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Number and affinity of insulin receptors in intact human subjects
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Summary. A simple model of the distribution and metabolism
of insulin in vivo has been evaluated using data from insulin
infusion into a group of normal subjects. The major rate-lim-
iting step for access to degradation pathways is assumed to
consist of binding of the ligand to a single population of insu-
lin receptor sites, except that provision is made for the possi-
bility of linear non-receptor-mediated degradation and for the
phenomenon of negative cooperativity. The model has been
shown to accommodate the non-linearity of insulin metabo-

lism, allows evaluation of receptor association and dissocia-
tion constants and provides for the first time an estimate of to-
tal accessible receptor number in the intact organism. For
normal fasting man the model predicts 1.00 + 0.05 nmol acces-
sible binding sites/kg (mean  SD).

Key words: Insulin binding, insulin metabolism, receptor,
compartmental analysis, degradation.

Rapid removal of insulin from the circulation leading to
the appropriate reduction in the hormone’s biological
signal is an essential component of the physiology of
substrate homeostasis.

Recently there has been increasing recognition that
insulin receptors themselves may play a dominant role
in initiating the degradation process. Hepatocytes of
high viability degrade insulin in direct proportion to the
mass of insulin bound to the cell [1, 2]; receptor-mediat-
ed degradation has been observed in adipocytes [3] and
the demonstration of receptor-mediated endocytosis of
the insulin-receptor complex has provided a mecha-
nism by which this may occur [4]. Studies in vivo have
shown a close correlation between the metabolic clear-
ance rates of chemically-modified insulins and their
abilities to induce a biological effect [5], again suggest-
ing a common specific recognition site for the two pro-
cesses.

It follows that experimental observations concern-
ing the distribution and metabolism of insulin in human
subjects include information about the status of insulin
receptor sites. To derive this information it is necessary
to construct a hypothetical mathematical model to ana-
lyse the data.

Hitherto both simple [6] and comprehensive [7, 8]
models of insulin distribution and metabolism, while
satisfactorily predicting time-courses of insulin concen-
tration in the plasma compartment, have in general
lacked parameters which represent well-recognised bio-

chemical processes such as receptor binding. Validation
of these models has either required such simplicity of
structure as to allow a relatively unambiguous estima-
tion of the parameters, which can then be validated
statistically, or has relied upon the ability accurately
to predict rates of change of concentration of plasma in-
sulin during various infusion protocols [8]. Recognition
that insulin receptors may play a major role in initiating
degradation of the ligand [1-5] allows incorporation of
the known features of insulin receptor function [9] into
systems of interpretation of data obtained in vivo. At
least one previous complex model has included recep-
tor compartments [10]. We report here that construction
of a simple model including these features permits a
further approach to validation by direct comparison
with values of receptor kinetics derived from studies in
vitro, and provides otherwise unobtainable indications
of receptor status in the intact human subject.

Subjects and methods

Subjects and Protocol

Data for parameter estimation were taken from experiments involving
infusion of monocomponent human insulin into ten normal volun-
teers. The full details of these studies and a non-compartmental analy-
sis of the results have been reported [11]. In brief, subjects were fasted
overnight. Insulin (monocomponent human, Novo, Copenhagen)
was infused into an antecubital vein and blood samples taken from
the contralateral arm. Serum concentrations were estimated by ra-
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Fig.1. Diagrammatic model structure. The distribution volume V in-
cludes plasma volume and is therefore the accessible site for sampling
and peripheral infusion. E (nmol-min~") represents delivery of en-
dogenous insulin into this distribution space, i.e. its value will com-
prise entry into the plasma at the hepatic vein level, rather than pan-
creatic secretion. R (nmol) is a population of specific potentially
reversible binding sites for insulin. The rate constants k; (nmol—*-
min~') and k, (min~") define the association and dissociation respec-
tively of insulin to this receptor population. ks (min~") defines the rate
of irreversible removal of receptor bound insulin from the system. The
need for two further parameters has been assessed: k4 (min~1) accom-
modates linear sites of insulin loss, e.g. to include glomerular filtra-
tion and non-specific peptide clearance pathways. y is a negative
cooperativity factor (when y = > 1 the system includes negative coop-
erativity) [13, 14], for equations see text. At the physiological insulin
levels provided by the data no statistical advantage in the fit of the
model was obtained by the addition of k, or of negative cooperativity.
In the results presented k,=0 and y =1

dioimmunoassay [11, 12]. After baseline sampling a priming dose
initiated the infusion period. Every 30 min a further priming dose was
followed by a doubling of the infusion for a total of 2 h. At the end of
this time, infusion was stopped and sampling continued for a further
30 min. Insulin administration rates were such as to produce a series
of steady-state concentrations spanning the physiological range, fol-
lowed by a complete decay curve.

In three of the 10 subjects data were incomplete due to difficulties
with blood sampling. Results from the seven remaining experiments
have been simulated by the model, both individually and as grouped
data, to estimate the model parameters.

Data Analysis

The structure of the model is shown in Fig. 1. The differential equa-
tions describing the system are given in 1.

X = —k1(R—X2)X1 +k2X2— k4X1 +E+U 1:1

X; = k](R-Xz)X1—k2X2—k3X2 1:2
o — k(14 2200) 1:3
y =x/V 1:4
E =FEe™® 1:5

%y = mass of insulin in the distribution space (nmol)
k; = association rate constant (nmol~'-min ")

R = mass of receptor sites (nmol)

X, = mass of receptor bound intact insulin (nmol)
k, = dissociation rate constant (min~")

ks = degradation rate constant of x; (min—")

E = endogenous (post-hepatic) insulin delivery rate (nmol - min~")
U = exogenous insulin delivery rate (nmol - min ")

ks = degradation rate constant of x; (min 1)

y = cooperativity factor

y = insulin concentration in distribution space (nmol-1~1)

v = volume of distribution space (1)

k" and E’ indicate initial values of k, and E, respectively.

a =decay rate constant (min ")
t = time (min)
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Fig.2. Model simulation of one set of experimental data. a: model fit-
ted line after optimisation of parameters, representing the time course
of insulin concentrations in the accessible pool (V).[_]: measured val-
ues. b: content of receptor pool (X;): ¢: experimental input, i.e.: exoge-
nous insulin infusion rate

%, and X, are the rates of change of the masses of free and bound insu-
lin respectively. Equations 1:1 and 1:2 represent a first-order reversi-
ble reaction (Law of Mass Action), with the addition of k,, a linear
elimination pathway, and k;, receptor-mediated degradation. Equa-
tion 1:3 incorporates a factor ¥ which permits the introduction of
negative cooperativity [13, 14]. In these experiments plasma glucose
was allowed to fall unchecked and endogenous insulin falls rapidly
after the start of the infusion [15]. Equation 1:5 accommodates this
observation and « is empirically ascribed the value 2.5 min~". From
the end of the first infusion period E is ascribed the value zero.

This model is not formally identifiable in the sense that no unique
algebraic solution is possible [16, 18]. To evaluate the parameters we
have used an iterative procedure, a minimisation algorithm [19] imple-
mented on a CDC 7600 Computer. The model parameters k;, ky, k3, R
and V were optimised for the minimum sum-of-squares error of log,
of the data from the beginning of the second infusion period. Al-
though the model is not strictly identifiable, the relatively small num-
ber of parameters allows assessment by sensitivity analysis, in that al-
teration of each individual parameter results in a distinct pattern of
model response (data not shown). Inclusion of k4 and y as variables
within the iterative procedure increases ambiguity in accurately
ascribing a value to the other parameters. For this reason the optimi-
sation was conducted with predefined values for ks and y. After deri-
vation of the model parameters, these and the known mean basal
plasma insulin concentrations were used to calculate a value for the
basal endogenous insulin delivery rate at the hepatic vein level (E).
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Table 1. Results for individual subjects and grouped data

Subject Wt V/Wt ky ks R/Wt E
(kg) (I-kg~Y % 10° (mmol~*- (min~1) {min~T) {nmol-kg="  (nmol -min~")x 10°
min~") x 10°
1 60 50.1 8.45 0.014 0.039 1.05 22
2 62 439 36.8 0.032 0.063 0.53 73
3 55 273 15.7 0.023 0.053 1.15 22
4 47 702 7.9 0.014 0.036 1.61 53
5 85 85.0 0.97 0.014 0.056 317 31
6 67 46.7 169 0013 0.041 0.57 29
7 73 63.9 49 0.040 0.070 1.32 28
Grouped data 64.1+124  581+8.33 8.59+0.16 0.019+0.002 0.049 +0.008 1.00+0.05 37.0+19.0

Parameter values derived by model optimisation are shown. To establish mean parameter estimates for the whole group of subjects the data from
all seven experiments were pooled and subjected to a further full simulation. These values are shown against “grouped data”. Variance expressed
as one standard deviation from the optimised value was derived by use of the Hessian matrix which was evaluated using forward differences [19],
except for Wt and E where the mean of the individual values +1SD are given.

Fig.3. Parameter values derived
from an optimised simulation of the
pooled data from all seven normal
subjects (Table 1) have been used to
simulate hypothetical experiments
in which insulin is infused to
equilibrium over a wide range of
concentrations (0.1-100 nmol -1~7).
a: confirms the conclusion in vitro
that in the physiological range of
insulin concentrations
(0.02-2.0amol -1~ only a small
proportion of the total receptor
population is occupied [23] and

free insulin congentration
nmol |~

illustrates for the first time estimates
of absolute value for the number of
receptors occupied over that range.
b: demonstrates that under
equilibrium conditions more than
80% of intact insulin in the system is
receptor-bound. ¢: illustrates
extrapolation of insulin metabolic
clearance rate. Its tendency to fall
over the physiological range which
has been previously reported [11]is
well shown, i.e. the saturable
element of insulin degradation can
be accommodated by the increasing
receptor occupancy. The fall to low
levels at the higher insulin
concentrations examined would be
reduced by ascribing a value to

ks> 0. d: shows the linear Scatchard
plot [28] expected with y=1.
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Figure 2 shows an example of the model simulation of
one set of data. Figure 2a demonstrates the ability of the
model to accommodate rapidly changing insulin con-
centrations within the physiological range, and Fig-
ure 2b the ability to derive a prediction of the receptor
bound insulin within the system, a value which is other-
wise inaccessible. Results of simulations of the data are
shown in Table 1.

—
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bound insulin

nmot kg'1
Discussion

The possible role of abnormalities of receptor function
in obesity and diabetes is of great interest. Useful but
limited information has been derived from studies of
the circulating erythrocytes and monocytes in groups of
subjects, and from small samples of subcutaneous adi-
pose tissue [20, 21]. A method of evaluation which pro-
vides an integrated view of insulin receptor function in
the intact organism could significantly improve our un-
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derstanding of the physiology of insulin and of the
mechanisms of disorder in disease states. An opportuni-
ty for such an evaluation arises from the realisation that
insulin metabolism is largely mediated by processes for
which receptor recognition of the ligand provide an ini-
tial and rate limiting step.

We have derived initial quantitative estimates of re-
ceptor number and affinity from data obtained in vivo
in a group of normal subjects. The construction of a
model sufficiently simple to allow relatively unambigu-
ous solution of the parameters has allowed some valida-
tion of its assumptions by comparison with available
observations in vivo and in vitro. It should be empha-
sized that the parameter values derived for each individ-
ual data-set (Table 1) are the optimal values for the
model and do not necessarily imply significant differ-
ences between subjects. For example, data-set number 5
is best described with a relatively low value for k; and
high value for R, while the reverse is true for data-set 2.
This shift of balance between one parameter and an-
other is likely to derive from inescapable variance with-
in the data and should not be regarded as indicating a
range of true values in normal subjects. As with many
analyses of biological observations, pooling of experi-
ments and statistical assessment must be applied in or-
der to ascribe confidence limits to the parameter estima-
tions.

Graphical analysis of insulin data obtained in vivo
has produced values of 83 ml-kg~! [11] for insulin dis-
tribution volume. This method is likely to produce over-
estimates on the false assumption that the system is lin-
ear. We suggest that the value for V reported here
(58.1ml-kg~1) is based on more realistic assumptions
and likely to be more accurate. It compares with a plas-
ma volume of 27.6-53.7 ml-kg~"[22], with in addition a
proportion of extracellular space.

The model parameter k; (nmol~!-min~?) is the con-
stant governing the rate of insulin receptor association.
Vxky (1-nmol~'-min~!) is analogous to receptor “on
rates” from experiments in vitro. Optimised V x kq pro-
duces a value of 0.0321-nmol~!-min~" (3.20x 10’
1-mol~"-min~") for the grouped data with a range of
0.7 x 107 to 10.03 x 107 1-mol ~!- min~" for the individu-
al subjects. Published values for the rate constant of as-
sociation of insulin with its receptor at 37°C are
2.5x 107 and 23 x 107 1-mol~!- min—"[23, 24]. The value
for k,+ks, 0.068 min~! for the grouped data, can be
compared to the rate constant of dissociation of insulin
from its receptor in in vitro systems, 0.07 and 0.12 min "
[23, 24]. Receptor-mediated degradation has been mea-
sured in intact hepatocytes and the governing rate-con-
stant reported to be 0.03 min~" [1] and 0.028 min—" [2].
These results compare well with our own model-derived
values (Table 1).

The expression (k, +k3) /(V x ky) is equivalent to the
dissociation constant Ky derived from equilibrium
experiments in vitro. The model-derived value for this
variable, 2.13 nmol-1~! for the grouped data, is in good
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agreement with published estimates, 0.4 to 4.2 nmol -1~!
[23-25]. Parameter estimations with predefined values
of k4> 0 (i.e. with the addition of a non-receptor-medi-
ated degradation pathway), or with ¥ >1 (i.e. with the
inclusion of negative cooperativity), resulted in no sta-
tistically significant improvement in the goodness of fit
of the model to the data (F-test). On this basis, for the
results presented, ky=0 and y=1. With high receptor
occupancy requiring faster infusion rates than those
used here, values for these parameters should be be-
come susceptible to estimation and comparison with
other observations.

Estimates of basal endogenous post-hepatic insulin
delivery rates have been reviewed [26]. Values nor-
malised for a 70-kg subject range from 3.84 to
10.48 mU- min~"' (25.6 to 69.9 pmol-min~'). Our own
estimates (22 to 73 pmol - min~") are in excellent accord
with these published values.

Unique to this model is the ability to estimate acces-
sible insulin receptor number in the intact individual
(1.0£0.05 nmol - kg ~! for the grouped data). This value
once obtained allows examination of further previously
unknown values. For example, the absolute quantities
of insulin bound to receptor sites at equilibrium over a
range of physiological free-insulin concentrations, and
hence the relative proportions of free and receptor-
bound insulin (Fig. 3).

We have established that a simple two-compartment
model of insulin distribution and metabolism is capable
of accommodating the non-linearity of insulin data if
the second compartment incorporates the known mech-
anisms of receptor involvement in insulin degradation.
Modification of the model by dividing the receptor
compartment and the distribution space into two (he-
patic and peripheral, portal and systemic) would with
appropriate data allow access to values for pancreatic
insulin secretion, portal insulin concentrations and he-
patic insulin status.

With suitable data, i.e. where receptor occupancy is
greater, the model provides for the quantitation of the
linear non-receptor-mediated pathways of insulin re-
moval, and estimation of the magnitude (if any) of the
effect of increasing receptor occupancy on dissociation
rate (negative cooperativity). More complex models
could be constructed to allow for reversible isomerisa-
tion of the insulin receptor complex, for example, or for
the possible contribution of growth-factor receptors as
binding sites for insulin. Such modifications would in-
volve the incorporation of an increasing number of pa-
rameters inaccessible to comparison in vitro. The aim of
this study was to assess the ability of a relatively simple
mathematical structure to generate physiologically use-
ful information. The preliminary observations de-
scribed here offer opportunities for assessment of re-
ceptor function in diseased states and for a muore
sophisticated analysis of the behaviour of insulin ana-
logues in vivo. Receptor-mediated internalisation oc-
curs for many ligands other than insulin [27], and the
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principles applied here should be of wide application in
endocrinology and pharmacology.
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