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PREFACE

One of the most important and fastest growing areas of biogerontological research
is that of neuroendocrine and endocrine regulation. This fact is not so surprising since
such regulation concerns nearly all physiological functions, many of which exhibit dec-
rement with increasing age. In addition, these studies help to bridge the gap in aging
research between the molecular and the physiological. Sound bodies of data exist both
with respect to the molecular bases of hormone action and the varied mechanisms by
which neuroendocrine and endocrine factors regulate normal physiology.

It is the purpose of this volume to present a representative sampling of those neural
and hormonal studies which have been the focus of the most intense interest in recent
gerontological research. To this end we have been fortunate to enlist the aid of some
of the most competent and innovative investigators in the field. More than this, how-
ever, an attempt has been made to provide detailed methodological as well as theoretical
evaluation of the areas considered. It is our hope that those researchers interested in
this area of regulation during aging will be able to utilize the information contained
herein as a basis both for critical analysis as well as for the designing and execution
of further experiments in this most important area.

Richard C. Adelman
George S. Roth
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2 Endocrine and Neuroendocrine Mechanisms of Aging
I. INTRODUCTION

During the past several decades it has become clear that substantial changes occur
in glucose and insulin metabolism during aging. Perhaps the most widely appreciated
of these changes is the observation that glucose tolerance deteriorates with age. Indeed,
the weight of evidence is so great, and the subject reviewed so frequently,'™ that it
would not be useful to once again address the question whether or not aging is asso-
ciated with a deterioration of glucose tolerance. Clearly it is. However, the significance
of this statement is clouded by the fact that so many of the published studies of the
effect of age on glucose and insulin metabolism do not consider certain methodological
and theoretical questions. As a result, the authors of this chapter feel that there still
exist two major unanswered questions relevant to the effect of age on glucose and insulin
metabolism. The first of these is the most fundamental, and involves a decision as to
whether the observed deterioration in glucose tolerance is due to age itself, or is sec-
ondary to a number of other factors which occur frequently in older individuals and
may adversely modify carbohydrate homeostasis. A second, and related, question con-
cerns the mechanism(s) responsible for the deterioration of glucose tolerance in older
individuals. For example, is the observed glucose intolerance a function of an alteration
in insulin secretion or of tissue sensitivity to insulin?

In this chapter, the authors will attempt to respond to the questions defined. They
will review the available relevant literature, and, at the same time, point out the meth-
odological and theoretical problems which make it difficult to come to definitive an-
swers at this time. As such, the authors have not compiled an inclusive bibliography
of experimental data related to the effect of aging on glucose and insulin metabolism.
Instead, they have focused attention on what they believe to be the central issues.

The authors’ inability to arrive at definitive conclusions at this time should not be
discouraging. After all, experimentation on this subject has taken place over a period
of many years with many different expressed goals. The utility of this presentation will
be the degree to which it has successfully redefined the problems and pointed to possible
experimental approaches to their solution.

II. AGE AND GLUCOSE METABOLISM

In this section the authors will attempt to review published data concerning the in-
dependent effect of age on glucose tolerance. In order to do this, it will be necessary
to address two issues. The first problem will be to differentiate between the impact of
age on glucose tolerance as distinguished from the effect of environmental factors well
known to adversely modify carbohydrate metabolism. Once the initial distinction is
made, it will still be necessary to determine if the observed changes in glucose tolerance
are part of a normal and inevitable aging process, or are representative of an emerging
population of individuals who develop diabetes as they age.

A. Effect of Age on Glucose Tolerance

Most of the available information concerning the effect of age on glucose tolerance
is derived from studies of man. In order for such a study to be included in this eval-
uation, the authors of this chapter felt that certain criteria had to be fulfilled. In the first
place, a substantial number of individuals had to be examined and the population stud-
ied had to cover a wide span of ages. For example, the demonstration that a group of
old individuals (mean age of 70 years) had worse glucose tolerance than a group of
young individuals (mean age of 30 years) is interesting, but by itself does not provide
much insight as to whether or not age leads to a progressive deterioration of glucose
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tolerance. In order to answer this question there must be at least three groups of patients
(young, middle, and old age) in the population studied. In addition, the authors felt
that all groups (regardless of age) had to consist of healthy volunteers, all of whom
were fully ambulatory. Although this latter consideration attempts to take into account
the possibility that a decline in physical activity could be responsible for the deterio-
ration of glucose tolerance that occurs with age, it should be pointed out that no pub-
lished study has seriously analyzed this crucial factor. Finally, the authors felt that
consideration had to be given to the effects of both obesity and inadequate carbohydrate
intake on the changes in glucose tolerance that occur with age.

The application of these criteria greatly reduces the quantity of available information,
but enough data remains to permit some consideration of the effect of age per se on
glucose tolerance in man. There is considerably less information concerning the effect
of age on carbohydrate metabolism in animals, and the authors’ criterion for consid-
eration of this information was less rigorous, i.e., the study had to include a substantial
number of animals with one category of animals being at least 9 months of age.

1. Human Studies
a. Oral Glucose Tolerance

There are three studies which have attempted to determine the effect of age on the
plasma glucose response to oral glucose in large numbers of healthy volunteers well
matched for weight. Unfortunately, no consistent results were seen. The largest pop-
ulation was found in the study of Wingerd and Duffy,* who analyzed the results of oral
glucose tolerance tests in 2248 females. The subjects were divided into three groups:
ages 20 to 30 (711), 40 to 49 (974), and greater than 50 (567). The mean ages of the
three groups were 32.5, 44.4, and 53.7 years, and the results indicated that there was
a progressive rise in plasma glucose levels over this 20-year time span. The effect was
most dramatic 1 hr after the oral glucose challenge, with a mean difference in plasma
glucose of 32 mg/d¢ between the youngest and the oldest group. Although there was
no formal attempt to stratify by degree of obesity, the relative weight of the three groups
was comparable. However, this study has at least two important confounding variables;
approximately 25% of the patient population was receiving sex hormone therapy of one
kind or another and all of the patients had diabetic relatives. Although Wingerd and
Duffy state that statistical analysis permitted the identification of age itself as a factor
which led to worsening glucose tolerance, it would seem that this population may have
not been an ideal one in which to estimate the effect of age itself on glucose tolerance.

The second largest study was that of Nolan et al.,” who performed oral glucose tol-
erance tests (1.75 g/kg body weight) in 707 nonobese and 479 obese females with
nondiabetic glucose tolerance test results. The ages ranged from 20 to 60 years and the
patients were divided into groups by decade. Fasting blood glucose levels were sig-
nificantly lower in nonobese females ages 20 to 29, as compared to those aged 30 to
39. However, there was no progressive change in the successive decades. The plasma
glucose level 30 min after the glucose challenge was also significantly lower in the 20
to 29 as compared to the 30 to 39 age group, and, as before, there was no further
increase with successive decades. There were no significant differences at any other
time point, and there were essentially no age-related changes in plasma glucose levels
seen in the obese females. At first glance these data seem to indicate that the effect of
age on glucose tolerance is minimal and that any deterioration that does take place
occurs relatively early in life. However, there are two fundamental drawbacks to this
conclusion. In the first place, patients over 60 years were not included, and it is cer-
tainly possible that changes in glucose tolerance could occur in those over 60. Second,
patients with relatively minor degrees of glucose intolerance (using a series of criteria)
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were excluded from analysis. This maneuver results in what is almost a self-fulfilling
prophecy; any deterioration of glucose tolerance that occurs with age is designated as
the emergence of diabetes. This issue is an extremely important one, and will be dis-
cussed in detail in a subsequent section.

A third study of oral glucose tolerance in a large number of patients of all ages was
carried out by Boyns et al.® These investigators determined the plasma glucose response
of 220 healthy volunteers to a 50 g oral glucose load. The ages of the group ranged
from 16 to 74, and they were selected by a stratification procedure in a manner that
provided equal numbers in each age and sex group and an even distribution of body
build in each of the groups. Known diabetics were excluded from the study population.
In both sexes the mean blood glucose tended to rise progressively with age. In men
there was a significant correlation between age and blood glucose before (r = 0.24),
30 (r = 0.44), 60 (r = 0.54), and 90 (r = 0.36) min after the glucose load. The effect
of age was less dramatic in women, and significant correlations were only seen 30 (r
= 0.21), and 60 (r = 0.31) min after oral glucose. The maximum quantitative effect
of age was observed 60 min after the glucose challenge in both groups: mean blood
glucose rose from 86 mg/d€ in men less than 24 years to 136 mg/d{ in males greater
than 55 years, whereas the increment in females over the same age span was from 92
to 115 mg/df.

Two other studies have attempted to assess the effect of age on oral glucose tolerance
in a smaller number of subjects selected in order to minimize the effect of differences
in degree of obesity. Kimmerling et al.” studied 100 volunteer subjects whose ages
ranged from 22 to 69 years. They all had fasting plasma glucose levels less than 110
mg/d¢, their relative body weights were between 0.75 to 1.20% of ideal body weight,
and no correlation was noted between age and relative weight. These authors could find
no correlation between age and plasma glucose, either in the fasting state or 120 min
after an oral glucose challenge (40 g/m’). The lack of correlation between age and
plasma glucose level 120 min after oral glucose is consistent with the results of Boyns
et al.,® but the two studies differ in that Boyns et al. could also show a small correlation
(r = 0.24) between age and fasting glucose level.

Somewhat different results were found in a study by Rehfeld and Stadil® of 60 healthy
volunteers, matched for height and weight. The group was subdivided into three
subgroups of 20 subjects each (young, middle-aged, and old): ages 20 to 32 (mean
= 27), 42 to 55 (mean = 48), and 65 to 81 (mean = 74). The mean plasma glucose
response of the young and middle-aged groups to 50 g of oral glucose was essentially
identical, suggesting that no change in glucose tolerance had occurred as patients aged
from 20 to 55 years. However, there was a significant elevation in the mean plasma
glucose level of the group of old subjects between 60 and 120 min after the oral glucose
load.

There are several other studies in which the effect of age on glucose tolerance has
been estimated in populations not matched for degree of obesity, but in which the in-
vestigators have attempted to take into account the potential effect of obesity by sta-
tistical analysis. Thus, Berger and colleagues’ found a progressive rise in fasting plasma
glucose from 91 mg/d€ in the 3rd decade to 97 mg/d¢ in the 7th decade in a study of
263 healthy volunteers. There were statistically significant correlations between both
age and fasting plasma glucose (r = 0.25), and age and percent of ideal body weight
(r = 0.15). The authors state that when adjustments were made for adiposity the cor-
relation of age with glucose persisted. Similarly, O’Sullivan and colleagues'® found a
*‘significant rise in blood glucose response of levels with advancing age’” in approxi-
mately 150 volunteers of various ages. They also found that the degree of obesity in-
creased with age. However, the authors state that *‘multiple regression analysis indi-
cates that this rise in blood glucose levels with age remains significant.”” Unfortunately,
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they provide no further details as to the degree of correlation between glucose and age
that existed either before or after taking degree of obesity into consideration. Thus, the
reports of both Berger et al.” and O’Sullivan et al.'” provide support for the notion that
glucose tolerance deteriorates with age. On the other hand, it is difficult to ascertain
from these data the quantitative nature of the changes that are due to age itself as
distinguished from those related to obesity.

Finally, there are two other reports (which indicate that age affects oral glucose tol-
erance) in which it is even harder to evaluate the impact of obesity. Thus, Nilsson"'
described results which are similar to those of Boyns et al.® in that he noted a pro-
gressive deterioration of oral glucose tolerance with age in a large group of healthy
volunteer subjects. However, Nilsson’s data also indicate that the relative amount of
body fat increases with age, and he also noted significant correlations between plasma
glucose levels during the glucose tolerance test and degree of obesity. He presents data
which suggest that these differences in degree of obesity cannot entirely account for
the effect of age on glucose tolerance, but it is again difficult to quantitatively assess
the relative impact of age itself, as distinct from obesity, on the deterioration of glucose
tolerance. Similarly Vecchio and colleagues'’ found a positive correlation (r = 0.31)
between age and total glycemic response to oral glucose (area under the glucose tol-
erance curve) in 166 volunteer male prisoners between 20 and 69 years. Although these
authors indicate that there was no correlation between absolute body weight and gly-
cemic response, they provide no data as to possible age-related differences in relative
degree of obesity in the population studied.

b. Intravenous Glucose Tolerance

In two studies, appropriate design permits an estimate to be made of the effect of
age, as distinguished from other metabolic variables, on intravenous glucose tolerance.
Franckson et al." estimated the glucose disappearance rate in 325 nonobese and in 150
obese subjects (>25% over their ideal weight). These authors suggest that there is a
progressive deterioration in glucose tolerance as both obese and nonobese subjects from
15 to 85 years of age. This result is even more noteworthy in that the study excluded
patients with minor impairments of glucose tolerance. On the other hand, inspection
of the data suggests that the results of the study may not be so clear. Thus, the tests
show that in a small number of very young subjects (less than 15 years) glucose was
removed more efficiently than in a small number of very old subjects (above 75 years).
On the other hand, it is not so evident that the glucose disposal rate was different in
subjects between 25 to 65 years. Furthermore, all subjects were hospitalized patients
convalescing from benign illnesses. The possibility that these findings might be a func-
tion of state of general health of the population must be considered. Furthermore, the
potential impact of a decline in physical activity in the glucose tolerance of the hos-
pitalized elderly is also a significant problem. For all these reasons, the significance
of this study is questionable.

A more satisfactory methodological approach to the question of the effect of age on
intravenous glucose tolerance is seen in the study by Dyck and Moorhouse.'* These
authors studied 61 volunteers, without known diabetic relatives, all of whom were
within 10% of ideal body weight. Although there appeared to be a decrease in the
ability of very old subjects to dispose of a glucose load (50 g/1.73 m?), there was no
obvious change up to the age of 50.

c. Tolbutamide Tolerance Tests

Two reports have dealt with the ability of tolbutamide to lower glucose concentrations
in aging populations. These reports have described dissimilar results. First, Swerdloff
et al.” showed that there was a progressive decline in the hypoglycemic effect of in-
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travenous tolbutamide with age up to the 6th decade. These studies were carried out in
100 volunteers, aged 21 to 81 years, in whom there was no family history of diabetes,
no known diabetes, nor evidence of inadequate carbohydrate intake. No analysis was
made of differences in degree of obesity. On the other hand, only six subjects were
more than 20% overweight, and the authors state that ‘*within the weight limits of our
study group there was no influence of obesity.’” In contrast, Vecchio et al."” determined
blood glucose concentration 30 min after the oral administration of tolbutamide, and
could find no correlation between the rate of fall of glucose levels and age in 166 male
volunteers.

2. Animal Studies

The authors of this chapter could identify only three papers which provided data on
animals studied for a time span of 12 months or more. Methodologically, the report
of Klimas'® was the most satisfactory. In this study, oral glucose tolerance tests (750
mg/kg) were performed on 24-hr fasted rats (20 rats each at 1, 3, 6, 10, 14, 18, 26,
30, and 34 months of age). Klimas stated that deterioration of oral glucose tolerance
occurred within the first 6 months, but that there was no further change as rats lived
to 34 months. The changes that did occur in the first 6 months were quantitatively
modest, and upon inspection of the data it was possible to question if there was any
real change in glucose tolerance beyond 3 months of age.

Gommers and DeGasparo'’ measured plasma glucose levels and intravenous glucose
tolerance in 3-, 12-, and 24-month-old rats. There was no change in fasting glucose
levels with age. However, the glucose levels 20 min after the intravenous glucose
administration were significantly higher in the 12- and 24-month-old rats as compared
to the 3-month-old rats. There appeared to be no significant difference between the 12-
and 24-month-old rats. Unfortunately, these authors did not study rats between the ages
of 3 to 12 months, and it is difficult to compare these results to those of Klimas who
suggested that the changes in glucose tolerance that occur with age take place within
the first 6 months of life. Furthermore, in this study rats received 1 g of glucose per
kilograra body weight, which means that (on the average) 3-month-old rats received
213 mg of glucose and 12-month-old rats received 333 mg of glucose. It is certainly
possible that this disparity in administered glucose could contribute to the differences
in plasma glucose level attributed to the effect of age.

The third study which included rats greater than 1 year of age was that of Vranic
and Pokrajac,'® who determined plasma glucose levels in rats aged 20 days, 60 days,
and 14 to 18 months. Random glucose levels following ad lib eating were similar in
all age groups. At the end of a 24-hr fast the glucose level was higher in rats aged 14
to 18 months than in rats aged 60 days. On the other hand, glucose levels of 20-day-
old rats and 14- to 18-month-old rats were comparable when measured at the same time
point. Clearly, in order to see if there was age-associated progressive change in glucose
tolerance, it would have been necessary to include a group of rats somewhere between
2 and 14 months of age.

Four other studies followed rats to 9 months of age with varying results. Thus, Hoff-
man et al."” found no change in plasma glucose levels (obtained between 9 and 10
A.M.) from rats aged 6 to 34 weeks of age, but did note that the disposal of an intra-
venous glucose load was impaired in 34-week-old rats as compared to 8- and 16-week-
old rats. However, the number of animals was quite small, and the intravenous glucose
load was administered on a per kilogram basis. Since the older rats were bigger, they
received a greater challenge. As discussed earlier, the impact of differences in glucose
load on the change in glucose tolerance is difficult to judge. This variable was controlled
by Bracho-Romero and Reaven,”® who compared the oral glucose tolerance of 3- and
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9-month-old rats who had been matched for weight by controlling the dietary intake
of the older rats as they aged. Glucose tolerance tests commenced at midday following
4 hr of food restriction. The results of this study showed a slight, but statistically sig-
nificant, rise in plasma glucose response in older rats. On the other hand, Lavine and
colleagues® found that the plasma glucose response to the intraperitoneal administration
of glucose was constant from 6 to 34 weeks of age. Finally, Berdanier et al.” measured
16-hr fasting glucose levels in three different strains of rats at 50, 100, and 300 days
of age with intriguing results. None of the three strains had a rise in fasting glucose
level as rats aged from 50 to 100 days of age. However, one of the three strains had
a significant rise in glucose level from 100 to 300 days of age, another had an inter-
mediate elevation (of doubtful significance), while the third strain underwent trivial and
clearly insignificant changes within the same duration of time.

These studies introduce the problem of comparing glucose tolerance in animals of
varying sizes. It seems inappropriate to give animals of widely different sizes the same
glucose load, but this is no a priori reason to assume that the administration of glucose
on a per weight basis is any better. Studying animals of equal size by controlling the
weight gain of the older ones introduces its own series of additional variables. Of even
greater concern is the physical inactivity of small animals allowed to age in captivity,
and this is a factor which must be taken into account in future studies.

It should be noted also that many of the described studies were carried out on animals
fasted for 16 to 24 hr. This is a substantial fast for small animals, and one should
consider the fact that prolonged fasting is accompanied by increased rates of gluco-
neogenesis which can alter plasma glucose levels. Finally, the possibility that different
inbred strains of small animals may respond differently to the effect of age should
receive further attention.

B. Age, Glucose Intolerance, and Diabetes Mellitus

The results reviewed so far provide some evidence for the notion that the deterioration
of glucose tolerance that occurs with age is not entirely due to other variables such as
obesity, chronic disease, etc. On the other hand, these data do not necessarily indicate
that the observed changes represent a general phenomenon which is a simple function
of age. Instead, it is possible that at least some portion of the decline in glucose tol-
erance seen with aging is due to the fact that an increased number of patients develop
diabetes as a function of age.” Indeed, there is evidence that this may well occur. Both
the Pima Indians of Arizona and the Nauruans of Micronesia have an extremely high
incidence of diabetes, and in these populations it is possible to document bimodality
of the plasma glucose response to oral glucose.**”> Demonstration of bimodality permits
objective criteria to be used in the separation of patients at every age into two com-
ponents: a lower component, presumed to consist of individuals with normal glucose
tolerance, and an upper one, which includes patients with diabetes. In both of these
populations, the proportion of individuals in the second component increased markedly
with age. Furthermore, the magnitude of the deterioration in glucose tolerance that
occurs with age was greatly attenuated when those individuals within the second com-
ponent were removed from the analysis. Thus, in these populations there appear to be
two factors which contribute to the glucose intolerance of aging. The first represents a
generalized phenomenon which affects the majority of individuals as they age. The
second factor is the development of a specific disease, diabetes, in many subjects, and
it appears to be this latter event which primarily accounts for the observed deterioration
of glucose tolerance that occurs in the whole of the two populations.

Bimodality of glucose tolerance has not been demonstrated in any Caucasian popu-
lation studied to date, and this makes it much harder to assess the role that an age-
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related increase in the development of diabetes might play in the glucose intolerance
of aging. On the other hand, there are some data which strongly suggest that this phe-
nomenon may also contribute to the deterioration of glucose tolerance that has been
noted in Caucasian populations. Kaufmann et al.” determined blood glucose values in
16,699 volunteers as part of a joint detection program for tuberculosis and diabetes.
Blood was drawn on subjects who claimed to have been fasted for at least 90 min.
Ages ranged from 21 to over 80, and the subjects were divided into 13 groups on the
basis of age. The blood glucose values within each age group were broken down by
percentile into 1, 5, 25, 50, 75, 95, and 99%. (The one percentile is that blood glucose
level below which 1% and above which 99% of the values lie, whereas the 99 percentile
is the converse.) These authors noted a distinct rise in glucose level of the 99 and 95
percentile with increasing age in both sexes. The increase in the 75 percentile was quite
moderate, and there was little, if any, change with age in the other percentiles. These
results indicate that there is not a uniform increase in blood glucose level with age
throughout the population, and suggests that the observed change in glucose level noted
with age may not be a simple function of age itself. As such, these results strongly
resemble those described in the Pimas™ and the Nauruans.” On the basis of these ob-
servations, it seems quite likely that at least part of the change in glucose tolerance
noted with age in Caucasian populations is due to the development of a disease, diabetes
mellitus, that occurs more frequently in older individuals.

III. AGE AND INSULIN

If glucose tolerance deteriorates with age, it is apparent that age must also have an
effect on insulin secretion and/or action. In this section an attempt will be made to
review the available evidence in this regard, while at the same time emphasizing the
methodological issues that must be faced in an effort to define the effect of age on these
two aspects of insulin metabolism.

A. Age and Insulin Secretion

The major effort to evaluate the effect of age on insulin secretion has consisted of
measurements of plasma insulin levels, either fasting or in response to oral or intra-
venous glucose. Many such studies have been carried out, and it would not be useful
to review these in detail. The results of the majority of these studies have been collated
in recent reviews' ™ and there is a surprising degree of unanimity in the published data.
A small minority of these studies suggest that age might be associated with an absolute
decrease in the concentration of plasma insulin. In contrast, the majority of available
information indicates that insulin levels either remain constant or actually increase as
individuals age, and this is true in the fasting state or in response to either oral or
intravenous glucose. The simplest interpretation of these data is that insulin secretion
is unimpaired with advancing age, and a decrease in insulin secretory response cannot
account for the age-related deterioration of glucose tolerance. However, this interpre-
tation has been challenged and the following argument has been proposed.' Older sub-
jects have higher blood glucose levels, and it is the blood glucose concentration which
is the major stimulus for insulin release. By implication, an insulin response which is
unchanged with age may actually reflect a beta cell defect. In order to respond to this
issue it is necessary to separate explicitly the question of the role of insulin secretion
in the glucose intolerance of aging as distinguished from the effect of age on the beta
cell response to glucose. As to the first question, the available evidence seems reason-
ably straightforward. The vast majority of the published data indicates that age is not
associated with an absolute deficiency of insulin, and older individuals appear to have



9

higher glucose levels at any given insulin levels than do younger subjects. Given this
information, it seems very difficult to attribute the glucose intolerance of aging to a
beta cell defect. The only caveat to this conclusion is the possibility that older indi-
viduals secrete a molecular species of insulin which is detected by the immunoassay
in a normal manner, but which has less biological activity. For example, if older sub-
jects secrete a greater proportion of proinsulin they could have higher levels of total
immunoreactive insulin, but actually have a decline in the quantity of circulating in-
sulin. This possibility has been examined by Duckworth and Kitabchi,” and their results
suggest that this may be the case. They determined the total immunoreactive insulin
and proinsulin-like material in the plasma of 68 nonobese subjects, divided into six
groups by decade (15 to 24, 25 to 34, etc.). Subjects were given a 100-g oral glucose
load, and plasma concentrations of total immunoreactive insulin and proinsulin were
determined 60, 90, and 120 min later. The summed concentration of proinsulin-like
material was similar in the 15- to 24-, 25- to 34-, and 35- to 44-year age groups.
However, a significant elevation was noted in the 45- to 54-year age group, and the
same level of increase persisted in the 55- to 64- and 65- to 74-year age groups. How-
ever, the relationship of these observations to the glucose intolerance of aging is ques-
tionable. In the first place, the number of patients was relatively small (i.e., 22 in the
three age groups above 45 years). Second, the proportion of proinsulin-like material
to total insulin was small, the differences seen with age were moderate, and the summed
total insulin response after subtracting the value for proinsulin-like material was not
decreased in the older subjects. Thus, these patients seemed to have adequate amounts
of biologically active insulin even though increased levels of proinsulin were also pres-
ent. Third, the assay used for proinsulin-like material was an indirect one, and this
feature raises further questions as to the significance of the small changes noted. How-
ever, this is an important issue conceptually, and it is essential that further consideration
be given to the possibility that older individuals may secrete a form of insulin which
is biologically different than the insulin of younger individuals.

The question as to the effect of age on the insulin secretory response is more com-
plicated. As Andres and Tobin point out,' in order to answer this question it is necessary
to determine the ability of an identical stimulus to elicit insulin release from different
aged subjects. Unfortunately, this is easier said than done. Andres and Tobin' suggest
that this can be accomplished by use of the ‘‘hyperglycemic glucose-clamp’’ technique,
in which the plasma glucose concentration is fixed at a predetermined steady level by
rapid analysis of arterial glucose concentration and by appropriate adjustments of a
continuous but variable intravenous glucose infusion rate. With this approach, they have
maintained steady-state plasma glucose levels at 140, 180, 220, and 300 mg/d¢ in
subjects of various ages, and they state that insulin secretion is diminished at the three
lower glucose levels in older as compared to younger individuals.' Since they argue
that the stimulus to insulin secretion is the same in all subjects, beta cell sensitivity
must decrease with age. But is the stimulus to insulin secretion the same? Older subjects
are relatively glucose intolerant, therefore they receive less glucose intravenously than
do young subjects. Thus, young individuals get a bigger glucose load, and it has been
shown®* that larger glucose loads lead to increased insulin independently of measured
changes in plasma glucose level. Thus, it could equally well be argued that the dimin-
ished insulin secretion in older subjects during the hyperglycemic glucose-clamp is sim-
ply a function of the fact that they receive less glucose. If both glucose load and glucose
level are relevant variables in determining beta cell response, the insulin secretory re-
sponse of old and young subjects can only be determined when both factors are held
constant. Unfortunately this experimental situation can only be attained if the glucose
tolerance of the individuals is essentially identical. The authors of this chapter do not



