of insulin and that this effect could be seen not only in

patients with idiopathic hypoglycaemia but in normal subjects also. It

appeared that the hypoglyoaemic affect of leucine in patients with idiopathic

familial hypoglycaemia was an exaggeration of a normal response.

Other amino acids were soon found to stimulate insulin secretion in

healthy adults. Kerimee et al.(1965) reported that intravenous infusion of

arginihe (30 g) was a potent stimulus to insulin secretion. A prompt and

marked increase in plasma levels of insulin was found in all of 6 healthy

women (increments ranged from 22 to 160 pt/ml). The response was probably

induced by the increase in the plasma level of the amino acid. However,

this could not be ascertained because the amino acid infusion was associated

with a mild increase in the blood level of glucose (increments ranged from

15 to 33 mg/100 ml). The changes in insulin levels could have been mediated

by the increase in blood glucose concentrations. Measurements of the plasma

levels of HGH revealed an increase which reached a maximum about 1-1.5 hours

after the beginning of arginine infusion. It was difficult to relate the

hormonal changes to a direct effect of arginine because "the infusion was

followed by complex changes in blood glucose, changes which may directly serve

as stimuli to pancreas and pituitary". The results, however, suggested that

the amino acid may be involved in the release of HGH for two reasons: (l) the

secretion of HGH commenced before the blood glucose levels started to fall and

(2) that the HGH peak values were reached much earlier than in the case of

reactive hypoglycaemia after glucose administration. HGH secretion occurs

3 to 5 hours after a glucose infusion. Further evidence was obtained by

Hunter /
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Hunter et al. (1965) from a different line of investigation. It was found,

that the ingestion of small amounts of protein during a period cf moderate

muscular exercise, enhanced the growth hormone response to physical activity.

The increased levels of plasma amino acids during the period of work could

have stimulated the increased response.

Arginine and other amino acids such as leucine, lysine, histidine,

methionine and phenylalanine, were used by Knopf, Conn, Fajans, Floyd,

Guntsche and Rull (1965) to test their effect on HGH secretion. The amino

acids were given in 30 g doses by intravenous infusion, HGH levels in

plasma and blood glucose levels were measured. Arginine, lysine and histi¬

dine elicited a clear increase in plasma HGH concentrations (peak values: 1

to 2-g- hours after the onset of infusion). Methionine gave rise to modest

but consistent increases in HGH levels and the other amino acids gave

equivocal results. The changes in blood glucose were variable. Arginine,

lysine and phenylalanine caused a small initial increase. In the case of

arginine this initial rise started to decrease during the second hour of

the experiment reaching values below the initial fasting level. Leucine

produced a small decrease while methionine did not alter the blood glucose

levels. Here again the changes in blood glucose complicated the interpre¬

tations of the HGH response. No data on the insulin concentrations under

these conditions were reported in this paper.

A detailed investigation soon followed. Various mixtures of 10

essential amino acids (30 g) with and without leucine were given by intra¬

venous infusion to assess the efficacy of this amino acid and other amino

acids in stimulating insulin secretion (Floyd, Fajans, Conn, Knopf & Rull,

1966a /
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1966a). When leucine and isdeucine were excluded from the mixture of 10

amino acids, the insulin response was almost identical to that obtained after

methionine and lysine were excluded. This indicated that the release of

insulin induced by amino acid infusions was not dependent on the presence

of leucine in the infusion mixture. The most effective mixture was the one

containing 10 essential a..d.no acids which gave rise to a mean maximal increase

in plasma of 120 pv/ml (range 57 to 501). Arginine by itself gave the

highest mean maximal response of 81 pq/WL (rant,® 52 to 511) when compared

to other individual amino acids. Histidine was the least effective and

other amino acids varied widely in their capacity to induce insulin release.

Evidence derived from experiments with amino acid infusion suggests

that the level of amino acids in the blood may play a part in stimulating

the secretion of insulin and HGH in normal subjects. It is difficult to

say how much these hormonal patterns are influenced by the changes in the

levels of blood glucose. The physiological significance of these findings

is not clear. Large amounts of amino acids have been used throughout the

work hitherto reported. As some of the amino acids have relatively poor

solubility they have often been given in large volumes of saline (up to

750 ml). No adequate controls were available for the HGH responses;

Merimee et al. (1965) reported one oontrol where 750 ml of 2N sodium chlo¬

ride solution was infused into a healthy "person" and no HGH response was

found.

The importance of control experiments in the study of HGH secretion

cannot be over emphasized. The secretion of HGH is highly labile and can

be brought about in response to a variety of physiological situations, the

precise /



precise action of which is not understood. Minor muscular activity has

been associated with elevated HGH levels (Hunter at al.. 1965). There is

sane evidence to suggest that surgical stress may result in the secretion

of HGH (Schalch, 1967)* It appears therefore that changes in the plasma

levels of HGH in response to any particular stimulus are best expressed as

increments or decrements compared to a control experiment. As the levels

of HGH responses of different individuals are found to vary, such control

experiments perform their funotion much more efficiently when oarried out

on the same subjects. It will be seen in the present study that during

fasting at rest spontaneous bursts of HGH secretion which cannot be attri¬

buted to any particular stimulus do take place.

After the interesting findings derived from the intravenous infusion

of the various amino acids, it remained to be seen whether eating protein

would call forth the release of insulin and HGH in normal subjects. The

experiments about to be described investigate the endocrine response to a

protein meal of normal proportions, in an attempt to assess the physiolog¬

ical significance cf the hormonal patterns after the ingestion of protein.



CHAPTER III

EXPERIMENTS AND METHODS

1. SUBJECTS AND EXPERIMENTAL DESIGN.

Experimenters on human subjects are usually confronted with the

inevitable difficulty of finding a sufficient number of suitable volun¬

teers. The subjects of the present study were either medical students,

research workers or members of the academic staff at the University of

Edinburgh, Table (1) shows the ages, heights and weights of the subjects.

TABLE 1. Age and Physical Characteristics of Subjects

Subject Age
(yr)

Weight
(Kg)

Height
(cm)

% of Average
body weight

CTC 22 65 173 96
DHD 21 70 173 10*.
PGW 20 66 177 94
ACL 21 62 183 82

CJH 22 55 l&t. 88

JVB 21 64 175 92
CD 22 69 180 95
RAT 20 69 18tf 91
DGL 21 76 182 102

JAK 23 56 168 87

AAQ 23 59 172 88

JH 23 87 183 116

RP 36 62 182 75
SCS 28 56 175 78
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As the number of volunteers is limited, each subject acted as his own

control. The main series of experiments was performed by ten young men

each of whom undertook three experiments on three separate days after an

overnight fast. Each experiment consisted of a period of observation in

the laboratory during which samples of blood were obtained for the estima¬

tion of hormones. Relevant blood constituents such as blood glucose,

plasma, free fatty acids and plasma amino nitrogen were also estimated.

The experiments were: (a) A starvation experiment; (b) A protein meal and

rest experiment and (c) A protein meal plus moderate exercise experiment.

On all three oocasions the study period was started at 08.00 hours.

All the subjects slept in the laboratory during the night before the experi¬

ment was carried out. Sleeping in the laboratory enables the observer to

obtain fasting morning blood samples before the subjects get out of bed.

This is found necessary because of variations in plasma HGH levels that may

be brought about by moderate muscular activity. Hunter et al. (19^5) have

reported that the resting morning levels of HGH varied greatly in subjects

who slept at home and found their way to the laboratory in the morning.

When blood samples were obtained from the same subjects in bed, the HGH

levels were all at or below the lower limits of the sensitivity of the

assay (< 1 ng/ml). It was concluded therefore that the physical activity

or some other factor involved in getting up and going to the laboratory was

responsible for the high resting values found in some of the subjects.

(a) Starvation Experiment: This consisted of a 3tudy period of 6

hours at rest. The subjects sat in an easy chair throughout the experiment,

and were provided with drinking water only. About 200 ml were consumed at

2-hourly /
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2-hourly intervals to make up for evaporative water loss and ensure a

steady ij'low of urine. Half-hourly blood samples were obtained and the

oxygen consumption was measured also at half-hourly intervals.

The starvation experiment provides information on the hormonal pat¬

terns and changes in other blood constituents in the resting and fasting

state. Such data when obtained from the same group of subjects serve as

a control far the other two test situations. During fasting at rest, changes

in plasma HGH secretion may occur for no apparent reason. Zt is with this

consideration in mind that the starvation experiment was designed and will be

used as a base line with which data from the other two experiments may be

compared.

(b) Protein Meal Experiment: A protein meal consisting of approxi¬

mately 0.25 kg of lean gammon ham was eaten by each subject. The quantity

of ham consumed by individual subjects was calculated to provide 40 g of

protein per 65 kg body weight. Table (2) gives details of the composition

of the ham.

The quantities consumed by the subjects are given in table (3) in the appen¬

dix.

TABLE 2. Composition of Lean

Boiled Ham (fcrama per cent)

Water

Protein

Fat

Carbohydrate
Minerals

73.03

17.55

4.42

0.09

4.91

After /
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After the meal the subjects remained at rest in an easy chair for the

following 6 hours* Two fasting and resting blood samples were collected

before the meal was eaten and at half-hourly intervals after the meal.

Oxygen consumption was measured periodically throughout the study period*

In a preliminary series of experiments three subjects each ate 50 g

of casein but this practice was abandoned in subsequent experiments because

of the difficulty they experienced in eating it.

(c) Protein Meal plus Exercise Experiment: A similar protein meal was

consumed by each subject and followed half an hour later by 2 hours of

moderate muscular exercise and hours of rest* The exercise consisted

of walking on the level at the rate of 6.A Km per hour indoors on a tread¬

mill* The walk was interrupted three times for 2-5 minutes for the collec¬

tion of blood samples. Following the protein meal no further food was

provided. About 1,000 ml of drinking water was taken by each subject

during the whole of the 6 hour period*

It was arranged that the order in which each subject did these three

experiments was random, so that no single sequence was dominant* This

precaution eliminates any systematic influence of such factors as apprehen¬

sion, expected to be maximal during the first experiment performed by each

subject* During subsequent experiments subjects would be expected to be

more familiar with the experimental procedure and therefore more relaxed*

2. COLLECTION AND PROCESSING- OF SPECIMENS.

Blood Samples; Venous blood was used for the determination of the

various components under investigation. Blood was obtained from a forearm

vein /
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vein by venipuncture or by means of an indwelling Gordh needle* A total

of 11 ml of blood was taken each time* 1 ml was collected in a tube con¬

taining fluoride oxalate which was kept in a deep freeze until, on a

subsequent date, the blood glucose was determined* The remaining 10 ml

were placed in a heparinized tube and the plasma immediately separated; 2 x

1 ml aliquots of plasma were used for the extraction of free fatty acids

which was carried out as soon as possible (usually within £ hour of the

collection of the sample). Aliquots of 1 ml were set aside for the deter¬

mination of plasma amino nitrogen and the remaining plasma was stored frozen

for the estimation of the hormones*

Kespiratory Exchanges: In resting subjects the volume of expired air

was measured by means of a Douglas bag and a Parkinson and Cowan gas meter,

for 10 minutes* During exercise, expired air volumes were measured using a

Max Planck respirometer for 3 minutes during each £ hour period of the walk*

Aliquots of the expired air were obtained at both periods of measurement and

the samples were analysed by the Lloyd-Haldane gas analyser*

Urine Specimens; The subject emptied his bladder at a noted time before

retiring the night before the experiment and collected an overnight specimen

in the morning* Three sanples of urine were collected during each experiment

at approximately 2-hourly intervals. The specimens were diluted with distilled

water to correspond to a urine flow rate of 3 nil per min* This is found to

facilitate analytical procedures by smoothing out any large differences in

concentration of the various samples. Specimens were kept in a deep freeze

and total urine nitrogen was determined when a sufficiently large number of

samples was accumulated for analysis on an autoanalyser system (described below).
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3. ANALYTICAL METHODS.

1. Radioimmunoassay for Human Growth Hormone

Plasma levels of human growth honnone (HGH) were determined by the

method of Hunter and Greenwood (1964) with minor modifications.

Principle: The method depends upon the in vitro competition of HGH

(as standards or unknowns) with "^I-HGH for antibody sites available in a

1X1
fixed amount of a specific antibody. The percentage of I-HGH bound to

antibody then becomes a function of the concentration of unlabelled HGH in

the incubation mixture.

Materials: 1. Purified Growth Hormone - This was obtained for use

in standards and for preparation of 131I*-labelled hormone by the

method of Raben (1959) from human pituitary glands obtained post

mortem. HGH prepared by this method contains varying amounts of

denatured HGH which has lost both biological and immunological activ-
i .4

ity (Hunter, 19^5). This inactive material may be present in the

HGH used as the standard. However, the presenoe of immunologically

inert material in the HGH preparation used for iodination leads to

loss of sensitivity, precision and specificity. The HGli preparation

used in the present studies was a Raben preparation purified by gel

filtration on a Sephadex G200 column in a borate-KCl buffer, pH 8.6

(Hunter & Greenwood, 1964; Hunter, 1965).

2. -labelled HGH - Labelled HGH was prepared by the

method of Hunter and Greenwood (1964) with minor modifications.

Preparations with specific activity of about 200 pc/ug were obtained.

3. Antiserum to HGH - This was obtained by immunisation

of/
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of adult rabbits by the method of Read and Bryan (i960). A preliminary

tritration was oarried out for each new antiserum against known amounts of

A special diluent was used to dilute antisera and

it consisted of a 2/100 solution of horse serum in 0.07 M barbitone buffer,

pH 8.6 (as carrier) to which a small amount of sodium aside (as a bacterio¬

static) was added. A fixed amount (0.1 ml) of a solution containing 2 ng/ml
131

of I-HGH in diluent was incubated with 0.4 ml volumes of antiserum at

final dilutions of 1:20 to 1:5,120,000. Incubation was carried out for

5-7 days at 4°C and the percentage of the radioactivity of the labelled

hormone bound to immune Y-globulin was determined by electrophoresis as

described below.

Fig. 1. Shows antiserum titration curves obtained for rabbit antisera

incubated with 0.2 ng of (Hunter & Greenwood, 1964).
The /
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The antiserum titration curve supplies information on the dilution

of antiserum suitable for use in the assay*

Procedure: Standards and unknown plasma samples were made up in

diluent, the composition of which has been described above. A fixed quantity

of antiserum (in the present work, 0*03 ml of a 1/25,000 solution) was added

to each tube and incubated at 4°C for two days. This quantity of antiserum

was sufficient to bind 70% of the in the absence of added standard

or unknown as determined by a previous antiserum titration test. With each

series of standards, two controls, containing only diluent and antiserum, and

one blank, containing diluent without antiserum, were included.
131

I-HGH was added on the third dayj this delayed addition of labelled

hormone was first described for insulin immunoassays by Hales and Handle

(1965). Delayed addition of the labelled HGH allows the unlabelled hormone

in standards and unknowns to equilibrate with the antiserum and provides a

two-to fourfold increase in sensitivity when compared with that obtained

when the ^T-HGH is added immediately after mixing the standards with the
131

antiserum. Furthermore the incubation damage to I-HGH is minimised. Of

a 4 ng/ml preparation , 0.05 ml was the usual quantity of labelled HGH added

to each tube in routine assays. Each sample and standard had a final volume

of 0.5 ml. The incubation was allowed to continue for a further three days.

Separation of Antibody-bound from Free HGH

Aliquots of the incubation mixture (0.025 ml) were separated by means

of electrophoresis on cellulose acetate strips (2^ x 20 cm). Before

application to the strips each tube received 0.1 ml horse serum, which acted

as carrier. The electrophoresis was run at 400 V for 3^ hours. Barbitone

buffer /



Fig. 2. Standard assay curves for HGH using

three different levels of The

antisera were used in dilutions of 1:700,000,

1:200,000 and 1: 20,000, for the three

standard curves respectively from left to

right.



- 40 -

buffer (0.024 M, pH 8.6) was used for moistening the strips and in the

electrophoresis tanks. The strips were then dried and cut at 1.3 cm from

the starting line on the cathode side. The bound HGH travelled towards

the cathode and the free HGH remained at the site of application. The two

segments were counted separately in a well-type scintillation counter.

The percentage of "^I-HGH bound to antibody was then calculated.

Standard Curve; The standard curve was constructed by plotting the

percentage bound against the logarithm of the concentration of

HGH, the relationship then being linear, (Fig. 2). Usually, a series of

5 standards was prepared with each assay. The first standard contained

0,5 ng/ml and the others were progressively doubled to 8 ng/ml in the fifth

standard.

Specificity and Evaluation of the Radioimmunoassay of HGH

The measurement of HGH in plasma rests upon the assumption that the

hormone present in the blood is in the same form as thatj, extracted from the

pituitary gland. To check the validity of this assumption, several tests

have been employed.

1. Tests for parallelism: An inhibition curve for plasma samples

was obtained over the same range as the inhibition curve for standards

(Hunter & Greenwood, I964). All plasma samples (except those from preg¬

nant women) showed the same slope as the standards. It is found that HGH

cannot be assayed during pregnancy because of interference from the cross-

reacting hormone, human placental lactogen (Josimovich & Maclaren, 1962;

Greenwood, Hunter & Klopper, 1964)*
2. Effect of Animal Sera: The effect of addition of animal sera or

extracted /
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extracted plasma has been found to give rise to values not distinguishable

from zero. This technique was used by Head, Hash and Najjar (1962) and by

Grumbach and Kaplan (1962) for testing the specificity of the haemagglutin-

ation method of growth hormone assay. The test relies upon the knowledge

that growth hormones from non-primate species do not cross react with anti-

HGH sera.

3. Assays of Normal and Pathological Plasma: Values obtained from

examination of samples taken under a variety of physiological and patho¬

logical conditions showed general agreement between the differences in levels

found and those which might be expected by deduction from the known biologi¬

cal effects of HGH (Roth, dick, Yalow & Berson, 1963aj Hunter & Greenwood,

196A).

A. Physiological Feedback: The inhibition of growth hormone secretion

by glucose intake is a clear demonstration of a physiological feedback mech¬

anism which supplies additional information on the specificity of the assay.

Further support for this is found in the demonstration by Roth et al. (1963b)

and by Beck, Schalch, Parker, Kipnis and Daughaday (1965) that this feedback

mechanism is absent in acrcmegalic patients, when the administration of

glucose fails to abolish the elevated growth hormone level.

All the available evidence points to the specificity and reliability

of the method which has now been applied by many workers to the study of

both physiological and pathological aspects of HGH secretion.

The sensitivity of the assay as originally described by Hunter and

Greenwood was 0.5-1 ng/ml of undiluted plasma. Owing to recent difficulties

in maintaining the immunological integrity of ^1I«HGH preparations, this high

sensitivity /
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sensitivity cannot be regularly achieved. However, a sensitivity of 2 n^ml

can be maintained and this has proved adequate for the measurement of HGH in

most healthy subjects.
131

The occurrence of damaged fractions in the I-HGH preparations has

also resulted in decreased slopes in the standard curves. This in turn has

slightly decreased the precision of the assay (Greenwood, 1967# Berson &

Yalow, 1968} Hunter, Willoughby & Strong, 1968).

2. Radioimmunoassay for Plasma Insulin

Plasma insulin was determined by the radioimmunoassay of Yalow and

Berson (i960). The assay works on the same principle as that described

for HGH.

Materials: 1. Pork Insulin - Six times reciystalised pork insulin

with biological activity of 22.08 i.u./mg (Fiducial Limits 95%, range

20.76-24.19) was used for labelling with and for the preparation

of standards in the assay. (This preparation was kindly supplied by

Dr. B.A.L. Hurn of Burroughs Wellcome).
131

2. Pork Insulin Labelled with I - This was prepared by

the method of Greenwood and Hunter (1963) with minor modifications Hunter,

Willoughby end Strong (1968). Most of the damaged "^l-insulin was

removed by meenB of adsorption chromatography on cellulose powder. The

labelled hormone was tested for damage during the iodination reaction

by means of electrophoresis on 3MC paper. Undamaged insulin stays

adsorbed at the origin. Preparations showing at least 92% adsorption

on paper are found suitable for use in the assay.

3. Antiserum to Pork Insulin - Rabbit antiserum raised

against /
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against pork insulin was supplied by Burroughs Wellcome and found

suitable for use at dilutions of 3/20,000 to 3/80,000 according to

the concentration insulin used in the assays. This antiserum

gave parallel response curves for pork insulin and human insulin

(kindly supplied by Dr. D.R. Bangham, Department of Biologioal

Standards, National Institute for Medical Research). The response

curves were obtained by plotting the logarithm of the dose against

the percentage of labelled insulin bound to antibody. Serial

dilutions of human plasma, taken during the absorptive phase follow¬

ing glucose administration when endogenous insulin concentrations

were high, gave identical slopes.

Procedure: ELasma unknowns and standards were prepared in suitable

dilution as in the HGH assay. Samples and standards were incubated at

4°C far three days before the addition of -insulin (usually 0.05 ml of

a 1 ng/ml solution). The incubation was continued for a further four days

after the addition of the labelled hormone,

131
Separation of artibody-bound and free I-insulin was achieved by

paper chromatography on 3 MC paper at room temperature. Strips 44 x 5 cm

were wetted with barbitone buffer 0.07 M, pH 8.6, lightly blotted and placed

over horizontal nylon string supports, One end was allowed to drop into a

trough containing the same concentration of barbitone buffer. To the

incubates, 0.1 ml of sheep serum dyed with bromophendL blue was added

immediately before applying 0.2 ml at a point 2 cm from the trough.
131

Free I-insulin is adsorbed to the paper at the site of application.

The antibody-bound insulin travels away from the trough as water evaporates

from /
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from the paper atrip, when the dye front had moved lOg- ran away from the

origin, migration waa stopped, by cutting the atrip in two placesi 2 cm on

the trough side of the start line and 2 cm distal to the dye front*

After dzying, the strips were cut into two portions 4 cm from the

start line. Kach portion was counted separately in an automatic well-type

scintillation counter. The percentage of ^^X-insulin bound to antibody

was determined and the standard curve (fig. 3) was constructed in the same

way as in the growth hormone assay.

For all practical purposes the system was found to work best using

the present antiserum in an initial dilution of 1/40,000 with a 1 ng/ml of
131

I-pork insulin preparation. The sensitivity achieved by the delayed

addition of ^"I-insulin was 4 when applied to the assay of the

horac e in plasma.
by

The method is fully ditcussed/hunter, Willoughby and Strong (1968).
3. Blood Glucose

Deproteinized whole oxalated blood was used for the determination of

blood glucose concentrations. The protein precipitation was done by means

of zinc hydroxide prepared jg situ by mixing the blood with sine sulphate
and barium hydroxide (somogyi, 1945 )•

Principle i A glucose oxidase-peroxidase reagent was used in an

autoanalyser assembly. Glucose oxidase is specifio for p-D-glucose

(Keilin & Hartree, 1952). The hydrogen peroxide resulting from the cata¬

lytic dehydrogenation of (3-D-glucose is measured by the oxidation of o-toli-

dine or o-dianisidine in the presence of peroxidase.

Procedure; A fully automated system for the determination of glucose

was /
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was described by Hill and Kessler (1961). The present study utilized a

modified version of this automated system in that protein free samples were

fed into the autoanalyser, eliminating the need for dialysis. Owing to

recent evidence of the carcinogenic properties of o-tolidine and o-dianisi-

dine another chromogen, gum guiacum, has been used in the present study (Hid,

1965). Finely-ground gum gui&cum (0.75 g) was dissolved in 12 ml of 95 per

cent ethanol and made up to 1 litre in 1 M acetate buffer (pH 3*6).

Detergent (Triton X-100, 20 ml for each litre of buffer) was added to prevent

air bubbles forming in the tubular flow-oell of the autoanalyser. The

reagent was prepared by adding 17 ml glucose oxidase (Fermcozyme, Hughes &

Hughes, London) and 17 mg peroxidase to 666.7 ml of the acetate buffer

containing the dye and made up to 1 litre with distilled water.

The sample rack is loaded with samples separated by water cups. The

manifold of the autoanalyser is shown in fig. (4). Sampling is run at the

rate of 40 per hour. The proportioning pump draws in reagent and sample or

water wash and also a bubble of air which segments the flow. The mixture

passes through mixing coils placed in a water bath at 25° C and emerges after

6 minutes at the end of whioh colour development is complete. The extinc¬

tion is read at 623 ^•

Standards: D-glucose was used for the preparation of standarus. The

solution of glucose was boiled to equilibrate the a and p forms before making

up the appropriate dilutions. Standards ranged from 3 to 13 jig/ml and gave

a linear colour development over the working range on most occasions.

Replicate blood glucose estimations were accurate to within a range of + 1

mg/100 ml from their mean.

4. /
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4. Plasma Free Fatty Acids

The free fatty acids (FFA) were estimated in plasma samples by means

of a semi-automated method (Baird, Black & Faulkner, 1967)* The extraction

of plasma FFA is carried out manually and the concentrations are measured

colorimetrically using an autoanalyser colorimeter assembly.

Reagents: Extraction mixture - This consists of isopropyl alcohol,

40 parts; heptane, 10 parts and 1 N sulphuric acid, 1 part. Both

the isopropyl alcohol and heptane were redistilled before use.

Buffered Phenol Red Reagent • The stock solution consisted

of 1 per cent phenol red in 0,12 M sodium barbital. The working

solution was prepared 1 hour before use by adding 0,75 nil of the

stock solution to 9 nil absolute ethanol and 200 ml heptane.

Standards: Pure palmitic acid dissolved in redistilled heptane was

used for the preparation of standards, A series 7 marking standards (200

to 1400 (jiEq/1) was read at the same session as the unknowns.

Extraction Procedure: This was based on the method of Dole (1956)

with minor modifications. Duplicate plasma extracts were used for each

FFA determination. To 1 ml of plasma in a glasa-stoppered tube, 5 ml of

extraction mixture, 3 ml of heptane and 2 ml of water were added and the

tube was shaken vigorously for 1,3 minutes. Isopropyl alcohol enables
f

the heptane and the sulphuric acid to remain in one phase in the extraction

mixture. The further addition of heptane and water during extraction

separates the heptane from the water and alcohol phase. A stream of

nitrogen, previously passed through heptane, was bubbled for 15 seconds

into the bottom of the tube to wash out carbon dioxide. The mixture was

then /
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then allowed to stand for 5 minutes to allow the heptane to separate from

the water and alcohol. The upper heptane phase was then pipetted off and

placed in a glass-stoppered centrifuge tube containing 4 ml of 0.05 per cent

sulphuric acid. The centrifuge tube was shaken vigorously for 5 minutes

before spinning at 3»000 r.p.m. for a further 5 minutes. Washing with

dilute acid removes lactic acid and probably other substances which may

interfere with the colorimetric estimation. The plasma extracts were

collected and were ready for the colorimetric determination.

Autoanalysis: A Tecnicon Autoanalyser sampler, proportioning pump,

colorimeter and recorder were arranged to run 40 samples per hour with a

heptane wash between samples (Baird et al.. 1967)* The wash was important

because the phenol red reagent should be diluted at all tines with either

heptane or the plasma extract in heptane to avoid interference from atmoa-

pheric carbon dioxide. For this reason the air supply, which segments the

stream of samples, was passed through concentrated potassium hydroxide.

The specimen drawn from the sample plate (or alternately heptane from the

wash reservoir) was drawn together with a stream of carbon dioxide-free air

and buffered phenol red reagent through a mixing coil* The mixture then

passed through the tubular flow-cell of the colorimeter and the extinction

was measured at 560 n^. Standards were analysed at the beginning and the

end of each series of plasma extracts. Replicate estimates of FFA concen¬

trations in plasma ranged within + 34 pEq/1 of their mean.

5* Plasma Amino Nitrogen

Principle: The plasma amino acid nitrogen was determined by the method

of Frame, Russell and Wilhelmi (1943). The method depends on the reaction
between /



— 48 —

between amino groups and (3-naphthoquinone sulphonate in alkaline solution,

resulting in the formation of coloured compounds, orange red in acid

solution* The degree of colour formation can be determined colorimetri-

cally (Folin, 1922).
Procedure: The estimation of amino nitrogen levels in plasma was

carried out on deproteinized samples* Plasma proteins were precipitated

by tungstic acid, prepared by the addition of 0.5 ml each of 10 percent

sodium tungstate and 0*67 N sulphuric acid to 1 ml plasma in 8 ml distilled

water. The mixture was allowed to stand for 10 minutes before the preci¬

pitate was removed by filtration.

The pH of the filtrate was adjusted to 9.2-9.4 by the addition of 1

ml of a 2 per cent borax solution. Freshly prepared sodium naphthoquinone

sulphonate was added (1 ml of a 5 per cent solution) and the mixture placed

in a boiling water bath for 10 minutes to develop the colour. After cool¬

ing, the mixture was acidified and the excess reagent bleached by adding

first, 1 ml acid formalt elyde (40% solution) and then 1 ml sodium thio-

sulphate (0.05 M solution). The colour developed was measured in a Unicam

SP500 spectrophotometer at 480 mi. The mean difference between duplicates

was 0.23 mg/100 ml (range 0.0-0.9). This represents an error of less than

5% of the concentrations of amino nitrogen usually found in plasma.

Standards: An equimolar mixture of glycine and glutamic acid is found

most suitable for use as a standard, because the colour developed by this

combination closely matches that formed by blood filtrates. tfhen the

absorption spectra of this standard preparation and the deproteinized

filtrates of the plasma were compared it was found that maximum absorption

occurred /
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occurred at 480 rqi.

6. Urine Nitrogen

Total urinary nitrogen was determined using a continuous automated

digestion and analysis system (Ferrari, I960).
Principle: The organic matter in the sample is digested by the

Kjeldahl method. An appropriate digestion mixture containing concentrated

sulphuric acid is heated with the sample; this oxidises carbon and hydrogen

and reduces nitrogen to ammonium sulphate, some sulphuric acid being reduced

to sulphur dioxide. The ammonium sulphate is then treated with strong

alkali to release the ammonia which is estimated colorimetrically.

Procedure: The digestion took place in a special vessel (heated to

95*100°C) consisting of a glass tube with helical indentations mounted on

an eleotrical heating system. By rotating this tube liquid introduced at

one end travelled to the other extremity. The digestion mixture consisted

of 900 ml concentrated sulphuric acid, 20 ml of 70 per cent perchloric acid

and 2 g selenium dioxide, as catalyst. Individual samples were separated

by air segments and water. The sample stayed about 6 minutes in the diges¬

tion vessels at the end of which it was introduced into a stream of 20 per

cent sodium hydroxide which neutralized the excess acid and liberated

ammonia from ammonium sulphate. The sample was then mixed with 5 per cent

sodium phenate. Finally sodium hypochlorite was introduced giving rise to

an intense blue colour believed to be indophenol (Russell, 1944). Colori-

metric measurements were obtained at 625 *^i. Details of the tubular flow

manifold of the autoanalyser have been desoribed by Ferrari (I960).

Standards: Two sets of standards were run with each batch of urine

samples /
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samples. Nicotinamide was used in the preparation of standards and this

was checked against a urine sample analysed 10 times by the manual Kjeldahl

method.

7. Statistical Analysis of Data

Statistical tests for significance were carried out by means of

Students* *t" test*

The values of plasma HGH concentrations which could not be detected

by the assay (< 2 ng/ml) were taken to be zero in the calculation of means

and standard deviations. This assumption rests on previous work in this

and other laboratories which indicates that the hormone tends to appear in

discrete bursts and that the plasma levels between such peaks are usually

undistinguishable from zero even by the most sensitive systems (Hunter &

Greenwood, 1964; Hoth et al., 1963a# Glick et al.. 1963)#
In the case of the insulin assay there were some samples in which an

exact estimate of the plasma insulin could not be reached owing to the

sensitivity limit of 4 There were five such samples in the star¬

vation experiment, two in the protein plus rest experiment and none in the

protein plus exercise experiment. As these values may be assumed to

represent levels between 0.0 and 4.0 jin/ntf-# where necessary the statistical

tests were carried out twice. The tables and figures show the mean levels

with the < 4 values taken as equal to 0.0 pv/ml. For tests of significance,

values of P were calculated with the < 4 estimates taken as 0.0 jj.u/ml and

again as 4.0 pixV'ml, As the number of the uncertain estimates was small

(7 out of a total of 337 samples), these two ways of treating the data

resulted in similar values of P.



CHAPTER IV

RESULTS

The metabolic hormones play important roles in the regulation of

intermediary metabolism. Their presence, however, does not seem to be

necessary for many reactions to take place. The rate of metabolic

reactions is frequently influenced by changes in the concentrations of

individual reactants. Thus entry of glucose into cells in general and

lipogenesis in adipose tissue cells are enhanced merely by increasing

extracellular glucose concentration, but the rates of both processes are

further accelerated if the insulin concentration is also raised. The

seoretion of insulin after a glucose load will, therefore, meet the demands

of storage in the immediate post-prandial phase of carbohydrate intake.

In the situations to be discussed most of the changes recorded would occur

in a blunted form without the mediation of hormones.

Variations of the level of oxidative metabolism are associated with

adjustments of endocrine and metabolic functions. The patterns of hormonal

release and the changes in blood constituents such as blood glucose, amino

acids and plasma free fatty acids can be determined to study the physio¬

logical adjustments to various metabolic states. These parameters have

been measured in the post-absorptive state and during the absorptive phase

of a protein meal itself followed by- moderate muscular exercise.

The results of these experiments will be found in tables 4 to 26 in

the appendix.

1. /
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MEAN OXYGEN CONSUMPTION

Fig. 5 Shows the mean change in oxygen consumption during the
three experimental periods.
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1.

Oxygon consumption was measured in the basal state and at half-hourly

intervals throughout the experimental periods# /us the levels of oxygen

consumed were well within the limits of aerobic metabolism it can be assumed

that the energy expenditure will be accurately represented by the oxygen

consumption.

(1) The average basal oxygen consumption of each subject was found

to be normal when compared to standard levels of oxygen consumption

at rest# Table (4). The measured levels ranged from 87 to 105 per

cent of the normal values as predicted by metabolic tables (durnin &

Taasmore, 1967). To mke comparison between subjects during the three

experiments possible# the oxygen consumption was converted into a

per cent change from the basal level of each subject. during the

starvation period the oxygen consumption was slightly higher than

that measured in the basal state. There was a mean increase of J to

13 per cent throughout the 6 hour period# table (5). rids is expected

since the measurements during the experiment were made while the

subjects were sitting in a chair. The basal oxygen consumption#

however# was measured before the subjects got out of bed in the morning.

(2) After eating the protein meal, the mean energy expenditure

increased to a maximum value cf 130.9?" £ 5*87 (mean £ S.D.) of the

basal levels. Table (6) shows the changes in oxygen consumption of

the individual subjects. The speciflo dynamic action of the ingested

protein was evident in the majority of measurements. The mean level

of oxygen consumption remained elevated throughout the study period.

(3)/
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(3) During muscular exercise the oxygen consumption increased to

mean levels 4 to 5 times the resting levels. Table (7) shows the

data from this experiment. Fig. (3) compares the mean levels of

osygen consumption during the three study periods.

2. PLASMA AMINO NITROGEN.

Measurement of a-amino nitrogen concentrations in plasma gives a good

indication of the total amino acid levels in the blood. During starvation,

hourly determinations of plasma amino nitrogen showed minor changes from the

overnight fasting levels. The morning specimens showed levels of 4.3 to

5.7 mg/100 ml and the range of the midday levels was from 4.0 to 5.6 mg/100

ml. Table (8) shows the levels of amino nitrogen for the individual

subjects.

Followin. the ingestion of protein plasma amino nitrogen levels

increased steadily to peak levels of 6.1 to 5.2 mg/100 ml. These peaks

were reached 2 to hours after the meal was eaten. The levels fell

gradually to near the basal level by the end of the study period. Table

(9) shows the plasma amino nitrogen levels of the ten subjects after the

protein meal.

When exercise was undertaken, both the rate of rise and the mean maxi¬

mal levels were almost identical to those after protein at rest. Table (10)
shows the values of plasma amino nitrogen after protein plus exercise.

Fig. (6) illustrates the mean plasma amino nitrogen levels during the three

experimental conditions. It appears that the protein meal was absorbed

mainly during the first three hours after its ingestion. The shape of the

plasma /
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plasma amino acid curve cannot be taken as indicative of rate or extent of

absorption. This is due to lack of concomittent data on the uptake of

amino acids from the portal blood by the liver and from the peripheral blood

by muscle and other tissues.

It can be assumed that during exercise the amino acid absorption was

not appreciably altered; otherwise a lower level of amino nitrogen would

have resulted during exercise. If a reduction in the absorption of amino

acids did take place then the identical blood levels would mean that the

rate of removal of the amino acids from the circulation was also reduced.

Little is known about these two functions during moderate muscular exercise

(Rogers & Harper, 1966),

3. URINE NITROG-Eh.

Rates of nitrogen excretion in the overnight specimens showed wide

variations. This is expected since previous dietary protein intake was

not controlled.

Tables (11, 12 and 13) show the nitrogen excretion in the urine at

the various stages of the three experiments. Fig. (7) shows the mean

levels of urinary nitrogen excretion.

Table (14) summarises the results and shows the mean total nitrogen

excretion during each of the three situations under investigation. When

compared with the fasting experiment, the protein meal was followed by a

small but significant increase in urinary nitrogen. The total urinary

nitrogen excreted during the 6 hours of fasting at rest was 2.32 + 0.18 g-

(mean + S.E.M.). After protein followed by a 6-hour period of rest the

level /
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level increased to 2.86 + 0.15 which was significantly different (p 0.02).

When the protein meal was followed by exercise the urinary nitrogen was

2.93 + 0.19.

Table (14a) shows the total energy expenditure and the composition of

the metabolic mixture during each of the three experiments, computed from

measurements of the respiratory exchanges and the urinary nitrogen by the

method of Pascinore and Johnson (1963). It appears from these measurements

that no extra protein was broken down during muscular exercise. This is

in line with established physiology, but what is emphasized here is the fact

that even when the concentrations of amino acids in the peripheral blood

were elevated, there was no increase in their break down when the rate of

energy expenditure was increased.

4. BLOOD GLUCOSE LEVELS.

A method with a high degree cf specificity and precision has been used

for the determination of blood gluoose, which made it possible to detect

small changes from one half hour to the next. The secretion of HGH has

been linked with the decrease in blood glucose after the administration of

insulin or following the absorptive phase of a glucose load. The object of

determining spontaneous variations in the levels of blood glucose is to find

if the occurrence of HGH secretion is associated with specific small changes

in blood glucose.

1. During starvation the blood levels of glucose remained within a

narrow range of variation (maximum variation in individual subjects was 8 to

15 mg/100 ml). Minor fluctuations occurred during the course cf the experi¬

ment /
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ment, table (15). A general pattern of a slow fall towards the end of the

period could be seen on examination of the mean levels for the ten subjects,

table (17a).

2. When the subjects ate the protein meal and remained at rest their

blood glucose levels showed small changes and remained within a comparable

range to that observed in the starvation experiment, No single pattern was

evident in the mean blood glucose concentrations. The gradual fall towards

the end of the starvation period was absent after the protein meal, (table

16).

3. The blood glucose levels during muscular exercise showed a general

fall in the mean levels by the end of exercise and a slight recovery when

the walk ended. The increase in blood glucose after the exercise was shown

by 7 of the 10 subjects and increments ranged from 2-8 mg/100 ml, (table 17),

During the recovery period following the walk all subjects consistently

showed a fall in blood glucose levels (mean 7*1» range 2-12 mg/100 ml).

Fig, (8) shows the mean blood glucose levels during the three experimental

periods.

5. PLASMA FREE FATTY ACIDS (FFA).

The level of a blood constituent at any given time can only indicate

the net effect of factors influencing its addition to the blood and those

causing its removal. In the case of FFA the plasma concentrations reflect

the balance between fat mobilization and fat utilization in oxidative

metabolism and the synthesis of triglycerides in the liver and adipose

tissue, FFA are the major form in which lipid is transported from adipose

tissue /
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tissue (Dole, 1956; Gordon & Cherkes, 1956).. There is evidence that a

raised plasma level of FFA at rest is associated with inoreased fat utiliz¬

ation (Armstrong, Steel, Altszuler, Dunn, Bishop & DeBodo, 1961). Further-

mare during exercise the half-life of FFA is known to decrease (Freidberg,

Sher, Bogdonoff & Estes, 1963)* Thus a rise in the plasma FFA level can

generally be taken to indicate an increase in both mobilization of FFA from

depot fat and their uptake in oxidative metabolism in active tissues. Few

situations are known to be associated with a decrease in the plasma levels

of FFA. Among these are the ingestion of glucose and the administration

of insulin. Under both conditions the metabolic balance is tipped towards

storage rather than mobilization of FFA from adipose tissue. With these

considerations in mind, the changes in the plasma concentrations of FFA will

now be described.

1. Plasma FFA have been measured at half hourly intervals during the

starvation experiment. A steady rise was observed in all subjects. Table

(18) shows the details of individual measurements. The mean values increased

from 404 +, 31 fiEq/l (mean £ S.E.M.) in the morning to a level of 816 + 39

pEq/l at the end of 6 hours, table (20a).
It will be recalled that the blood glucose levels during this experiment

were seen to decrease by a small amount towards the end of the study period.

A reciprocal relationship between the plasma levels of FFA and those of blood

glucose has been demonstrated raaiy times after oral or intravenous glucose

administration. The blood glucose under such conditions increases by 50-100

per cent of the fasting level. It is of interest to note that the FFA levels

and those of blood glucose exhibit an inverse correlation within the small

ranges /
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ranges seen in these fasting subjects at rest. The increase in the level

of FFA during fasting is in agreement with current knowledge of FFA mobiliz¬

ation during starvation (Dole, 1956; Gordon et al.. 1956; Goodman & Knobil,

1961; Bolinger, ShaneKirkpatrick, 1962).

2, Immediately after the protein meal all subjects showed a clear fall

in the plasma FFA concentrations, table (19). The mean levels fell from

561 + 37 n*Vl in the overnight fasting samples to a minimum level of 383 ±

39 pEq/l 3 hours after the meal. From that time onwards the levels increased
»

steadily and reached a mean level of 874 +, 44 pEq^l at the end of 6 hours.

This final level was almost identical to the final mean level recorded at the

end of the starvation experiment. The fall of plasma FFA concentrations and

their secondary rise simulate closely those observed after a glucose load.

These changes will be discussed together with the changes in plasma insulin

and KGH levels,

3, The plasma FFA levels during exercise increased in all subjects

but one, from a mean value of 565 + 38 pEq/l to a maximum of 940 + 92 pEq/l
at the end of the exercise, table (20), The increase in FFA levels took

place mainly during the second hour of the walk. In a series of experiments

in which subjects undertook a similar bout of exercise in the fasting state,

Hunter et al. (1963) found values of 340, 670, 830, 1000 and 1380 p.Kq/1 after

0, jg-, 1, I5 and 2 hours of walking. It appears that in the present experi¬

ment the ingestion of protein before the walk has partially suppressed fat

mobilization during the earlier part of the exercise. On completion of the

walk a precipitous fall in plasma FFA was found in most subjects; a mean

value of 654 + 57 pEq/l was recorded after 1 hour of rest. From then onward

a /
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a progressive increase in plasma FFA levels occurred in all subjects

reaching a mean level of 1049 + 31 pLq/1 at the end of the study period.

Pig, (9) shows the mean plasma PPA levels in the three experiments. The

increase in FFA levels during the exercise period and during the latter

part of the recovery indicate that fat mobilization has been enhanced during

the absorptive phase of protein and also during the post-absorptive phase.

These increases in FFA mobilization during both exercise and fasting are in

agreement with well documented findings of many workers during the past 10

years. The FFA levels during exercise after protein agree rather well with

the findings of Hunter et gl. (1965) who studied two subjects after a casein

meal and a similar exercise period as the one described here. They found

that plasma FFA increased to a lesser extent than during exercise in the

fasting state.

The blood glucose measurements and the FFA levels in the protein plus

exercise experiment show a negative correlation similar to that observed in

the starvation study. Fig. (10) shows the relationship between FFA levels

and those of blood glucose. No correlation is found during the protein

plus rest experiment as the blood glucose concentrations were maintained

within narrow limits and were not related to the changes in plasma FFA levels.

This failure of correlation between FFA and glucose values will be discussed

below.

6. PLASMA INSULIN LEVELS.

1. The fasting levels of plasma insulin were consistently low. The

range of the fasting insulin levels during the starvation experiment was<4

to /



RELATION BETWEEN BLOOD GLUCOSE AND PLASMA FFA LEVELS

Fig. 10. Each point represents the mean plasma FFA level

and the mean blood glucose level of 10 subjects at one

given time during each study period. The mean blood

glucose and mean plasma FFA levels used in this figure

have been shown separately in figures (8) and (9).
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to 15 (iVol* Few samples showed levels below 4 (lt/ml (5 out cf 60 speci¬

mens)* The overnight fasting levels obtained in the same subject on

different occasions were generally reproducible. Table (21) shows the

plasma insulin levels during the starvation experiment measured at one

hourly intervals* The mean levels showed a slow decrease towards the end

of the experiment* The decrease was shown by 8 out of 10 subjects and

falls of 3 to 10 pV°l were recorded during the 6 hours* To test the

significance of this fall in plasma insulin the mean level in the early

morning samples (8.00 to 10,00 hours) was compared to that of the midday

samples (at 12*00 to 14*00 hours)* In each group there were two samples

below 4 (it/ml* When values of < 4 pu were considered to be equal to 0,0

the means (£ S.E.M.) (9*6 + 0*9 and 6*23 £ 0*7 respectively) ware

found to be different (p < 0*01) * Where values of < 4 were taken as equal

to 4 {jv/bA the means were 10*0 £ 0*8 and 6*7 £ 0*6 (p< 0*003)*

MEAN PLASMA INSULIN LEVELS DURING

STARVATION (±Sx)

1 1 1 1 1 1

01 2345 HOURS

Fie. 11, Shows the changes in plasma Insulin levels during

the starvation experiment expressed as decrements from the

overnight fasting levels.
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2. The ingestion of protein was followed by an increase in circulating

plasma insulin in 9 out of 10 subjects, table (22), The increase was seen

in the samples taken 30 minutes after the start of the meal in 7 subjects.

Peak levels were reached during the absorptive phase of the meal (l to 4 hours)
and the maximum insulin concentrations recorded were 17 to 41 pV®!* When

expressed as per cent change from the overnight fasting levels, the mean

increase was 170 per cent (range 80 to 480), These are moderate increases

when compared with the insulin response to the ingestion of an equicaloric

dose of glucose. To assess the insulin response to protein intake the

plasma insulin levels during the 6 hour periods following protein and star¬

vation were compared. When estimates of < 4 were taken as equal to 0.0 \m/
ml a mean value of 14.2 + 1.3 (in/ml (S.E.M.) was obtained after protein and

that during starvation was 7*9 + 0.3 The two means were statistically

different (p < 0.001). When a value of < 4 was counted as 4 means

were also found statistically different (p < 0.001).

The fall in plasma FFA levels described above during the first half of

this experiment may well be explained by a reduction of the rate of FFA

mobilization from adipose tissue brought about by the increase in the con¬

centration of circulating insulin. The blood glucose, on the other hand

remained virtually unaltered when the insulin levels increased. Possible

explanations of blood glucose homoeostasis during the hyperinsulinaemia

following protein will be discussed. At present, an explanation may be

offered for the lack of correlation between the blood glucose levels and

those of plasma FFA following the protein meal at rest. Fig. (10). The

effect of exogenous insulin on blood glucose and plasma FFA levels is to

produce /
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produce a decrease in both* Similarly, endogenous insulin release* when

no carbohydrate is taken (e.g. following administration of tolbutamide)

abolishes the inverse correlation between these two parameters. A compar¬

able situation oepurs after the ingestion of protein in resting subjects*

It is possible therefore that the absence of the familiar relationship

between blood glucose and plasma FFA concentrations was caused by the

elevated levels of circulating insulin, an event which does not apply to

the other two experiments.

3* When the protein meal was followed by moderate muscular exercise

the insulin response was markedly decreased or abolished, table (23)* The

exercise was started ^ hour after the meal. During this £ hour 7 out of

the 10 subjects showed an increase in the plasma level of insulin* The

mean increase was 9*3 piyml (range 3 to 42)* An abrupt decrease in these

insulin levels was found in these 7 subjects* To t< st the significance of

the effect of exercise on the insulin levels, the mean value during the 2

hours of exercise ana that during the corresponding 2 hours after protein

at rest were compared* The means were 12*1 ± 0*7 pu/ml and 13*4 + 1*3 pV
ml respectively. The levels during exercise were signifioantly lower

(p < 0.001).

Fig, (12) compares the mean insulin levels during the three experi¬

mental periods , It will be noticed that the mean insulin response in the

first £ hour following the meal is higher in the exercise experiment. This

can be attributed mainly to the response shown by one subject (D.H.D.) which

was much higher in this experiment. The mean curve of the insulin response

to the ingestion of protein shows that the levels of insulin remain high far

the /
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Fig. 12 Illustrates the mean levels of insulin in the plasma during
starvation, following a protein meal and following protein
plus exercise.
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the greater part of the study period. By the end of the 6 hours the

insulin level fell to levels similar to or slightly lower than the original

fasting levels. The mean curve for plasma insulin during the exercise

experiment illustrates the steep fall in the level of plasma insulin with

the onset of the walk. After the exercise, however, an indication of a

small increase is seen which suggests a rebound of insulin secretion and

the mean levels during the first hour of the recovery period are seen to

approximate closely to those during the corresponding period of time when

the subjeots rested after the meal.

The high insulin concentrations seen in most of the subjects at the

beginning of the walk may account for the partial suppression of the rise

in plasma FFA levels which was noted during the early part of the exercise.

7. PLASMA LkVkLS OF HGH.

The early morning levels of plasma HGH were generally undetectable

(< 2 ng/ml). The first 2 samples in every experiment showed values of

<2 ng/ml with 3 exceptions out of a total at 60 measurements. These were

values of 4, 3 and 11, two of which were observed in the one subject (C.J.H.)«

These measurements of the overnight fasting levels confirm the findings of

Hunter et al« (1965) that plasma HGH levels are usually not detected if the

blood samples were obtained before the subjects got out of bed in the morn¬

ing. As all subjects who took part in this experiment slept in the labor¬

atory during the night preceding the experiment, factors giving rise to high

overnight fasting levels have apparently been eliminated.

1. HGH levels during starvation: no single pattern of growth hormone

secretion /
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secretion emerged from the data of this experiment. Discrete HGH peaks

were seen in 7 out of 10 subjects. Fig. (13) shows the time of the HGH

secretion in these subjects. The size of the peaks ranged between 4 and

39 ng/ml. Table (24) gives details of the HGH levels during this experi¬

ment. The remaining 3 subjects showed little or no detectable growth

hormone in the plasma throughout the study period.

In a similar series of experiments 4 subjects showed growth hormone

secretion mainly in the second half of the 6 hour study period, table (24a).

Fig. (14) illustrates the changes in plasma HGH in this group.

It/

Fig. 14 Illustrates the plasma HGH levels in
4 subjects during starvation (table 24a)
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It was found that the HGH levels showed a wide variation between

subjects both in the magnitude and the timing of the response. The timing

of the HOT bursts could not be related to the small spontaneous fluctuations

in the blood glucose levels. Similarly the appearance of HGH in plasma was

not related to the changes in plasma FFA or those of plasma amino nitrogen

during starvation.

2. After the protein meal 9 of the 10 subjects had clearly detectable

increases in plasma HGH concentrations, table (25). The one exception was

subject D.H.D. Most of the increases appeared during the absorptive phase

of the meal. The period from 1 to 4 hours was compared with the corres¬

ponding interval when no protein was taken. The mean value after protein

was 6.8 + 1.4 ng/ml (mean + S.E.M.) which was significantly different (p<

0.01) from the mean level during the corresponding period of starvation

(1.9 ± 0.7). The appearance of HGH in the plasma 1 >11owed the increase in

plasma insulin in most cases. Of the 9 subjects who had a HGH response, 6

showed an increase in the insulin level before growth hormone increased.

The remaining three did not conform to this pattern.

As in the starvation experiment the HGH peaks could not be attributed

to small falls in blood glucose.

3. The HGH levels during exercise increased in all subjects. One

subject (C.J.H.) had a solitary reading of 4 ng/ml but the rost of the group

showed peak values of 10 to 78 ng/ml, table (26). HGH was detected in 33

out of the 39 measurements made during exercise. During the recovery

period following the walk HGH disappeared from the blood in most subjects

for varying intervals and some subjects showed a second peak towards the

end /
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end of the 6 hours.

The mean levels of HGH in each of the three experiments are depicted

in fig. (15), The maximum mean level is seen during the exercise period.

The mean plasma HGH level during the 2 hours of exercise was 18.4 + 3,2 ng/ml

(mean + S.E.M.). This was found to be statistically different from the mean

level during the corresponding period of starvation at rest (3.4 + 1.1,

0.001) and also significantly higher than the mean H&H level during the

corresponding period after protein at rest (7.7 + 1.5» '&< 0.01).
It will be observed that the HGH levels as represented by mean curves

in fig. (13) tend to be flattened out especially the ones measured at rest.

The bursts of HGH secretion usually show discrete peaks which conform to the

measured duration of the half-life of the hormone. The HGH levels shown in

fig. (16) belong to one subject (J.V.B.). They illustrate this point and

typify those of the series during each of the three experimental periods.

PLASMA GROWTH HORMONE SUBJECT J. V. B.

Oa 1 23456
T HOURS

MEAL

Fig. 16 Shows the plasma HGH concentrations in one subject under
the three regimens.
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It appears from these data that the absorptive phase of a protein

meal is associated with an immediate increase in insulin which is followed

by an increase in H&H concentrations in the peripheral blood. Muscular

work markedly diminished the insulin response to the ingestion of protein.

The growth hormone levels, on the other hand, showed a notable increase

during the period of exercise.



CHAPTER V

DISCUSSION

1. PLASMA INSULIN LEVELS IN STARVATION

Plasma Insulin after an Overnight g&gt
The preoise range of normal insulin concentrations in human hlood and

that of experimental animals has eluded the workers in this field for over

40 years* Even now it presents problems and controversies which are by no

means fully resolved.

The first meaningful estimates of insulin concentrations in the blood

depended on the biological effects of the hormone. Insulin was assayed by

its hypoglyoaemic effect on rats which were hypophysectoudoed, adrenalec-

tomised and made diabetic by alloxan administration. The injection of

whole human serum from fasting subjects into these rats had a lowering

effeot on blood glucose similar to that produced by the injection of a

50 piVml solution of crystaline insulin (Bornstein & Lawrence, 1951)* The

rats used in this test presented great difficulties both in their preparation

and their maintenance.

The next development came from work with the rat diaphragm which

provided a useful preparation for the jin vitro measurement of the effects of

insulin, e.g. glucose uptake, glycogen synthesis or the formation of ^C02
from "^"C-labelled glucose. The rat diaphragm has been reported to detect

insulin concentrations of lQp.iymlj but most workers found a lower reliable

sensitivity limit of 29-50 pv/ml. The estimates of insulin in normal human

plasma /
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plasma reported by the various groups using this method were widely

different; measurements ranged from 10 to 46,000 ^v/ml (Groen, Kaaoinga
& Willebrands, 1952; Randle, 1954; Vallence-Owen & Hurlock, 1954)*

The introduction of the rat epididymal fat pad marked a further

development in insulin bioassays. The method for assaying insulin by

measurement of the increased "^"COg production from isotopioally labelled
glucose was used by Martin, Renold and Dagenais (1958), who reported

fasting insulin levels of 50 to 350 ptyW in undiluted plasma, Leonard,

Landau and Bartsch (1962) used various parameters to measure normal fasting

insulin levels by the fat pad and found values between 220 and 1150 fiV®l»
In general the estimates of plasma insulin using epididymal fat pad were

several times higher than those obtained by the rat diaphragm. It soon

became evident that such factors as the dilution of plasma had great influ¬

ence on the insulin estimates obtained by these methods, Diluted plasma

was generally found to contain much more insulin activity. The lack of

agreement between the rat diaphragm and the epididymal fat pad lead to some

misgiving as to whether the estimates obtained were those of true insulin.

Both these biological systems were subject to the influence of other plasma

constituents which may enhance or suppress the biological actions of insulin.

Owing to these considerations the estimates of plasma insulin using these

techniques have come to be known as estimates of insulin-like activity (ILA).

The identity of ILA with insulin has been questioned by many workers when it

was shown that ILA could be detected by the rat epididymal fat pad several

days after pancreatectomy (Goldberg & Kgdahl, 1961; Steinke, Sirek, Lauris

& Lukens, 1962), It was also shown that serum of ketotic diabetics which

had /



* 70 -

had little or no HA when tested with the rat diaphragm showed marked HA

when examined by the fat pad (Steinke, Soeldner, Camerini-Davalos & Renold,

i963)* Thus the questions were raised whether there were sources of extra

pancreatic insulin and whether there were different forms of insulin in the

blood.

There have been suggestions based on ILA measurements that insulin

occurs in the plasma in at least two forms. These, as described by Anton-

aides (1961) are distinguishable by the technique of adsorption on to a

column of an ion exchange resin. The Adsorbed fraction was called "bound"

ILA and the unadsorbed one was designated "free" ILA, These two were found

different in their biological activity; whereas "free" HA was active in

both the rat diaphragm and adipose tissue the "bound" HA was only active on

the rat epididymal fat pad. Similar notions on the forms of insulin were

envisaged by other workers on the basis of HA estimations after treatment

of plasma with sera containing anti-insulin antibody. Samaan, Eraser and

Dempster (1963) found that there was still some XLA left after the treatment

of plasma with anti-insulin serum. The fraction that was inactivated by

the antibodies was called "typical" HA and that which persisted was called

"atypical" HA. They also found that whereas large amounts of typical HA

were found in pancreatic vein effluent larger quantities of atypical HA were

observed in the peripheral circulation. Independently, Eroesch, Btirgi,

Ramseir, Bally and Labhart (1963) reported that part of the ILA in human

serum was antibody "suppressible" and part was "non suppressible".

Work on these forms of ILA resulted in an enormous body of literature

which created a tangle of argument and confusion which is difficult to

unravel /
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unravel even to the experienced reviewer. Be that as it may,the subject

of insulin assays continued to stimulate the development of new techniques*

Perhaps one of the great advances of the last decade was the production of

specific antibodies against insulin (Berson A Yalow, 1939a, bj Moloney,

1961).

The exploitation of the property of these specific antibodies to bind

isotopically labelled insulin gave birth to the radioimmunoassay of insulin

in human plasma (Yalow & Berson, I960). The method as originally reported

by these workers was found to detect less than 1 jm/ml in human plasma.

Insulin as measured by this method is sometimes referred to as immunoreac¬

tive insulin (IRI) to distinguish it from other forms which may be present

in the plasma and which are presumably not detected by the immunological

method. As it is understood that the immunoassay was used in the present

work, it is not felt necessary to use this term.

The fasting insulin level as measured in normal subjects by Yalow

and Berson in I960, was found to vary between 0 and 60 piVml with a mean of

21 (jLiv/ml. Samols and Bilkus (1964) gave a figure of 19 (iV®! obtained
from a sample of 100 healthy subjects. Hales, Walker, Garland and Handle

(1965) found a range of 6 to 35 pVml (mean 20 pn/ml). Other workers have

reported slightly lower values, Cahill, Herrera, Morgan, Soeldner, Steinke,

Levy, Hichard and Kipnis (1966) recorded a mean fasting level of 14

Fjans, Floyd, Knoph and Conn (1967) found values of 0 to 20 (it/ml in 12

healthy subjects (mean U (it/ml).
The overnight fasting levels in the present series ranged from undect-

able concentrations (< 4) to 17 pVml. The mean values for the 10 subjects

obtained /
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obtained on three different occasions were 9» 11 and 12 pi/®!. For each

subject the fasting plasma insulin level on different days was generally

reproducible. As was previously described in Chapter III the insulin assay

used in this work was able to detect 4 p\\/ml of insulin. This was found

adequate for measurement of insulin levels in the vast majority of samples.

Of the 30 overnight fasting samples obtained in the three experiments none

were less than 4 pV®l.
When dealing with such small concentrations of insulin the question

should be asked whether the method is measuring true insulin, For this

reason several tests of the specificity of the insulin assay at these lower

levels were carried out.

The main difficulty was the availability of plasma samples containing

no insulin which can be used as a reference zero. It was found that acti¬

vated charcoal adsorbs "^I-Insulin added to plasma. Blood samples were

taken from 11 healthy subjects, (a) fasting, (b) 30 minutes after 25 g of

glucose/65 kg body weight and (c) hours later. The mean insulin levels

were (a) 12,9 pV^l* (*>) 85,4 pp/mL (°) pi/®!. After treatment

with charcoal these samples were reassayed and the insulin levels were

reduced to values not distinguishable from zero (0.7, 1.7 and 1.1 pt/ml res"

peotlvely). Though charcoal treatment removes other plasma constituents

as well as insulin, it seems likely that this charcoal treated plasma closely

approximates to "natural insulin-free plasma". Plasma samples with previous¬

ly determined .nsulin and charcoal treated plasma were used to investigate

the recovery of added insulin. It was found that 4 and 12 pt/®! of added

insulin could be recovered quantitatively (mean recoveries were 102, 111 per

cent /
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cent in the case of charcoal treated plasma and 132 per cent in the case of

untreated plasma; range 80 to 152%). In viev of the small amounts of

insulin added these recoveries were regarded as satisfactory.

Further evidence for the specificity of the assay can be obtained

from experiments determining physiological modulations of the insulin level

particularly those below the overnight fasting level# The fall in plasma

insulin during a period of starvation provides an example of such modulations.

It was also found that rausoular exercise after an overnight fast resulted in

a more rapid decrease in circulating insulin levels (Hunter & Sukkar, 1968).

Plasma Insulin Levels during Starvation

The fasting levels of plasma insulin were found to decrease when the

overnight fast was continued for a further 6 hours. The mean decrement at

the end of this period was 5.3 pw^ml (Fig. 11). This amounts to of the

overnight fasting level. A fall in plasma insulin levels during starvation

has been shown by Yalow and Berson (1965) after a much longer period of

starvation. Plasma insulin levels were determined in 11 normal subjects

after an overnight fast and again after 43 or more hours of starvation. The

insulin levels dropped to "virtually undetectable levels"• Similar results

were obtained by Cahill et aj.. (1966) who studied the effect of prolonged

starvation (8 days) on various blood constituents. The insulin data

obtained in this work were compiled from single daily blood samples taken

each morning. There was no change in plasma insulin levels after 24 hours

starvation but the samples taken on the following days showed a fall from 14

and 15 (iVml on the first two days to mean values of about 8 pV®l on subse¬

quent days. It is possible that a fall during the first day might have

been /
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been missed because of the 24 hourly blood sampling# The unchanged insulin

level on the second day may be explained by recovery of both blood gluoose

and insulin levels during the first night, The ohanges in plasma insulin

reported by these workers and in the present series most probably reflect

changes in the rate of secretion of insulin from the p-cells of the islets of

Langerhans.

The venous out-flow from the pancreas drains into the protal vein.

The liver is one of the major sites of insulin degradation. It follows,

therefore, that the peripheral blood levels cannot be taken to represent

quantitative ohanges in the rate of insulin secretion unless consideration

of the fate of the hormone and its distribution are taken into account. In

man the half-life of "^I-insulin is about 30 minutes (Berson, Yalow, Bauman,

Rothchild & Newerly, 1956; Welsh, Henley, Williams & Cox, 1956; Bolinger,

van der Geld & Willebrands, 1959)# It has been shown that during a single

passage through the hepatic circulation about 50% of the insulin present in

the portal vein is removed by the liver (Mortimore & Tietze, 1959; Madison,

Combes, Unger & Kaplan, 1959; Samols & Ryder, 1961), In more recent studies

endogenous insulin measured by radioimmunoassay was found to be much higher

in the portal vein than in peripheral venous blood (Waddell & Sussman, 196?)•
In fasting dogs portal blood contains about twice as much insulin and after

an intravenous glucose load the maximum insulin concentration was 3-4 times

higher. In the peripheral circulation insulin is removed at the rate of

about 2 per cent per min (Berson et aj... 1956), Insulin can apparently be

removed from the circulation by almost all tissues. Some of the factors

which may alter the rate of its degradation have been studied. The main

sites /
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sites of insulin breakdown are found to be in the liver and kidney (Mirsky,

1957| Williams, Hay & Tjaden, 1959)* The half-life of injected insulin

is found to be greatly increased in nephrectomised rats (Ricketts, Wild-

berger & Regut, 1963) and in patients with severe kidney damage (O'Brien

& Sharpe, 1967)* There is also some evidence to indicate that muscle may

bind and therefore remove from the circulation appreciable amounts of insulin

(Stein & Gross, 1959)*
The distribution of insulin in body fluids is estimated to be in a

space about 37% of body weight (Berson e£ al., 1936) which is greater than

the extracellular volume. It appears that the small fall of about 5

which has taken place during the 6 hours of starvation represents a greater

deorease in the amount of insulin secreted by the pancreas. It is possible

therefore that the output of the pancreas during starvation has been apprec¬

iably diminished. At present there is no satisfactory method available for

the determination of the total output of pancreatic insulin.

A reduction of insulin secretion in starving animals has been suggested

by work on the insulin content of the pancreas. Haist (1944) found that the

insulin present in the pancreas of rats was significantly reduced after 7 days

of starvation. Decreased tolerance to carbohydrates as a result of starva¬

tion has been an accepted fact for a long time. Among other factors respon¬

sible for the pathogenesis of this metabolic derangement of a decrease in

pancreatic insulin secretion has been suggested. Sinoe the development of

the immunoassay, measurement of insulin secretion following the administra¬

tion of a glucose load to starving subjects has revealed that the insulin

response is greatly decreased (Cahill et al., 1966). A relevant question

which /
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which may now be asked concerns the physiological significance of this

reduction in circulating insulin during starvation.

One of the stain facets in the hcmoeostatic control of fasting subjects

is the maintenance of the blood glucose level. A decrease in plasma

insulin level will be expected to result in a net decrease in glucose util¬

isation by the tissues and a decrease in removal of blood glucose for glyco-

genisis. The blood glucose provides a feedback system for the secretion

of insulin. It appears from the blood glucose data (Fig. 8) that this

control system functions with a high degree of sensitivity whioh is demon¬

strable within a narrow range of variation of the blood glucose level.

A second function which is closely related to glucose utilisation is

that of lipolysis which is known to increase during fasting. starvation

is associated with an increase in fat mobilisation and its utilisation for

energy purposes. As lipolysis in adipose tissue is decreased by insulin

(Beirman, Schwartz & Dole, 1957)» a fall in plasma insulin levels would be

expected to facilitate other mechanisms concerned with the promotion cf

lipolytic activity in adipose tissue. The presence of high concentrations

of insulin during starvation would indeed be expected to curtail the

ability cf the organism to draw on its fat reserves.

One cf the hormones which appears to be concerned with fat mobilis¬

ation during starvation is growth hormone. Insulin and growth hormone are

known to exert opposing effects en lipolytic activity. The suppression of

insulin secretion in starving subjects can thus be seen to contribute to

the known changes in fuel regulation which occur during starvation.
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i'*lg. 17. Shows the group of fasting subjects who showed

no early rise la the plaaoa HGH levels. The arrow

indicates where a stimulus is usually applied la

studies on the release of growth horsone. in this

ease no particular stimulus was applied.



2. PATTERNS OF HGH SECRETION DURING STARVATION

The starvation experiments in this series were conducted essentially

for the purpose of obtaining a quantitative estimate of HGH release in the

absence of the test situations of protein feeding with and without subse¬

quent muscular exercise* It is known that HGH secretion does occur in

starvation but it is not known whether a particular pattern of secretion

exists or whether the release is associated with specific changes in the

composition of the blood, e.g. blood gluoose concentration.

Measurement of HGH release patterns in the 14 subjects examined shows

considerable variation between subjects, both in the timing and in the mag¬

nitude of the levels recorded. Three of the subjects have shown little or

no increase in growth hormone levels. The other 11 showed HGH release

generally towards the later stages of the study period. Of the 11 subjects

four have shown discrete peaks during the first three hours of the starvation

experiment. In a larger series which included eight more subjects it was

found that about one third of the whole group showed this early HGH release

pattern (Hunter, Regal & Sukkar, 1968). Pig. (17) groups these subjects

and illustrates the occurrence of spontaneous bursts of growth hormone

secretion under conditions where none of the known stimuli of HGH has been

applied. The figure emphasizes the necessity for these oontrol experiments

in studies concerned with the regulation of HGH release. The HGH peaks are

seen to occur as discrete bursts of activity which must be triggered off by

some stimulating agency to the anterior pituitary. The peaks recorded in

this study have occurred at different times during the observation period*

On /
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On the basis of the other parameters measured in this experiment no explan¬

ation can be offered for the occurrence of HGH secretion at these particular

times* An attempt has been made to correlate the H&H release patterns with

the small fluctuations which have been recorded in the blood glucose levels*

No such correlation could be found* It is possible that small spontaneous

falls in the glucose concentrations of the blood supply to the pituitary or

to the hypothalamus may be responsible for triggering the HGH release.

Such changes cannot be revealed by the schedule of samples adopted in these

experiments. More frequent sampling of arterial blood may perhaps provide

an answer*

Roth, Glide, Cautercasas and Hollander (1967) have reported spontan¬

eous bursts of secretion in three normal subjects at bed rest after an over¬

night fast. Two out of three subjects had peak values of 3 and 3 ng/ml and

the third showed detectable HGH at 1 ng/ml in one sample out of a total of

nine taken over a period of six hours. They pointed out that under test

conditions no great significance should be attached to responses of small

magnitude* In the present series peak values of up to 40 ng/ml have been

recorded but many peaks were less than 10 ng/ml. Thus it is probably

advisable to determine a base line for each individual subject in a control

fast, and lode for increments or decrements after invoking a response by a

particular test situation*

There are few studies of growth hormone secretion during starvation.

This is probably due to the inconvenienoe of frequent sampling that has to

be carried out in view of the short half-life of the hormone* Cahill et

al. (1966) reported increasing growth hormone concentrations in subjects

who /
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who fasted for eight days. One measurement of plasma HGH was made per day.

In view of the rapid appearance and disappearance of H&H from the blood this

sampling scheme would not be expected to give a true picture of H&H secretion.

A period of six hours is perhaps too short to show clear patterns of secre¬

tion that may be revealed by longer study periods. It would be interesting

to know whether prolonged fasting would result in a rhythmic release of HGH

and whether the size of the peaks would vary with the degree of starvation.

The diurnal variation of HGH concentrations in the plasma of adults

(seven male doctors) studied during a normal days work on their usual

dietary regimen was studied by Hunter, Freind and Strong (1966). It was

found that HGH when detected usually occurred 3"4 hours after meals and the

conclusion was reached that HGH secretion was much more consistently related

to meals than the physical activities of sedentary work. It is thus

apparent that the hormone is secreted between meals; an observation that

confirms the findings of Roth et al. (1963b) who showed that HGH secretion

takes place 3-4 hours after the administration of 100 g of glucose orally.

It is during this time that the plasma FFA are found to increase (Bolinger,

Shane & Kirkpatrick, 1962); and it is cf interest to note that these

workers reported much higher FFA levels six hours after glucose than those

found in the same subjects after an overnight fast.

The concept of the role of growth hormone in the physiological adjust¬

ments to starvation is not a new one. During starvation the hypophysec-

tomised animal is known to lose glycogen more rapidly and fat more slowly

than the normal (Lee & Ayres, 1936; Russell & Wilhelmi, 1930). The

injection of a pituitary extract into fed animals produced a metabolic

pattern /
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pattern that resembles that of the starving animal (Young, 1945)• There

is evidence from several lines of investigation that growth hormone increases

mobilization of fat. Raben and Hollenberg (1959) showed that the injection

of HGH in normal human subjects increased the level of FFA in the circulation.

Work with forearm perfusion in normal subjects showed that arterial infusion

of HGH in the brachial artery caused a marked rise in the plasma FFA obtained

from a superficial forearm vein (Rabinowitz, KlasBen & Zierler, 19&5)•
Since the turnover rate of FFA is proportional to their concentration (Arm¬

strong et al». 1961) it may be expected that an increase in the FFA levels

in the blood indicates an increase in the oxidation of fatty acids. With

the demonstration of the occurrence of HGH secretion in adult men and women

it became inevitable to attribute the physiological function of fat mobiliz¬

ation during starvation, at least in part, to an action of HG-H. It is of

interest, however, that although the need for fat mobilization during fasting

is continuous, KGH secretion is not. The FFA levels are found to increase

steadily while the HGH levels show intermittent activity. This suggests

that HGH may exert a triggering action on adipose tissue the effect of which

continues long after the hormone has disappeared from the blood. The

mechanism of action of growth hormone on adipose tissue is not known. A

lypolytic effect of the hormone in isolated adipose tissue has been difficult

to demonstrate. Fain, Kovacev and Scow (1965) found that growth hormone

accelerated lipolysis in incubated pieces of white adipose tissue in the

presence of glucocorticoid. This finding supported previous suggestions of

a "permissive" role of the adrenal cortex in the lypolytic action of growth

hormone and led to the belief that growth hormone may have an indirect action

in/
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in the mobilization of FFA in the intact animal* Support for this mode

of action is also derived from the observation that exogenous HGH which

increases FFA levels (Raben A Holleriberg, 1959) only does so after 2-3

hours of its administration.

Other manifestations of starvation, e.g. decreased tolerance to

carbohydrates, the development of ketosis and deoreased sensitivity to

insulin point towards suppression of carbohydrate metabolism an action

which can be partly explained by the increase in fat utilization. But

there is evidence to indicate that growth hormone may be directly involved*

Luft, Cerasi, Madison, von Euler, Delia Casa and Rooveti (1965) found

significant increases in HGH secretion following small falls in blood

glucose induced by minute doses of insulin. It is possible therefore

that a physiological role in glucose homoeostasis during starvation can

be ascribed to growth hormone. Similarly the conservation of body protein

can be partly explained by the ability of growth hormone to increase the

utilization of fat which would ultimately result in decreasedprotein cata-

bolism. This is probably a simplification of the activity of the hormone

whose protein anabolic effects and synergism with insulin in the utiliz¬

ation of amino acids may prove more important than has hitherto been

realised.



3. INSULIN AND HGH RELEASE FOLLOWING- A PROTEIN MEAL

The hormonal patterns following glucose intake have been well studied.

It is now established that in normal individuals the plasma levels of

insulin inorease by 5 to 7 fold during the first hour following a glucose

load of 100 grams. By the end of the second hour both the blood glucose

and plasma insulin concentrations return to the pre-test levels. At this

time HGH appears in the blood. Plasma FFA concentrations decrease during

the absorptive phase and inorease rapidly during the postabsorptive phase.

This picture can be readily interpretted in terms of the endocrine require¬

ments for the storage of carbohydrate and fat and the need for lipolysis in

the postabsorptive state. The hormonal response to protein intake is not

as well elucidated as this clear cut pattern after the ingestion of glucose.

In view cf the protein anabolic effects of insulin and growth hormone,

the ingestion of protein should teleologicolly be expected to call forth

their seoretion. Evidence that this may indeed be so has come from exper¬

iments with amino acid infusions. Both hormones have been reported to

increase after the infusion of most amino acids given singly or in various

combinations (discussed in Chapter II). Several questions were raised by

these findings. It was not clear whether the effect of some of the amino

acids could have been mediated by changes in the blood glucose levels. It

was also uncertain whether the hormonal responses elicited by large doses

of amino acids dissolved in large volumes of fluid and administered by the

intravenous route could represent a physiological response to amino acid

intake. Furthermore the time and interelation of the hormonal responses

to /
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to eating and digesting a protein meal required more investigation.

The insulin levels in the plasma after the ingestion of protein showed

a rapid increase. The increase was smaller than that which would be elicited

by an equicaloric glucose load. However, the duration of the insulin response

to a protein meal was much more prolonged. The insulin levels remained ele¬

vated for the greater part of 5 hours. In the case of glucose the duration of

the insulin increase seems to be directly related to the levels of blood glucose.

The insulin response after the protein meal could be related to the equally pro¬

longed elevation of amino acid concentrations in the blood. The absorptive phase

of the protein meal was associated with an increase in the levels of plasma HG-H

which followed on the initiation of insulin release in most subjects. This

pattern of secretion is in agreement with the findings of Knopf, Conn, Floyd,

Fajans, Hull, Guntache and Thiffault (1966), who found similar increases in insulin

and HGH on feeding 500 grams of beef or 500 grams of chicken liver to 15 normal

subjects. The mean plasma insulin increased from an overnight fasting level of

11 pv/ml to a maximum of 37 pu/ml, which was reached 40 minutes after the meal.

Plasma insulin concentrations remained elevated and did not return to the original

fasting level by the end of 4 hours when the experiment was terminated. The

growth hormone response occurred during the second and third hours after the

meal (mean peak level of 9»5 ng/ml).

The hormonal patterns after a protein meal were also investigated by

Habinowitz, Merimee, Maffezzoli and Burgess(1966). Protein meals consis¬

ting of 450 g of tender loin beef steak were given to 8 female volunteers.

This meal was followed by increments in insulin secretion (11 to 34 pq/ml)
and also by an increase in the HGH levels in 6 subjects. Both these groups

(Knopf /
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(Knopf et al.. 1966; Rabinowitz et al„ 1966) have used the overnight fasting

levels as a baseline for their growth hormone studies* This, however, seems

an inadequate basis upon which to demonstrate the effects of possible

stimuli to growth hormone secretion* Fasting subjects have been found to

show intermittent bursts of secretion (Quabbe, Schilling & Hilge, 1966; Roth

et al*. 1967)* The spontaneous bursts of secretion as illustrated in Figs-

(13), (14) and (17) demonstrate that the occurrence of HGH secretion per se

is not evidence of an H&H response to an external stimulus. It is also

pertinent to point out that 4 of the 8 subjects studied by Rabinowitz et al.

(1966) showed raised HGH levels before the protein meal* Under these

circumstances the response even to well-established stimuli such as muscular

exercise and insulin hypoglycaemia may not be easily assessed* In some

subjects who had an elevated plasma HGH before exercise Hunter et al. (1965)
found that the levels fell during the first part of the walk. Nevertheless

both Knopf et &L. (1966) and Rabinowitz jgt al. (1966) were able to demon¬

strate an increase in plasma insulin levels which was followed by a rise in

HGH levelB. The present series of experiments confirms these reports and

demonstrates the insulin and HGH response to protein intake under .ore

carefully controlled conditions*

The Insulin Response

With the stimulating effect of leucine on insulin secretion in mind,

Floyd et a^. (1966b) gave large protein meals rich in leucine to normal

subjects* The meals consisted of 300 g of ground beef or minced chicken

liver whioh were calculated to contain 8.0 and 10.2 g of leucine respectively.

Following these meals the insulin levels increased by a maximum mean value of

31 /



31 jii/ml one hour later. Plasma leucine levels on the other hand increased

gradually and reached a maximum after 3 hours. Floyd et al. (1966a) have

shown that various amino acids had different potencies in stimulating insulin

release. Their work favoured a direct effect of blood amino acids on insulin

secretion. When protein is taken by mouth, however, it is found that the

peak insulin secretion is reached earlier than the maximum levels in blood

amino acids. It is possible therefore that another factor or factors may be

associated with the stimulation of insulin secretion.

Glucose stimulates insulin secretion much more efficiently when given

by mouth than when administered intravenously (Uclntyre, Holdsworth & Turner,

1964; Elrick, Stimmler, Hlad & Aral, 1964). It is possible therefore that

factors associated with the digestive processes of food may be involved in

enhancing the response to glucose. This lead to a revival of an old concept

of an "entero-insular hormonal axis" (Dixon & Wadia, 1926; Zunz & La Barre,

1928; Laughton & Macallum, 1932). In 1964 Dupre reported that a crude

extract of hog duodenal mucosa acoelerated the disappearance rate of intra¬

venously administered glucose. Work on rabbit and dog pancreas preparations

in vitro showed that insulin secretion was stimulated by the addition of

secretin to the incubation mixture ( Turner & Mclntyre, 1966; Ffeiffer,

Telib, Ammon, Melani & Ditschuneit, 1965). The injection of highly purified

preparations of secretin has recently been shown to stimulate the release of

insulin in dogs (Unger, Ketterer, Eisentrant & Dupre, 1966) and in man (Dupre^

Rojas, White, Unger & Beck, 1966). In view of the large doses of secretin

used in these experiments (lOW^O units in dogs and 0.3 to 1.0 units per kg

body weight in man) seme doubt has been cast on the significance of a physio¬

logical /
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logical role of secretin in the release of insulin (Boyns, Jarrett & Keen,

1967). x'here is also evidence that glucagon (Samols, Marri & Marks, 1965)
and pancreozymin (Meade, Kneubuhler, Sculte <% Barboriak, 1967) may have a

part to play in regulating the response of the islet (3-cells to ingested

food.

It cannot be said from the data obtained in the present work whether

the intestinal hormones have contributed to the insulin response after the

ingestion of protein. It seems likely, however, that they may constitute

part of the general stimulus of food intake. Apart from the humoral

factors of the alimentary tract, the neural phase of the gastro-intestinal

response to food may also contribute to the stimulation of insulin secretion.

Although some workers believe that the vagus nerve may have a motor function

in initiating insulin secretion (Kuijqya, 1958* Kaneto, Kosaka & Nakao, 1967i
this question remains unsettled.

In the present experiments the consequences of the increase in the

concentrations of circulating insulin as regards the levols of blood glucose

and plasma FFA seem to have been well buffered. Although the insulin

levels remained elevated for an appreciable duration of time, the blood

glucose levels were maintained within a narrow range. This is in agreement

with the findings of Knopf et al. (1966). In the absence of exogenous

carbohydrate the blood glucose levels may have been maintained by channelling

some of the newly absorbed amino acids into the formation of carbohydrate.

However, the levels of urinary nitrogen during the six hour period after the

protein meal only showed a small increase.

It is possible that other mechanisms of glucose homoeostasis were

called /
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called upon* The Ingestion of glucose has been reported to stimulate the

simultaneous release of insulin and of glucagon (Samols, Tyler, Megyesi &

Marks, 1966)* There is also some work to suggest that this may be so in

the case cf protein. The intravenous infusion of amino acid mixtures has

been reported to increase the plasma levels of both insulin and glucagon in

normal subjects (Lawrence, 19&6). Both Samols et al. (I966) and Lawrence

(1966) used radioimmunoassays for glucagon. There is evidence that

substances, which resemble glucagon in their behaviour in these assays, can

be extracted from various parts of the gastro-intestinal tract. Whether

these substances are in fact extra pancreatic glucagon or whether they are

possibly gastro-intestinal hormones remains uncertain.

The release of insulin after a protein meal seems to be a well

integrated event in the general homoeostasis of the metabolic environment.

The plasma levels of FFA have been seen to decrease, reaoh a minimum level

and then start to increase at a time when the insulin levels are still

elevated. The blood glucose concentrations have been effectively main¬

tained in spite of the increased levels of plasma insulin. One factor

which may well be of importance in this homoeostatic control is the secretion

of endogenous HGH,

Growth Hormone and Insulin Interaction

It has been found that the release of insulin after protein was

followed in most subjects by an increase in the plasma levels of growth

hormone. Insulin secretion has taken place in the absence of an increase

in blood glucose concentrations. Under such conditions the increase in

growth hormone activity may be expected to fulfil the useful function of

maintaining /
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maintaining the blood glucose level* It has been known for a long time

that hypophysectomy of various animal species increases the sensitivity of

the animal to the hypoglycaemic effect of insulin, and that the adminis¬

tration of pituitary extracts reduced this sensitivity. In vitro work

using extracts of the anterior pituitary suggested that growth hormone may

have an inhibitory action on carbohydrate utilization. Using the rat

diaphragm as a model tissue preparation for the measurement of the in vitro

uptake of glucose, it was found that diaphragms from hypophysectomised rats

take up more glucose than preparations removed from normal animals (Krahl

& Park, 1948; Bornstein & Nelson, 1948; Villee & Hastings, 1949)* Treat¬

ment of normal or hypophysectomised rats with fractions of anterior pituitary

extracts was reported to reduce glucose uptake by diaphragms removed from

such preparations (lark & Krahl, 1949)*

Using purified bovine growth hormone Manchester et al. (1999) showed

that treatment of normal and hypophysectomised rats with growth hormone before

the removal of the diaphragm made the preparations less sensitive to the action

of insulin in promoting glucose uptake. In vivo evidence of this action of

growth hormone in man has been obtained by Schalch and Kipnis, (1965).

Normal subjects treated with intravenous HGH (9 mg) were found to show a

significant decrease in the disappearance rate of intravenously administered

glucose. Kipnis (19<>9) found that after administering HGH to normal indivi¬

duals their glucose tolerance was markedly impaired. Since the plasma insulin

levels following the administration of glucose were either the same or

increased after HGH administration, the impaired glucose tolerance wa3

ascribed to a decrease in the responsiveness of the tissues where the effect

of/
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of insulin is exerted. Furthermore when HGH is administered to normal subjects

the hypoglycaemic effect of endogenous insulin secretion induced by tolbutamide

is much reduced (Daurhaday & Kipnis, 1966;. It has been suggested that some of

the disturbances of carbohydrate metabolism, in situations where an elevated

level of plasma FFA is encountered, may be due to the availability of FFA and

their interaction with glucose • the "glucose-fatty acid cycle" (Handle, Garland,

Hales & Newsholme, 1963)• In agreement with this thesis are the findings of

Schalch and Kipnis (1965) who found impaired glucose tolerance in normal indivi¬

duals whose plasma FFA levels have been raised by a fat meal plus an injection of

heparin, and whose plasma insulin and HGH levels have not changed. It is diffi¬

cult, however, to use this hypothesis in explaining the insulin antagonism by

growth hormone in the isolated rat diaphragm.

There is some evidence to indicate that whereas HGH may oppose the action of

insulin on glucose uptake it does not appear to do so in the case of the action of

insulin on fatty acid mobilization from adipose tissue. The decrease of plasma

FFA following insulin administration is due to the antilipolytic effect of the hor¬

mone. An effect which has also been demonstrated on isolated afipose tissue.

Daughaday and Kipnis (1966) point out that the biological effectiveness of insulin

is generally assessed by the fall in blood glucose concentrations following its

administration; they add, however, that if the fall in plasma FFA was taken as an

index of sensitivity, the effects of HGH do not appear to produce a significant

degree of insulin antagonism. The findings of Zierler and Rabinowitz (1963) are

in agreement with this statement • These workers showed in forearm perfusion

studies in man, that HGH decreased the effect of insulin on glucose utilization but

did not affect the ability of insulin to reduce the release of FFA. In view of the

actions attributable to growth hormone on the blood glucose and plasma FFA, the

secretion /
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secretion of HGH after the protein meal could be interpretted in terms of the

requirements of energy metabolism. In the absence of exogenous carbohydrate, and

in the presence of insulin causing diminished mobilization of FFA from adipose

tissue an impending energy defioit can be visualised, HGH secretion has been

described in association with situations where energy needs exceed supply. In

fact, most situations where the release of H&H has been described, have this feature

in common, e.g. insulin induced hypoglyoaemia, muscular exercise in the post-absorp¬

tive state and starvation. The intake of carbohydrate on the other hand is found

to suppress the secretion of H&H in response to starvation and to muscular exercise.

It is tempting to conclude from these observations that perhaps in adult subjects

growth hormone is mainly concerned with the mobilization of adipose tissue stores

to satisfy immediate energy demands. However, under the conditions of the experi¬

ment where the subjects stayed at rest after the ingestion of the protein meal, the

release of HGH can also be interpretted in terms of the physiological requirements

of the utilization of the ingested amino acids. Most subjects showed HGH secretion

at a time when their blood glucose levels were notably steady. Certainly there was

no indication of an impending hypoglycaamia. It would appear therefore that the

growth hormone response during the first three hours after the protein meal was not

a result of an energy deficit. There is no reason to believe that the glucose

supply to the hypothalamic-pituitary axis has been diminished at this time. Previous

work employing amino acid infusions in normal subjects suggests that the plasma

levels of amino acids may serve as a stimulus to the sequential release of insulin

and growth hormone. From a physiological point of view the presence of raised

plasma levels of insulin and growth hormone during the absorptive phase of a protein

meal is expected to be of advantage in directing the newly absorbed amino acids

towards protein synthesis and therefore the efficient utilisation of the protein

meal.



4* THE EFFECT OF MUSCULAR EXERCISE ON Tiffi HORMONAL

PATTERNS AFTER A PROTEIN MEAL

It v/as seen that during the period of exercise the subjects increased

the rates of their energy expenditure by four- to five-fold. This was

associated with notable modifications of the patterns of hormonal release

after the meal. There were two main changes, namely: a marked decrease

in the plasma insulin levels and a substantial increase in the growth

hormone concentrations.

The Growth Hormone Response: The growth hormone release after protein

in the resting state was seen to occur generally two to three hours after

the meal and the timing of its appearance differed from subject to subject.

During exercise however the response was much more regular. After the

exercise HGH levels were at first undetectable, but began to rise towards

the end of the recovery period. It is apparent that the walk has changed

the timing of the appearance of HGH in the blood. Whether or not the

response to exercise was increased by the protein meal cannot be said, as

the subjects did not perform a control exercise experiment in the fasting

state,

The HGH response to muscular exercise in fasting subjects and the

effect of eating protein (casein) or glucose was examined by Hunter et al.

(1965). They found that oral administration of glucose during a 2-hour

walk abolished the release of HGH. The ingestion of protein, however,

enhanced the HGH response to exercise. Measurements of the plasma levels

of EPA and the R.Q. during the exercise under the various conditions imposed

were /
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were compared* The ingestion of glucose was found to abolish the increase

in the FFA levels and to increase the R*Q* Taking casein during the walk

partially decreased the FFA levels and slightly increased the R.Q* values.

These findings pointed to an increase in the utilization of carbohydrate for

energy purposes. In the case of protein an enhanced rate of protein break¬

down was excluded because the urinary nitrogen excretion in the exercise

period did not increase. The release of HGH during exercise was abolished

by glucose intake and was enhanced by protein. No explanation could be

offered for this increase in HGH levels. This was perhaps one of the first

indications that dietary protein may directly or indirectly stimulate the

release of growth hormone. A possible explanation for the increase in HGH

levels could have been a coneomittent rise in plasma insulin. The exagger¬

ation of the growth hormone response could then be regarded as a compensatory

reaction* The above work however did not report on the changes in plasma

insulin levels.

The results of the present work and those of Knopf and his co-workers

(1966) suggest that an increase in the levels of plasma insulin could have

occurred after the ingestion of casein. Most of the subjects in the present

series of experiments have started the walk with an elevated level of plasma

insulin. This would help explain the partial suppression of FFA levels.

Changes in the Plasma Insulin Levels; The plasma concentrations of

insulin during the walk were markedly decreased. This diminution in circu¬

lating insulin concentrations may be due to: (a) a decrease in the release

of insulin from the (3-oells or (b) an increase in the disappearance rate of

insulin from the blood, or both. Muscular exercise is associated with

marked /
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marked cardiovascular adjustments* Alterations in the blood flow in the

various organs may lead to changes in the rate of removal of the hormone

from the blood. Changes in the blood volumes perfusing the liver, the

kidneys and passing through musole are of particular interest in this connec¬

tion. The liver receives blood both from the arterial system and from the

splanchnic area. The systolic arterial pressure increases during exercise,

but it has been found that the blood flow through the hepatic arterial system

remains constant when the perfusion pressure is varied within the pfysio-

logioal range (Torrance, 1961). Exercise is also associated with a signi¬

ficant decrease in splanchnic blood flow (Wade, Combes, Childs, Wheeler,

Cournand & Bradly, 1936). This suggests that blood flow through the pancreas

and the liver during exercise may decrease. Renal blood flow is similarly

regulated so that it remains nearly constant within the normal range of

perfusion pressures encountered under physiological conditions. Muscular

exercise in the upright position is associated with diminished blood flow to

the kidneys, but this may be entirely due to the erect posture (Huvos, 1966),
It appears that an increase in the blood volume perfusing the liver and the

kidneys does not occur during muscular exerciBe. It is likely, therefore,

that hepatic and renal degradation of insulin are not increased. On the

other hand blood flow through muscles is increased during muscular activity.

How much this opening up of the vascular bed in muscle contributes to the

removal of insulin from the circulation cannot be assessed at present.

Little is known about the effect of muscular activity on the half-life of

insulin. Apart from the haemodynamic adjustments during exeroise there is

also the redistribution of body fluids to consider. Baemoconcentration may

occur /
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occur during severe muscular activity (Dill, Talbot & Edwards, 1930) and an

increase in the extracellular fluid content of the active tissues (Fenn &

Cobb, 1936)• According to Berson et jjl. (1956) insulin is distributed in

a volume which is greater than the extracellular fluid volume, but it cannot

be ascertained at present whether factors associated with the redistribution

of body fluids can account for an increase in the disappearance rate of

plasma insulin during muscular activity,

Apart from physical factors which may alter the distribution or enhance

the degradation of insulin, the idea that a specific reduction of the release

of insulin from the islet p-cells takes place during muscular exercise can

also be entertained. If it is accepted that the insulin response was there

to serve a particular purpose after the ingestion of protein, it will be

hard to imagine that the effective levels of circulating insulin can be

passively influenced by purely physical adjustments of the circulation.

From a physiological point of view an active suppression of insulin secre¬

tion is therefore more likely.

During exercise there was a snail decrease in the blood glucose levels

which may be important in activating the feedback meohanism between blood

glucose and insulin release by the (3-cells. This system is expected to

explain the fall of plasma insulin which may be brought about by muscular

exercise after the ingestion of glucose. During muscular activity , there

is evidence that (a) the maximum blood glucose levels do not reach as high

levels as when glucose is taken at rest and (b) the peak levels start to

fall earlier, A diminution in the plasma insulin concentrations can under

such conditions be ascribed to the influence of the blood glucose levels.

Whether /
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Whether or not this same feedback mechanism functions when the insulin

response is brought about by factors other than exogenous carbohydrate, is

hard to say#

In the last few years work on the effect of the catecholamines on the

release of insulin from the pancreas suggests that sympathetic activity may

lead to active suppression of insulin secretion. It has been known for a

long time that insulin-induced hypoglycaemia is associated with the release

of adrenalin (von Euler & Luft, 1932)# Since the development of the

immunoassay it has been shown that the hyperglycaemia associated with the

administration of adrenalin is not accompanied by insulin secretion (Grodsky
& Forsham, 1966j Altszuler, Steele, Rathgeb & DeBodo, 19&7)* In this

respect hyperglycaemia of adrenergic origin differs from that induced by

glucagon. It has been shown in recent years that adrenalin can inhibit

insulin secretion in response to glucose. This effect has been found in

vitro on rabbit pancreas slices (Coore & Handle, 1964) and also been shown

in vivo. Insulin secretion after the administration of glucose to human

subjects was found to be inhibited by the infusion of adrenalin (Porte,

G-raber, Kuzuya & Williams, 19&5)• Similar effects were reported in rhesus

monkeys (Kris, Miller, Wherry & Mason, 1966). These workers suggested a

direct action of adrenalin and to a lesser extent noradrenalin on insulin

release. Furthermore Wilber, Turtle and Crane (1966) reported a marked

diminution of insulin secretion after a glucose load in a patient with a

phaechromocytoma • The insulin response improved after removal of the

tumour. Others have cast some doubt on the idea of a specific adrenergic

inhibition and suggested that the effect of adrenalin may be mediated by

its /
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its vasoconstrictor effect on the splanchnic area (Mints, . inster & Stept,

1967)» This suggestion was based on the finding that the infusion of

angiotensin II in human subjects resulted in a marked reduction of the rise

in plasma insulin levels after glucose infusion. This mode of action

however cannot explain the in vitro effect of adrenalin where blood flow

is not one of the limiting factors. It is not possible to say how hyper¬

secretion of catecholamines may bring about the inhibition of insulin

secretion, but it appears that the effect on circulating insulin levels may

constitute part of the general biological reaction to "stress". Recent

reports suggest failure of the insulin response to glucose during surgical

operations and immediately after myocardial infarction (Allison, Prowse &

Chamberlein, 1967)*
Insulin secretion during muscular exercise has received little

attention. Prompted by the fact that glucose uptake by muscle is inoreased

during muscular work some investigators attempted to find out if insulin

was secreted during muscular activity. It was found that the insulin

levels did not increase during a short bout of muscular exercise (Cochrane,

Marbach, Poucher, Steinberg & Gwinup, 1966} Rasio, Malaisse, Franckson &

Conard, 1966), The insulin levels remained unchanged in both these studies

and the authors were content to draw the conclusion that the increase in

glucose utilisation during exercise did not depend on an increased insulin

secretion. Dr. W.M. Hunter and the present author were impressed by the

decrease in the concentrations of plasma insulin during muscular exeroise

after the protein meal and also by the fall in plasma insulin levels during

the period of starvation at rest. This suggested a further experiment in

whioh /
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which healthy subjects undertook a 2-hour walk in the post absorptive state

after an overnight fast. It was found that the plasma insulin levels

decreased during the period of exercise, Fig, (IS), Klaaaa insulin concen¬

trations were found to fall from 15,0 + 2.0 piyal to 8,3 +, 2,1 at the

end of the exercise (mean £

MEAN CHANGE IN PLASMA INSULIN DURING

EXERCISE (±Sx)
+ 2r

D

2 -2

</)
s -A

I

-8

P<

I EXERCISE

1 2
0 025

0 0025 0 01

3 HOURS

Fig. IB. Shows the decrements in the plasma Insulin levels in six

healthy subjects during a bout of moderate muscular exercise, (From Hunter

& Sukkar, 1988),
On first consideration this finding may seem to disagree with the

reports of Rasio, Cochran and their colleagues. Failure to find a decrease

in plasma insulin levels in their experiments may be explained by the fact

that the exercise consisted at a short bout of moderate work (climbing stairs

or /
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or cycling on a bicycle ergometer) which lasted for less than JO minutes.

The above results (Fig* 18) show that the levels of insulin have not changed

during the first half hour of the walk. This suggests that the mechanism

whereby the circulating insulin level is decreased does not act immediately

the exercise is started* It also appears that such suppression as may be

brought about by sympathetic overactivity is incomplete. As the half-life

of insulin is about 30 minutes* complete cessation of its release would be

expected to result in a more marked decrease in its plasma levels.

The plyBiological significance of a decrease in the circulating plasma

insulin levels during muscular exercise can be viewed from the standpoint

of the metabolic fuel for working muscle. As the body reserves of carbo¬

hydrate are rather limited, and as the brain uses glucose sis its major source

of energy, the conservation of endogenous carbohydrate during periods of

increased energy expenditure presents major demands on regulatory systems.

Alternative fuel fen* working muscle can be provided in the form of FFA from

adipose tissue. During exercise a reduction of glucose utilisation and an

increase in the availability of FFA are necessary to achieve the required

conservation of endogenous carbohydrate. Both these functions have been

ascribed to adrenalin and to growth hormone, and both are known to be opposed

by the biological effects of insulin. Thus it appears that the presence of

elevated plasma levels of insulin during exercise is not required and may

even be considered unfavourable for the functions of glucose homoeostasis

and lipolysis to take place efficiently.

In conclusion the decrease in plasma insulin levels and the Increase

in HGH levels described in these experiments may be considered as part of

the
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the adjustment of the endocrine environment to meet the demands of increased

energy expenditure, On the other hand both hormones have been secreted at

rest during the absorption cf protein and elevated levels were seen to

coexist* After a glucose load however only insulin is found during the

absorptive phase and growth hormone appears when the blood concentrations

of glucose and those of plasma insulin have fallen to the fasting levels*

These observations emphasize the close interaction of the systems control¬

ling the release of insulin and growth hormone* There are times when the

release of the two hormones can be stimulated together and times when

either one or the other is required and therefore secreted. This presents

complex and demanding conditions for the mechanisms concerned with the short

term regulation of their release* How the p-cells are made to respond to

protein feeding and may show reduced activity during exercise remains to be

discovered. Similarly the secretion of growth hormone in association with

the ingestion of protein and with insulin release is not clear. No doubt

this intricate and fascinating interaction will continue to stimulate

thought and scientific endeavour for many years to come.



SUMMARY

Although insulin and growth hormone have been known to exert marked

anabolic effects on protein metabolism for the past 40 years, little is now

known about the influence of dietary protein on the regulation of their

secretion. The administration of some amino acids has been shown in recent

years to be associated with the release of insulin and of growth hormone in

normal subjects. It has also been found that growth hormone was secreted in

adults during muscular exeroise in the postabsorptive state. This growth

hormone response has been suggested to play an important role in the mobiliz¬

ation of free fatty acids from adipose tissue.

In view cf the close interaction of the two hormones (their similar

effects on protein metabolism and predominantly opposed actions on fat and

carbohydrate metabolism) changes in the plasma levels of growth hormone and

insulin have been described in this stud;/ in "the postabsorptive state and during

the post-prandial phase of a protein-rich meal, itself followed by a period of

moderate muscular exercise. The main findings which emerged from these experi¬

ments were:

1. In fasting subjects low levels of plasma insulin were detected in the

early morning samples and these were found to fall further by the end of the

starvation period in the early afternoon.

2. Plasma levels of growth hormone showed small increases during fasting

at rest, the timing of which could not be related to spontaneous changes in the

concentrations of blood glucose, plasma free fatty acids or plasma amino nitrogen.

3. /

- 100 -
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3. The ingestion of protein was followed by an increase in the plasma

levels cf insulin. The increase lasted for the greater part of 5 hours

following the meal,

4. The plasma levels of growth hormone also increased during the

absorptive phase of the protein meal. The growth hormone response followed

the increase in plasma insulin.

5. Muscular exercise during the absorption of the protein meal was

found to abolish or greatly diminish the increase in circulating insulin which

was seen when protein was followed Ly rest.

6. The growth hormone response after protein at rest was greatly enhanced

by muscular exercise.

It is concluded that dietary protein may have a role in the physiological

regulation of the release of insulin and growth hormone. The decrease in

plasma levels of insulin during starvation and during muscular exercise suggests

a suppression of the secretion of insulin. Low plasma insulin levels under

these conditions are expected to provide suitable conditions for the optimum

effect of factors concerned with fat mobilization. The increase in the plasma

levels cf growth hormone during both starvation and exercise may contribute

to the homoeostatic regulation of the blood glucose level as well as to

contribute to the endocrine requirements for lipolysis. After the ingestion

of protein, however, the secretion of growth hormone is expected to exert a

synergistic action with insulin to promote the utilization of exogenous amino

acids in the synthesis of protein.
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APPENDIX

Tables 3 to 26.



TABLE 3. Record of food and water intake

Subjects
Lean Ham
(grams)

Protein
(grams)

Water

Starvation Protein
+ Rest

Protein
+ exercise

CTC 230 AO 600 800 1200

BHD 2A7 43 600 700 1400
PGW 233 ai 588 610 994
AGL 219 38 600 600 1000

CJH 195 34 600 600 1300
JVB 227 40 600 500 1100

GD 2IA 43 450 600 900

RAT 2A4 43 600 600 1000

DGL 270 47 600 600 1000

JAK 198 35 400 600 800

TABLE 4. Basal oxygen consumption (in ml/min) compared
to normal values for adults as predicted from
metabolic tables (Durnin & Pas emore. 19677

Subjects
Basal
Oxygen

Consumption

Normal
Oxygen

Consumption

0- Consumption
of Normal

CTC 260 238 109

BHD 268 252 106

PGW 261 250 10A

AGL 203 234 87
CJH 236 220 107
JVB 247 238 10A

GD 265 252 105

RAT 257 252 102

DGL 272 266 102

JAK 238 220 108



TABLE 5. Per cent change in oxygen consumption
during the starvation experiment

Hours

Subjects
Mean S.D. +

CTC DHD PGW AOL CJH JVB GD RAT DGrL JAK

0.5 105 108 101 99 106 117 107 108 114 99 106.4 3.42

1.0 104 103 - 113 120 127 - 105 106 126 113.0 2.94

1.5 98 94 97 118 107 98 - 104 105 110 103.4 3.78

2.0 108 m 101 111 108 113 91 109 • 113 106.7 2.39

2.5 112 102 - 112 122 109 102 108 100 104 107.8 3.77

3.0 110 96 93 112 101 104 111 105 108 107 104.7 1.91

3.5 115 99 108 109 128 100 98 107 105 106 107.5 2.66

4.0 111 102 106 115 108 94 103 100 110 107 105-6 1.82

4.5 103 108 105 108 107 109 92 109 - 107 105.3 1.81

5.0 m 100 102 113 100 - 94 106 101 110 103.2 2.07

5.5 106 99 88 119 - 116 103 •• 98 110 104.9 3.00



TABLE 6. Per cent change in oxygen consumption at rest
following tht ingestion of a protein meal

Hours
After
Met 1

Subjects
Mean S.D. ♦

CTC BHD PGW AGL CJH JVB GD RAT DGL JAK

0.5 115 109 98 126 119 134 110 98 109 114 113.2 3.38

1.0 125 128 - 125 176 124 - 124 114 - 130.9 5.87

1.5 111 117 106 138 164 128 107 132 112 m 123.9 5.60

2.0 119 117 120 128 m 132 122 121 115 - 121.8 1.26

2.5 110 116 108 132 135 138 121 136 113 117 124.2 3.19

3.0 116 110 113 «■» 126 342 129 138 117 122 123.1 3.55

3.5 121 108 112 128 124 133 117 135 125 114 122.8 2.52

4.0 123 - 113 133 115 138 104 132 122 114 121.6 3.16

4.5 120 118 112 133 113 110 126 - 121 118 119.0 2.15

5.0 - 115 113 124 113 133 110 126 122 113 118.8 2.20

5.5 110 - 112 111 134 138 115 128 117 119 118.2 2.83



TABLE 7. Per cent change in oxygen consumption during
the protein plus exercise experiment

Hours Subjects
After u q T\ ,

Heal
CTC DHL PC/ ACL CJH JVB CD RAT DCL JAK

0.5 - 438 490 502 - 514 458 496 550 392 480.0 4.59

1,0 441 423 496 500 - 473 515 473 550 399 474.4 4.40

1.5. 477 432 523 539 350 486 501 511 590 394 WtJ 6.75

2..0 - 454 - 541 370 516 546 511 590 382 488.9 7.33

2,5 • 124 131 - 93 139 141 130 107 123.9 5.08

350 113 128 116 129 108 97 121 135 152 106 120.5 4.83

345 - 142 121 134 95 94 137 137 119 108 120.8 5.44

4.0 120 - 110 109 115 115 HI 130 130 107 115.1 5.93

4,5 114 116 114 116 98 139 124 120 130 112 118.3 3.31

5.0 99 106 111 - 108 117 HO 124 114 111 111.1 2.15

5.5 104 113 112 117 99 110 120 122 130 111 113.8 4.01

Underlined values are those obtained during exercise.



TABLETS. HLaaffia amino
atftrvation expei

Hours

Subjects
, . , * 1 » » "

Mean S.D, £
CTC DHD P&W AGL CJH JVB GD RAT DGL JAK.

0 4.7 5.0 4.3 4.7 5.4 5.4 5.2 5.3 5.7 4.9 5.1 0.11

X 4»8 5.3 4.0 5.2 5.5 5.6 5.2 5.1 5.6 5.3 5.2 0.44

2 4.5 4.8 4.0 4.9 5.7 5.4 4.7 5.0 5.1 4.9 4.9 0.31

3 4.8 5.4 3.6 5.1 5.2 5.4 4.6 5.0 5.5 5.4 5.0 0.54

4 4.4 4.5 4.1 4.7 5.4 5.4 4.4 5.1 5.6 5.4 .4.9 0.25

5 4.5 4.7 4.3 4.7 5.7 5.4 4.4 5.1 5.5 4.9 4.9 0.48

6 4.4 4.8 4.0 5.0 5.4 5.4 4.6 5.2 5.6 4.7 4.9 0.32



TABLE 9. Plasma amino nitrogen following
protein meal

Hours
After
Meal

Subjects
Mean S.D. +

CTC DUD PGrW AGL CJH JVB GD RAT DGL JAK

-0.5 4.4 • 5.2 4.2 4.6 5.2 4.9 4.9 4.8 - 4.8 0.35

0 4.5 3.8 5.2 3.9 4.8 5.1 m 5.3 5.0 5.1 4.7 0.54

0.5 5.0 4.9 5.2 4.6 4.9 5.3 4.9 5.4 5.3 5.8 5.1 0.32

1.0 5.4 5.5 5.3 4.9 5.2 5.5 5.3 5.8 5.4 5.8 5.4 0.26

1.5 6.0 6.0 6.9 4.9 6.4 5.9 5.6 5.4 6.5 5.8 5.9 0.54

2.0 6.1 5.8 6*5 5.1 6.7 6.0 6.2 7.4 6.5 5.9 6.2 0.58

2.5 5.8 7.1 8.0 5.7 7.1 7.2 6.6 9.2 7.0 6.4 7.0 0.98

3.0 6.4 5.8 7.8 6.6 7.1 7.1 7.6 8.3 6.8 7.3 7.1 0.67

3.5 5.9 5.5 8.2 5.1 7.3 6.5 6.7 8.5 7.1 8.4 6.9 1.15

4.0 5.6 4.9 7.4 5.9 7.0 6.6 6.3 7.8 7.1 8.4 6.7 1.01

4.5 5.6 4.8 6.3 5.8 6.8 6.4 6.5 6.5 6.3 7.7 6.3 0.73

5.0 5.0 4.9 5.9 5.8 5.9 5*7 5.9 6.0 6.1 6.9 5.8 0.53

5.5 - 4.7 5.6 4.6 5.6 5.5 5.3 5.5 5.5 6.3 5.5 0.55

6.0 4.8 4.4 5.3 4.2 5.3 5.2 5.4 5.4 5.3 6.5 5.2 0.60



TALUS 10. Plasma amino nitrogen following protein
Meal plus exercise

Hours
After
Meal

Subjects
> Mean S.D. jh

CTC DHD PGW AOL CJH JVB 00 RAT DGL JAK.

-0.5 5.0 4.9 4.0 5.4 4.6 5.3 4.8 5.0 5.0 4.8 4.9 .37

0 4.4 4.3 4.9 5.4 4.7 5.4 4.9 5.0 m 5.8 5.0 .4lf

0.5 5.3 5.2 4.7 5.7 4.3 5.4 5.2 5.4 5.0 5.5 5.2 .39

1.0 is! It1 It2 5.0 ItZ liZ iii 111 6.2 1x2 .48

1.5 6.0 6.0 lil 7.0 6.0 iii 6.1 7.2 iii itl ill •47

2.0 ill iii Iti ZiZ Zii ZiO isi 8.1 6.1 6.2 iiZ CM.

2.5 8.2 ill 6.6 2*2 8.1 2ti hi 8.2 1A ill 7.6 .81

3.0 7.2 7.1 6.5 8.8 8.0 6.3 7.9 7.6 8.0 7.1 7.5 .72

3.5 5.5 6.7 6.3 7.8 6.5 6.1 6.6 6.7 7.1 7.3 6.7 .61

4.0 5.5 5.3 5.8 6.6 6.2 6.1 5.9 6.5 6.6 6.8 6.1 •48

4.5 5.5 5.7 5.3 6.5 - 5.7 5.2 5.8 6.9 6.7 5.9 .61

5.0 5.7 4.8 5.3 6.2 5.4 6.0 5.3 5.3 6.9 5.8 5.6 .81

5.5 5.3 4.7 4.1 5.7 5.2 5.2 5.2 5-3 6.1 5.0 5.2 .51

6.0 5.0 5.0 4.8 5.8 5.1 4.8 4.8 5.1 5.9 5.0 5.1 00•

Underlined values are those obtained during exercise.



TABLE 11« Urinary nitrogen (mg/2 hours) during starvation

Subject

HOURS

0 2 4 6

CTC 846 767 965 1051

DHL 468 907 731 972

PCOT 6a 749 855 -

AjG-L 648 529 803 792

CJH 225 99 637 279

JVB 720 756 1152 1401

GD 513 630 774 963

BAT 4-68 486 801 711

DGL 720 882 828 810

JAK 504 504 684 859

Mean 575 630 823 873

S«E«M» hk 53 99 a 85



TABLE 12. Urine nitrogen (mg/2 hours) after protein meal

Subject

HOURS AFTER MEAL

0 2 4 6

CTC 850 889 1188 1307

BHD 745 835 1512 680

PGW 1966 832 in? 1159

AG-L 565 806 724 648

CJH 324 - 1386 846

JVB 432 756 873 1296

GD 414 1026 1224 1314

RAT 612 810 1260 810

DGL 1206 864 972 1278

JAK 540 162 918 1087

Mean 771 776 1117 1043

S.E#M« Hh 145 70 73 80



TABLE 13> Urine nitrogen (mg/2 hours) after
protein meal plus exercise

Subjects

HOURS AFTER MEAL

0 2 4 6

CTC 936 1080 1584 1577

DHD 1202 1123 716 684

PGW 400 437 1P24 1069

AG-L 468 684 1008 882

CJH m m - -

JVB 639 801 1188 1260

GD 666 684 1125 1170

HAT 7X1 711 1231 1044

DGL 513 459 620 1836

JAK 468 522 693 981

Mean 667 722 1043 116?

S.E.M, + 81 112 99 111



TABLE 14. Total urinary nitrogen (grama/6 hours) during
each of the three experiments

Subjects Starvation Protein
+ rest

Protein
+ exercise ,

CTC 2.78 3.38 4.24

£HD 2.61 3.03 2.52

PGW 2.a 3.10 2.73

AGL 2.12 2.18 2.57

CJH 1.02 2.25

JVB 3.31 2.93 3.25

GO 2.37 3.56 2.98

RAT 2.00 2.88 2.92

OGL 2.52 3.11 2.96

JAK 2.05 2.17 2.20

Mean

S.E.li. +

2.32

0.18

2.86

0.15

2.93

0.18 '



TABLE 14a. Mean energy expenditure and composition
of the metabolic mixture (a. S.E.M.I). Measurements

have been corrected to 65kg body weight

Experiment

Kcal.
per

6 hours

Grams per 6 hours

Carbohydrate Fat Protein

Starvation
+ 13.4

30.2
+ 3.8

29.7
+ 1.8

14.4
+ 1.1

Protein +

Rest
490

+ 13.6
34.8

+ 5.6
29.2

+ 1.9
17.7

+, 0.6

Protein +

Exercise
990

+ 12.7
88.8

+ 9.3
co
vo
.

.00-4-LTv
+1

18.1
+ 1.0

Mean values represent 10 measurements in the same group

of subjects under the three different experimental conditions.



TABLE 15• Blood glucose levels during
starvation

Subjects
Hours

CTC BHD PGW AGL CJH JVB GD RAT DGL JAK

0 70 78 77 80 85 81 95 89 77 99

0.5 70 80 70 79 82 80 92 91 76 94

1.0 78 79 75 79 79 80 90 89 78 88

1.5 72 79 75 79 74 77 89 88 79 95

2.0 70 82 81 80 74 77 87 88 78 92

2.5 73 81 74 73 76 75 87 83 77 92

3.0 74 82 74 71 74 74 88 87 77 89

3.5 71 77 75 74 73 72 88 87 72 89

4.0 72 77 71 74 80 74 88 87 75 91

4.5 76 74 72 76 70 71 86 87 74 m

5.0 74 77 68 73 74 74 85 83 73 90

5.5 73 77 70 73 70 71 86 85 71 86

6.0 73 75 - 75 71 69 85 85 72 90



TABLE 16. Blood glucose levels (mg/100 ml)
after protein meal and rest

- 11,11

Hours

Subjects

CTC DHD PGW AGL CJH JVB GD RAT DGL JAK

-0.5 72 73 79 69 82 79 82 91 83 91

0 71 73 80 70 80 78 77 90 76 81

0.5 71 80 78 64 82 75 72 91 75 83

1.0 71 75 78 70 82 80 74 90 70 82

1.5 75 74 76 70 83 78 72 88 74 88

2.0 76 75 79 70 83 77 79 88 75 79

2.5 76 75 72 70 81 76 78 91 76 79

3.0 79 76 75 72 82 78 88 88 72 80

3.5 80 76 72 71 79 83 80 88 76 89

4.0 83 75 78 73 80 80 82 89 71 85

4.5 75 73 78 71 73 83 83 90 73 88

5.0 81 72 76 68 75 79 82 91 72 86

5.5 81 69 75 70 77 79 80 87 75 89

6.0 77 71 75 67 73 76 82 83 76 -



TABLE 17. Blood glucose levels after
protein plus exercise (mg/100 ml)

Subjects
Hours

CTC PGW AOL CJH JVB GD HAT DGL JAK

-0.5 71 81 74 75 80 89 79 91 83 93

0 69 87 74 71 79 84 79 89 - 88

0.5 64 85 75 70 78 91 77 87 75 88

1.0 68 zz Z2 ZO 82 21 ZZ & Zk 21

1.5 Z1 82 Z° Z§ ZZ 21 Z£ & 80 H

2.0 H 81 Z2 21 21 21 21 21 21 2k

2.5 21 21 11 11 21 88 21 84 21 21

3.0 74 80 72 73 83 85 72 87 78 87

3.5 76 79 72 74 82 88 76 87 75 83

4.0 77 74 70 76 82 85 74 86 75 84

4.5 76 76 65 72 75 84 69 83 78 87

5.0 74 67 70 71 81 68 78 82 84

5.5 74 74 63 58 71 79 68 77 78 81

6.0 71 71 61 67 71 77 67 77 77 81

Underlined values are those obtained during exercise.



TABLE 17a. Mean blood glucose levels in 10 subjects

Hours
Starvation Protein Meal

+ Rest
PTotein Meal
+ Exercise

. . _

Mean S.E.M. _+ Mean S.E.M. + Mean S.E.M. 4^

-0.5 m m 80,1 2.2 81.6 2.2

0 83.1 2.7 77.6 1.7 80.0 2.2

0.5 81.4 2.6 77.1 79.0 2.6

1.0 81.5 1.6 77.2 1.9 18,8 2.5

1.5 80.7 2.2 77.8 1.9 2.1

2.0 80.9 2.0 78.1 1.5 77.9 2.0

2.5 79.1 2.0 77.4 1.7 76.8 1.9

3.0 79.0 2.1 79.0 1.7 79.1 1.9

3.5 77.8 2.2 79.4 1.8 79.2 1.7

4.0 78.9 2.2 79.6 1.7 78.3 1.7

4.5 76.2 2.1 78.7 2.1 76.5 2.1

5.0 77.1 2.0 78.2 2.1 75.0 2.0

5.5 76.2 2.1 78.2 2.0 72.3 2.2

6,0 77.2 2.4 75.6 1.3 72.0 1.8

Underlined values are the mean blood glucose

levels during exercise.



TABLE 18. Plasma free fatty acids (uEg/1)
during starvation

Hours

Subjects

CTC BHD PGW AGL CJH JVB GD SAT DGL JAK

0 360 280 350 500 340 - 420 620 420 350

0.5 480 560 350 540 340 - 420 - 500 450

1.0 580 580 400 550 270 mm 450 570 550 m

1.5 430 420 430 660 m - - - 430 440

2.0 600 420 460 740 460 540 480 600 540 mm

2.5 630 610 410 710 mm m - - 520 380

3.0 730 500 520 800 470 780 620 670 540 m

3.5 810 490 490 690 «•» - m - 480 480

4.0 930 570 m 840 480 840 750 690 490 m

4.5 1100 600 640 850 - m mm - 520 530

5.0 910 620 640 870 690 800 910 810 510 mm

5.5 1060 630 690 860 - mm - - 590 600

6.0 910 750 - 810 800 920 850 900 530 -



TABLE lg. Plasma free fatty acids foEg/1)
after a protein meal plus rest

Hours

Subjects

CTC MID PGW AOL CJH JVB GD RAT DGL JAK

-0.5 720 930 360 1050 530 630 600 500 370 56O

0 620 650 480 700 720 570 440 550 320 -

0.5 510 840 460 660 560 710 610 570 350 -

1.0 390 600 440 450 410 530 580 520 300 500

1.5 370 380 310 450 390 520 480 440 290 440

2.0 460 270 340 530 390 490 490 420 320 370

2.5 470 230 270 620 320 430 500 270 340 mm

3.0 370 300 250 540 320 480 590 450 320 410

3.5 590 420 320 630 370 790 750 510 430 420

4.0 740 610 430 680 480 640 810 670 390 450

4.5 650 760 770 610 - 770 630 790 440 490

5.0 930 850 650 1010 710 1040 750 1000 480 560

5.5 690 1100 780 920 690 930 860 980 620 590

6.0 770 1090 870 920 800 1050 980 920 640 700



TABLE 20, Plasma free fatty acids (ttEq/l)
after a protein meal plus exercise

Hours

Subjects

CTC DHD PGW AGL CJH JVB GD RAT DGL JAK

-0.5 720 850 480 580 440 600 560 490 600 440

0 530 710 560 570 - 580 430 450 510 410

0.5 500 740 570 510 550 750 550 520 500 460

1.0 260 260 1220 622 620 210 222 620 740 iZ2

1.5 570 650 880 720 530 630 620
MHM

710 390

2.0 m 780 m 750 420 m 880 830
MMH

930

2.5 660 1060 1280 830
MMM

420
•HMMi

1110 1110 1120 1110 220

3.0 520 1000 1010 610 430 770 890 780 860 440

3.5 540 750 800 640 330 900 870 690 610 410

4.0 630 760 1090 890 330 920 1160 900 890 600

4.5 840 810 1110 950 420 1260 1090 890 590 570

5.0 890 820 1040 840 580 1140 1110 1030 860 620

5.5 980 950 1060 1060 750 1210 1100 1030 980 940

6.0 1010 1070 1320 920 890 1240 1150 970 1040 880

Underlined values are those obtained during exercise*



TABLE 20a. Mean plasma levels of FFA
(uEg/1) in 10 subjects'

Hours
Starvation

Protein Meal
+ Rest

Protein Meal
+ Exercise

Mean S.E.M. + Mean S.E.M. + Mean S.E.M. +

-0.5

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

404

455

506

473

537

543

626

573

699

707

751

738

816

31.0

24.1

29.4

19.6

30.7

35.0

36.4

40.1

50.3

65.2

6o,6

54.1

38.6

561

632

586

472

407

408

383

403

523

590

662

798

816

874

36.7

38.9

48.1

45.6

57.9

25.3

38.9

36.7

48.4

43.0

41.8

60.4

50.6

44.0

528

576

565

729

627

746

731

654

817

853

893

1006

1049

27.2

38.6

37.7

57.3

38.9

58.9

92.0

65.5

57.3

75.0

80.0

57.6

36.2

31.3

Underlined values are the mean plasma

FEA levels during exercise.



TABLE 21. Plasma Insulin levels during starvation (u&./ml.)

*'' -Wm HOURS

oUDjOC w

830 950 1030 1130 1230 1330

CTC 6 9 9 8 9 5

BHD 14 11 10 8 7 7
PGW 7 7 7 5 5 <4

AGL 8 <4 7 4 5 5
CJH 15 4 6 <4 4 5

JVB 11 13 8 7 7 5

GD 15 14 10 13 12 10

RAT 11 <4 7 5 <4 4
DGL 15 12 9 11 8 5

JAK 9 10 13 10 10 12

Mean ll.l 8.0 8.6 7.3 6.7 5.8

S.E.M. ± 1.04 1.52 1.95 1.00 1.00 0.98



TABLE 22♦ Plasma insulin levels after a protein meal (uu./ml.)

Hours

Sub jsots
S.E.M.

+

CTC DHD PGV,' AGL CJH JVB GD RAT DGL JAK

Moan.

-0,5 17 10 7 8 9 12 16 5 12 5 10.1 1.24

0 15 <4 7 10 8 15 17 <4 11 7 8.8 1.69

0.5 25 14 14 16 12 15 20 25 12 8 14.7 2.54

1.0 54 16 9 20 12 15 12 29 10 10 17.7 1.75

1.5 24 18 15 15 25 19 27 24 10 12 18.7 1.80

2.0 29 8 16 11 50 26 41 12 9 12 19.5 5.55

2.5 51 7 14 10 25 22 40 10 8 14 17.9 5.55

5.0 • 14 15 10 20 15 24 12 9 17 14.9 1.40

5.5 27 10 15 18 21 21 14 12 10 12 14.6 2.55

4.0 25 10 18 6 10 18 15 14 10 16 15.2 2.50

4.5 21 5 10 8 7 15 21 6 7 14 11.4 1.78

5.0 24 6 7 7 7 7 10 7 5 8 8.8 1.6J

5.5 15 4 7 7 9 8 7 6 6 10 7.9 0.89

6,0
■ ■ — ...

16 5 5 5 6 7 9 15 6 as 8.2 1.02



TABLE 25. Plasma insulin levels following a protein meal plus
exercise (uu./ml77

Hours

Subjects
• Mean

S.E.M.
+

CTC DHD PGW AGL CJH JVB GD RAT DGL JAK

-0.5 9 17 9 7 15 12 9 12 10 12 11.0 0.85

0 12 15 10 9 9 11 17 10 16 9 11.8 0.92

0.5 - 57 15 16 9 25 50 16 15 15 21.6 5.46

1.0 12 22 M 12 12 22 16 2 11 11 15*2 1.79

1.5 16 11 12 12 8 12 8 12 1 12 11.1 1,22

2.0 12 16 2 2 12 16 2 2 12 12 1I±5 0.89

2.5 M 12 2 2 2 12 8 I 12 8 10.5 1.08

5.0 19 - 15 12 n 9 10 n n 25 15.4 1.57

5.5 15 24 9 10 10 12 10 9 10 15 12.4 1.20

4.0 14 12 12 9 9 10 8 10 n 10 10.5 0.52

4.5 9 14 8 8 11 11 7 7 9 10 9.4 O.64

5.0 6 15 7 8 8 8 5 10 n 15 8.9 0.82

5.5 7 15 6 7 8 8 5 8 7 9 7.5 1.50

6.0 6 10 7 6 6 8 7 8 9 11 7.7 0.65

Underlined values are those obtained during exercise.



TABLE 24. Plasma HGH levels during six hours of starvation (ng./ml.)

Hours

Subjects
_ TTaavi S.E.M.

+

CTC KID PGW AGL CJH JVB GD RAT DGL JAK

Mean

0 <2 <2 <2 <2 <2 <2 <2 <2 <2 2 0.2 0.19

0.5 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 0 o

1.0 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 0

■

0

1.5 5 <2 <2 <2 <2 <2 5 <2 <2 <2 0.8 0.52

2.0 29 <2 19 <2 <2 8 4. <2 <2 <2 5.6 5.07

2.5 25 <2 10 <2 <2 15 <2 <2 <2 2 5.0 2.91

5.0 18 <2 5 <2 <2 4 <2 <2 <2 <2 2.5 1.67

5.5 5 <2 <2 <2 <2 <2 <2 <2 <2 <2 0.5 0.47

4.0 2 <2 <2 5 <2 <2 5 <2 <2 <2 1.0 0.52

4.5 2 <2 <2 <2 <2 <2 <2 5 <2 0.67 0.50

5.0 <2 <2 14 5 <2 <2 <2 9 5 22 5.5 2.24

5.5 <2 <2 19 2 <2 <2 <2 10 11 59 8.1 5.76

6.0 <2 <2 16 5 <2 <2 5 <2 16 - 4.4 1.94



TABLE 24a. Plasma levels of IIGH in starvation (ng./al.)

•

Time

■ - • .I.— j
Subjects

|

(hours)
AAB JH HP scs

0 <2 <2 2 <2

0.5 <2 <2 <2 <2

1.0 <2 <2 2 <2

1.5 <2 2 4 <2

2.0 <2 4 5 <2

2.5 <2 6 - <2

5.0 <2 6 <2 <2

5.5 - 6 5 <2

4.0 7 14 15 4

4.5 21 16 19 4

5.0 21 16 8 6

5.5 - 10 5 5

6.0
•

1) i

.

17
i

<2 5



TABLE 25. Plasma HGH levels following the protein meal at rest (rig./ml.)

Subjects
S.E.H.

+

CTC DHD PGW AGL CJH JVB GD EAT DGL JAK

T-L6SXI

-0.5 <2 <2 <2 <2 4 <2 <2 <2 <2 <2 0.4 0.38

0 11 <2 <2 <2 <2 <2 <2 <2 <2 <2 1.1 1.03

0.5 51 2 <2 <2 3 <2 <2 <2 <2 <2 5.6 4.75

1.0 11 <2 7 4 <2 <2 4 <2 3 2 3.1 1,10

1.5 32 <2 <2 <2 <2 10 9 <2 <2 19 7.0 3.25

2.0 10 <2 <2 4 6 34 6 <2 3 65 12.8 7.13

2.5 4 <2 7 <2 3 51 5 <2 <2 5 7.5 4.59

3.0 m 5 31 <2 3 14 2 6 <2 2 7.0 2,93

5.5 3 <2 25 10 3 7 <2 16 <2 <2 6,4 2.50

4.0 3 <2 14 9 4 3 <2 8 <2 4 4,5 1,36

4.5 6 <2 16 4 3 <2 4 <2 <2 13 4,6 1,68

5.0 9 <2 16 4 2 <2 <2 2 2 11 4,6 1.63

5.5 <2 <2 6 5 <2 <2 <2 <2 4 4 1.9 0.75

6.0 <2 <2 <2 7 <2 <2 <2 <2 5 - 1.2 0.79



TABLE 26. Plasma HGH levels following protein plus muscular exerciae
(nfl./ml.)

\

Hours

Subjects
S.E.M.

+

CTC DHD PGrW AGL CJH JVB GD RAT DGL JAK

Mean

-0.5 <2 <2 <2 <2 5 <2 <2 <2 <2 <2 0.5 0.47

0 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 0 0

0.5 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 0 0

1.0 22 <2 M 2 1 28 11 11 1 <2 12*1 4.89

1.5 1 10 <2 <2 J8 M 20 21 1 9.54

2.0 1 1 12 <2 11 11 6 11 16 Hil 5.45

2.5 I <2 - 12 <2 20 21 20 1 11 Ilil 5.47

5.0 5 2 17 10 2 12 8 2 <2 5 5.9 1.65

5.5 <2 <2 9 4 6 6 4 <2 <2 <2 2.9 0.99

4.0 <2 <2 4 2 5 5 2 <2 <2 2 1.8 0.54

4.5 <2 <2 <2 <2 9 <2 <2 <2 <2 6 1.5 0.95

5.0 5 <2 <2 <2 4 <2 <2 <2 5 12 2.4 1.15

5.5 <2 <2 18 <2 <2 <2 12 12 5 9 5.6 1.99

6.0 <2 <2 29 5 <2 <2 17 9 2 4 6.6 2.85

Underlined values are these obtained during exercise.
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