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ABSTRACT The studies so far reported on the
metabolic clearance rate of insulin in human diabetes
mellitus have given conflicting results, probably be-
cause they have been conducted on few patients and
have used a variety of experimental techniques and
data treatments. We investigated the kinetics of
insulin distribution and degradation in 35 normal
subjects and in 42 nonketotic, nonobese, overtly
diabetic patients, of whom 26 were above 40 yr old
and 16 were 40 yr old or less at diagnosis. The design
of the study combined (a) the use of a tracer to
perturb minimally the steady state and to avoid glu-
cose infusion; (b) the preparation of purified [1251]-
monoiodoinsulin, which has a metabolic behavior simi-
lar to that of native insulin; and (c¢) noncompart-
mental analysis of the plasma immunoprecipitable
25]-insulin disappearance curves, which were re-
corded for 2 h after pulse i.v. injection of the tracer.
Metabolic clearance rate was found to be similar in
diabetics (404+18 ml/min-m?, mean+*SEM) and in
normals (420+14), although the latter-onset patients
had slightly, if not significantly, lower metabolic
clearance rate values than the earlier-onset diabetics
(385+19 and 443+36, respectively). The initial distri-
bution volume of the hormone also did not signifi-
cantly differ in diabetics and normals and was similar
to plasma volume. The reentry rate into the initial
distribution volume of the hormone and the total,
plasma-equivalent distribution volume of insulin were
both significantly raised in diabetics (251+12 ml/min-
m? and 10.3+0.5 liters/m?) in comparison with normals
(195+8 and 7.5+0.3). The posthepatic delivery rate
of insulin was found to be slightly raised in later-
onset diabetics (194+20 mU/h-m?), but somewhat
reduced in earlier-onset diabetics (133+15) in compari-

Received for publication 9 July 1976 and in revised form 15
August 1977.

The Journal of Clinical Investigation Volume 61 January 1978-197-208

son with normals (172+14); these differences re-
flected the different basal plasma insulin concentra-
tions in these three groups. Chronic treatment with oral
hypoglycemic drugs, age, duration of the disease,
and degree of metabolic control appeared to have
only little effect on the kinetics of insulin.

On the basis of these results, we conclude that
insulin-independent adult diabetics show, already in
the fasting state, a combination of insulin resistance
and insulin deficiency and a derangement in insulin
distribution, the precise significance of which is un-
certain.

INTRODUCTION

Although the metabolic clearance rate (MCR)! of
insulin in human diabetes mellitus has been meas-
ured by several investigators, the results have been
conflicting, because normal (1), slightly increased (2),
and decreased (3, 4) MCR values have all been re-
ported. It is clearly difficult to compare the studies
so far available, because of the considerable differ-
ences in the criteria for selecting the diabetic pa-
tients, in the experimental techniques used, and in the
modes in which the data were analyzed. Such dis-
cordant findings suggest that the removal of insulin
from diabetic plasma does not differ greatly from nor-
mal, because otherwise, this would have been clearly
detected by these studies.

A kinetic study, however, can give more informa-
tion than just the degradation rate, by providing

! Abbreviations used in this paper: BIM, body mass of
exchangeable insulin; DIT, diiodotyrosine; ER, exit rate;
IDR, basal posthepatic insulin delivery rate; IDV, initial
distribution volume of hormone; IRI, plasma concentration of
endogenous insulin; MCR, metabolic clearance rate; MIT,
monoiodotyrosine; RI, regulation index; RR, reentry rate or
reversible loss; TDV, total plasma-equivalent distribution
volume.
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estimates of the quantity of insulin in body compart-
ments which are not accessible to direct measure-
ment. In this way, it has been shown that, in the
normal subject, glucose utilization reflects the time-
course of insulin concentration in a slowly equilibrat-
ing compartment, apparently representing the inter-
stitial fluid of muscle and adipose tissue (5). It
seemed, therefore, of interest to study the kinetics of
insulin in diabetics, in whom there is a substantial
impairment of insulin action on muscles and fat,
possibly caused by receptor failure (6, 7).

We obtained complete kinetic analyses in a large
series of diabetic patients and in a similar number
of healthy subjects used as the control group. Non-
obese, nonketotic clinical diabetics were chosen
because they were thought to represent the greater
part of the diabetic population. The experimental
approach included the use of purified ['*»IJmonoiodo-
insulin as a tracer for native insulin and noncom-
partmental analysis (8) of the plasma disappearance
curves.

The results showed that the MCR of insulin of
these diabetic subjects was approximately normal, but
the diffusion of the hormone out of the vascular com-
partment and its apparent distribution space were sig-
nificantly, though not greatly, increased with respect
to normal. Insulin resistance and relative insulin lack
were also found to be associated with the fasting
hyperglycemia of nonketotic diabetes mellitus.

METHODS

Patient selection. 42 diabetics who had never re-
ceived insulin treatment were studied. Most of them were
outpatients attending the Diabetic Unit. A thorough physi-
cal examination and a routine laboratory checkup were per-
formed before the study, and only those patients who
showed no evidence of other systemic or parenchymal
diseases were included in the study. The pertinent clini-
cal data are given in Table I, none of the patients had
ketone bodies in the urine when the study was con-
ducted. A regulation index (RI, see legend to Table I) was
calculated by including all relevant data available from the
patients’ clinical records from 1 yr before to 6 mo after the
study. In most study subjects, the metabolic status, evaluated
in this way, was reasonably well controlled. 34 of the
diabetics were on maintenance treatment with varying
doses of oral hypoglycemic drugs (sulfonylureas alone or
in combination with biguanides), while the remaining 8
diabetics were controlled by diet alone.

The control group consisted of 35 healthy, adult volun-
teers (23 females and 12 males) (Table III).2 They had nega-

* The individual data of these subjects are deposited with
the National Auxiliary Publications Service (NAPS) as NAPS
document No. 03171. This information may be ordered from
ASIS/NAPS, Microfiche Publications, P. O. Box 3513, Grand
Central Station, New York 10017. Remit in advance $3.00
for microfiche copy, or for photocopy, $5.00 up to 20 pages
plus 25¢ for additional pages. Checks should be made payable
to Microfiche Publications.
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tive family histories of diabetes mellitus, and their oral glu-
cose tolerance test (100 g) was within the normal limits (9).

All diabetic patients were on a weight-maintaining diet,
with an average 40% carbohydrates (at least 200 g of sugars/
day). The normal subjects consumed the average Italian diet,
consisting of 43-48% carbohydrates, 12-17% proteins,
and 35-40% fat.

Informed consent for the study was obtained from all
subjects.

Experimental protocol. All studies were performed at
9 a.m., after an overnight fast, in the sitting position; all
medication had been withdrawn for the preceding 12-18 h
and thyroid uptake had been blocked by oral administration
of saturated potassium iodide. A plastic cannula was inserted
in an antecubital vein and kept patent by intermittent
irrigation with isotonic saline. After a stabilization period of
15-20 min, 140-150 uCi of '*I-insulin was injected as a single
bolus into a contralateral antecubital vein and blood samples
were collected via the cannula at 2, 2.5, 3, 4, 5, 7, 9, 12, 15,
20, 25, and 30 min, and then every 10 min until 2 h. Blood
was drawn into tubes containing EDTA; plasma was promptly
separated by centrifugation and stored at —20°C until
assayed.

The tracer. '*I-Insulin was prepared by the electrolytic
technique (10), modified as previously described (11). In the
more recent experiments, insulin was labeled by the lacto-
peroxidase method (12). With either technique, the iodination
degree was kept between 0.04 and 0.06 mol of iodine per mole
of protein, as tested by paper electrophoresis. The labeling
mixture was purified by chromatography on Sephadex G-50
(Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) (10) or
DEAE-cellulose, according to Freychet et al. (13), or on Sephadex
A-25, according to Hamlin and Arquilla (14). By all these
procedures, the labeled protein was split from the unreacted
iodine, as shown by paper electrophoresis. Insulin concentra-
tion in the elution fractions was measured by ultraviolet
absorbance at 277.5 nm, or by a radioimmunoassay with
181].insulin as the labeled antigen (15). The specific activity of
the tracer, estimated in these ways, was 8—10 mCi/mg when
125].insulin was purified on Sephadex G-50, and ranged from
100 to 200 mCi/mg when ion-exchange chromatography was
used. 40% of the normal subjects and 33% of the diabetic
subjects received the high specific activity tracer.

Monoiodotyrosine (MIT) and diiodotyrosine (DIT) were
estimated on representative samples of the protein peak
according to Covelli and Wolff (16): 10-ul aliquots were
incubated with Pronase E (Merck, W. Germany) in Tris-maleic
acid buffer, pH 8.2, at 37°C for 2 h. This incubation mixture
was then separated by descending paper chromatography
(Whatman No. 1, butanol-2 N acetic acid; Whatman Inc.,
Clifton, N. ].), and the radioactive spots were identified by
reference to commercial MIT and DIT standards and subse-
quently counted. The DIT content was expressed as a
percentage of the total radioactive amino acids. Judging from
the DIT percentage in the elution samples, it was found that
all the purification procedures used could efficiently separate
monoiodoinsulin from diiodinated molecules.

Pooled samples from the eluate, having a DIT content of
less than 2% and an immunoprecipitability of over 90%,
were considered to be very pure monoiodoinsulin and were
therefore used for injection in the patients.

The tracer was always used within 24 h of preparation,
although it was found to be free from significant damage as
long as 1 mo later.

Analytical procedures. Immunoprecipitable radioactivity
was measured in triplicate by a modification of the double-
antibody immunoprecipitation technique of Hales and
Randle (17): Guinea pig anti-insulin antibodies in excess



TABLE 1
Clinical Data of the Diabetic Patients

Case Dura-
no. Sex Age Height  Weight PI* tion Therapyt FPG§ RI
yr cm ke % yr mg/100 ml

406 F 40 162 59 94 2 S 160 8.7
412 M 31 170 64 90 2 S 167 5.9
417 F 23 167 70 121 7 S+B 152 5.6
418 M 40 176 72 93 2 S+B 100 4.2
419 M 68 173 75 101 3 S 109 34
420 M 62 166 76 111 2 S+B 110 3.0
424 M 60 178 88 125 01 S 150 5.0
425 M 21 178 68 95 01 S+B 241 6.0
439 F 58 160 52 82 11 S 60 3.7
440 F 49 168 68 102 6 S+B 127 5.1
441 F 63 165 55 82 3 S 238 3.3
442 F 57 154 60 100 12 S+B 120 3.4
443 M 63 168 74 105 4 S 170 4.7
470 F 26 153 39 76 0.3 S 200 5.2
478 F 56 163 64 97 4 S 130 3.4
479 M 63 166 77 111 3 B 110 3.0
480 M 58 171 56 75 2 S 124 3.1
481 M 54 171 74 100 15 S 124 3.0
483 F 44 153 54 93 03 S+B 131 5.3
484 F 44 154 65 112 0.1 Diet 104 3.0
485 M 32 172 79 109 5 S 130 3.5
488 M 33 167 78 110 6 S+B 172 4.0
489 M 73 166 54 79 3 S+B 285 7.0
490 M 57 170 75 102 5 S 134 3.4
491 M 50 170 75 102 0.1 Diet 173 4.5
492 M 353 167 71 100 7 S+B 164 3.5
494 M 53 166 67 96 0.4 S 167 3.1
497 F 35 155 53 95 0.1 Diet 135 3.0
507 M 12 162 41 80 0.1 S+B 337 10.0
513 M 41 172 73 98 2 S 155 5.0
524 M 25 167 65 97 0.1 Diet 89 3.0
526 M 49 180 80 100 2 S 176 5.0
527 M 40 173 80 107 0.2  Diet 135 3.0
528 M 42 175 81 106 08 S+8B 139 4.0
529 M 42 171 86 117 6 S+B 120 3.0
530 M 55 174 78 101 0.3 Diet 136 3.0
531 M 53 169 74 102 5 S+B 180 6.0
533 M 57 173 72 95 0.1 Diet 127 4.0
539 M 50 165 80 115 0.2 Diet 115 4.0
544 M 39 170 70 98 0.2 S+B 209 9.0
545 F 23 165 59 104 0.1 S+B 144 8.0
546 F 32 165 53 86 0.4 S 224 8.0

Mean 46.3 166 68.0 99.1 2.9 154 4.6

SEM 2.2 1.0 1.8 1.8 0.5 8 0.3

The regulation index (RI) was calculated by a score system as follows: (a) fasting
plasma glucose: points 1, 2, 3, or 4, for the ranges <150, 150-200, 200—-250, and
>250 mg/100 ml, respectively; (b) 24-h glucose excretion in the urine: points
1, 2, 3, or 4, for <10, 10-20, 20-40, and >40 g, respectively; (c¢) occurrence
(4 points) or not (1 point) of ketone bodies in the urine. The values of RI reported
are averages from all clinical checks from 1 yr before to 6 mo after the study.

* Ponderal index (Metropolitan Life Insurance Co. tables).

1 S, sulfonylureas; B, biguanides.

§ Fasting plasma glucose.
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(dilution 1:500) were added to **I-insulin-containing plasma
samples, and the antigen-antibody complexes were then
precipitated with rabbit anti-guinea pig gamma globulins. The
precipitated complexes were collected by centrifugation at
3,000 g and counted in a well-type gamma counter (Nuclear
Chicago Corp., Des Plaines, 111.; efficiency 40%). Blank values
were obtained in duplicate for each sample by substituting
normal guinea pig serum for the anti-insulin antibody in the
incubation mixture; the radioactivity precipitated under these
conditions (2-3% on average) was considered to be non-
specific and was therefore subtracted from the specific
precipitated counts. Immunoprecipitability ranged from 90
to 95% of the injected dose and of the plasma samples
collected soon after injection.

Since in the late samples of the '#I-insulin curve the
immunoprecipitable fraction was usually about 100 times less
than in the early readings (Fig. 4), the nature of the non-
immunoprecipitable radioactivity was assessed by paper
electrophoresis in 10 normal subjects and 10 diabetics. It was
found that, both in normals and in diabetics, about 60% of the
radioactivity was free iodine and about 38% had a molecular
weight lower than insulin, presumably representing its
degradation products.

The existence of cross-reaction between »I-insulin and its
degradation products was also assessed. A and B chains,
obtained by sulfitolysis of tracer insulin and purified on
50X2 Dowezx, and A chain fragments, produced by enzymatic
hydrolysis of the A chain with a-chymotrypsin, were added to
normal serum and processed in the same run with samples
containing undegraded *5I-insulin. Coprecipitation was
found to be 0.09% and 0.47% for the A and B chain,
respectively, and null for A chain fragments.

Plasma concentration of endogenous insulin (IRI) was
measured with ¥-insulin as labeled antigen (prepared by
the same procedure described for ®’I-insulin) and dextran-
coated charcoal and centrifugation at 3,000 g for separating
bound from free insulin. The inter- and intra-assay coefficients
of variation were 14 and 7%, respectively (18), in the range of
the basal concentrations (3-20 pU/ml).

Plasma glucose concentration was measured by the
ferricyanide technique (AutoAnalyzer, Technicon Instru-
ments Corp., Tarrytown, N. Y.).

DATA ANALYSIS

The kinetic parameters were computed from the plasma
disappearance curve P(t) of immunoprecipitable '**I-insulin
with a minimum assumption model (Fig. 1), which has been
applied in the analysis of the kinetics of a great number of
blood-borne compounds (19, 20). The model consists of a
central compartment (accessible to sampling), usually
identified with the intravascular pool, and an undetermined
number of other compartments (curved arrow, Fig. 1), which

MCR

FIGURE 1 See text for explanation.
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represent the extravascular pool(s), reversibly exchanging
with the central compartment.
The kinetic variables computed are:?*

IDV (initial distribution

volume, liters/m2?) = D/P(0) D

-D / L P(t)dt @)

= [dP(t)/dt ],~o/P(0) (3

MCR (metabolic clearance
rate, ml/min - m?)

k (initial slope, %-1DV/
min)

ER (exit rate from IDV,
ml/min-m?) = k-IDV (4)
RR (reentry rate or re-
versible loss,
ml/min-m?) = ER - MCR (5)
t, (one-passage mean
residence time in

IDV, min) = Uk (6)

T, (mean total residence

time in IDV, min) = IDV/MCR ()

v (average number of
recycles through o
IDV) =Tyt -1 ()]

t (mean residence time J'“‘ tP(t)dt/Lw P(t)dt  (9)

inside and outside A
IDV, min)

TDV (total plasma-equiva-
lent distribution
volume, liters/m?)

= MCR-t (10)

IRI (basal plasma concen-
tration of immuno-
reactive insulin,
pU/ml)

IDR (basal posthepatic
insulin delivery
rate, mU/h-m?)

BIM (body mass of ex-
changeable insulin,
mU/m?)

= MCR-IRI (11)

= TDV-IRI (12)

The above equations are correct given the following
assumptions: (a) that the sytem is linear and time-invariant
for the duration of the experiment; (b) that the tracer is in-
jected at the same site as that where the tracee enters the
system; and (c) that all catabolism (or irreversible loss)
occurs in sites whose exchange rate with the central pool is
so high that they are practically indistinguishable from it.

Assumption (a) implies that the subject is in steady-state
conditions for the duration of the experiment (2 h in the
studies here reported). Peripheral plasma IRI concentrations
were stable, within the limits of the experimental error of the
measurements, in our shortly (overnight) fasted subjects. On
the other hand, when low specific activity tracer was used,
nonnegligible amounts of cold insulin were administered,

3D indicates the immunoprecipitable fraction of the ad-
ministered dose. The values of k, t,, and T, are not re-
ported in this paper, because they add little to the informa-
tion conveyed by other parameters.



which introduced a perturbation into the system, as shown
by the IRI values of the first 15 min after injection (Figs. 2
and 3). These increments in IRI level should not have
affected the disappearance of '**I-insulin from the plasma to
any significant extent if the insulin removal mechanisms were
not saturated within the range of IRI variations induced.
In this respect, we have reported (21) data showing that the
disappearance curves of **I-insulin under basal conditions
and during glucose infusion were virtually superimposable.
The same conclusion is drawn from the work of Sherwin
et al. (5), who have shown that the IRI curves obtained after
infusing double amounts of unlabeled hormone were
essentially the same, apart from a scale factor, within the
range of the physiological concentrations.

Assumption (b) is not fulfilled in the kind of experiment
described here, where the tracer is administered via a periph-
eral vein. In fact, endogenous insulin must pass through the
liver before being mixed in peripheral plasma. Since it is
known (22) that the liver retains considerable amounts of
insulin, the peripheral injection of the tracer is actually
capable of tracing only that fraction of the hormone which
survives the first transhepatic passage (23, 24). As a con-
sequence, the values of turnover rate reported in this study,
referred to as insulin delivery rate (IDR), represent the
basal posthepatic delivery rate of insulin.

Assumption (c) implies that all insulin molecules eventually
return to the central compartment before being degraded.
However, it can also be postulated that insulin is irreversibly
removed also by sites (organs and tissues) whose exchange
rate with plasma is slow in comparison with the turnover
rate of the hormone (5, 25). The consequences of assuming
peripheral catabolism are the following: (a) Eq. 2 will still
provide a correct estimate of the overall clearance rate, but
the relative amounts of the central and peripheral catabolism
remain undetermined. (b) The RR values derived from Eq. 5
will not be an estimate of the diffusion of insulin out of IDV,
as it would be if all catabolism were central, but will be
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FIGURE 2 Time-course of plasma glucose and IRI concen-
trations after injection of 140-150 uCi of low specific
activity *I-insulin (corresponding to about 0.47 U) in 9
normal subjects (@ @) and 10 diabetics (O - - - O). Means
and SEM are drawn. Only the values obtained during the
0 to 60-min interval are plotted, since those relative to the
60 to 120-min interval were not different from base-line
values. In no case did the plasma glucose level fall by over
20% of the respective pre-injection value.
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FIGURE 3 The mean values for plasma IRI concentrations
in the lower panel of Fig. 2 are here plotted in semi-
logarithmic scale, after subtraction of the respective basal
values, in normals (@ —— @) and diabetics (O --- O). It is
evident that these plasma cold insulin decay curves cannot
be determined beyond 15 min, after which time the experi-
mental points become erratic.

actually only a reentry rate, i.e., the difference between
diffusion and peripheral degradation. (c) Eq. 10 will measure
only the exchangeable pool of insulin, defined as the sum of
the insulin in IDV and the extravascular insulin that will
eventually return to IDV before degradation (8). Thus, TDV,
as derived from Eq. 10, does not include the insulin mole-
cules leaving but not returning to IDV, because these are
not exchangeable. As a result, if peripheral catabolism exists,
any change in the ratio of peripheral to central removal
will generate changes in the estimates of TDV simply
because more (or less) molecules will come back into IDV
and will therein be traceable for longer (or shorter) times.
In other words, the variations in TDV will be only ap-
parent and will not reflect any real modification of the
physical distribution space of insulin.

From the computational point of view, the values of the
integrals fﬁ P(t)dt and fa‘ tP(t)dt, which enter Eqs. 2 and
9, were analytically computed from a multi-exponential
function fitted to the experimental points by a computerized
peeling algorithm. Three exponential components were
usually detected. However, no correspondence between the
number of exponentials and the number of body insulin
distribution compartments was assumed. This data treatment
has been referred to as noncompartmental analysis (8). It is
obvious that the values of the parameters calculated as
indicated above are identical with the values generated using
any pluricompartmental, parallel model (5). Alternatively, the
integrals can be computed by using the trapezoidal integra-
tion of the experimental points and then adding the area of the
tail of the curve, derived by monoexponential extrapolation
of the last experimental points (usually from 50 min after
injection). In our experience, both methods yielded es-
sentially similar results. The numerical values presented in
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this paper are those computed by the trapezoidal rule. The
values of the zero-time intercepts and derivatives were cal-
culated by monoexponential interpolation of the experimental
points obtained within the first 5 min after injection.

The uncertainty of the computed kinetic parameters due to
the experimental error of the immunoprecipitation technique
was evaluated as follows. For each experimental point of
the plasma #I-insulin curve, the variance of the triplicate
immunoprecipitate determinations plus the variance of the
duplicate blank readings was computed. These variances were
then averaged by pooling all the experimental points at
each sampling time. Both in normals and in diabetics, the
coefficients of variation ranged from 1.8% to about 18% for
the samples taken at 2 and 120 min, respectively, and varied
linearly in between. This estimate of the variance was then
used in a Monte Carlo simulation: randomly generated
numbers, normally distributed with zero as the mean and the
variance computed as above, were added to the mean popula-
tion curves and the kinetic parameters were calculated. This
procedure was iterated 1,000 times, and the standard devia-
tions and coefficients of variation were computed for each
parameter (Table II). It can be seen that the uncertainty of
the variables requiring the extrapolation of the time X con-
centration function (f and TDV) was considerably higher
than that of the other parameters, and more so for the
diabetic population curve, which had a slower final slope.
Obviously, however, these coefficients of variation were in-
variably smaller than those found experimentally (Table III),
because the latter included the individual variability.

Comparison of the means was performed by Student’s ¢
test or, where variances were different (Fisher’s F) at the 5%
level of significance, by the Behrens test (26).

RESULTS

Fig. 4 shows the mean plasma disappearance curves of
the immunoprecipitable and the nonimmunoprecipi-
table radioactivity for both the normal and the diabetic
group studied.

In Table III, the mean values for the kinetic param-
eters of the normal and the diabetic subjects are re-
ported, together with the significance of the differences
between the means.*

The IDV was similar in normals and diabetics (51 and
49 ml/kg, respectively), and about 20% larger than
plasma volume as measured by radioiodinated albumin
[40-50 ml/kg (27)]. This difference is explained by the
fact that, in the case of insulin, before mixing in plasma is
complete (2—3 min), some extravascular diffusion and
some degradation occur, whereby the computed zero-
time concentration is lower. The ER and the MCR
did not differ in the two groups, but diabetics had
higher (25%) RRs and more recycles of insulin through
plasma (v). Also, the mean residence time () was longer
in diabetics, and consequently, their TDV was ex-
panded, by about 37% on average, over that of nor-
mals. The IRI and (IDR) did not differ, but the BIM
was about 1% times as great in diabetics as in non-
diabetics.

4 The individual values of these kinetic variables are de-
posited with the National Auxiliary Publications Service.
See footnote 2.
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TABLE 11
Uncertainty (Coefficients of Variation %) of the Computed
Parameters Due to the Experimental Error of the
Immunoprecipitation Technique

Normals Diabetics
IDV 2.0 19
ER 0.8 0.7
MCR 1.5 3.4
RR 3.1 5.2
v 4.1 8.6
14 10.8 28.2
TDV 9.8 23.2

Effect of oral hypoglycemic drugs on insulin kinetics.
Although acute i.v. injection of tolbutamide has been
shown to produce no alteration of radioinsulin
clearance (1), it is possible that chronic treatment with
hypoglycemic agents might do so. Therefore, eight dia-
betic patients controlled by diet only were also
studied. These patients (Table IV) had had diabetes
for a shorter time and had significantly (P < 0.01)
lower fasting glucose and RI values in comparison
with the 34 patients on maintenance oral therapy. The
kinetic results, however, were not significantly dif-
ferent in these two groups. Furthermore, the compari-
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FIGURE4 Plasma disappearance of immunoprecipitable *]I-
insulin and appearance of nonimmunoprecipitable radioac-
tivity (expressed as fraction of the injected dose and plotted
in semilogarithmic scale) in 35 normal subjects (@ —— @® and
B —— W) and 42 diabetic patients (O - O and O ---0).
Means and SEM are drawn. The immunoprecipitated counts
are higher in diabetics than in nondiabetics at most of the
sampling points from about 30 min after injection onward.



TABLE 111
Clinical and Kinetic Parameters of the Normal
and the Diabetic Subjects

Normals, Diabetics,
n =35 n =42
(mean+SEM) (mean+SEM)
Age, yr 36.4+1.9 46.3+2.2*
Ponderal index, % 97.3+1.8 99.1+1.8
Duration, yr 2.9+0.5
FPGY, mg/100 ml 89+3 154 +8*

RI 4.6x0.3

IDV, liters/m? 1.9+0.1 1.9+0.1
ER, ml/min -m? 614+20 655+23
MCR, ml/min -m? 420+14 404+18
RR, ml/min-m? 195+8 251+12*

v 0.47+0.02 0.67+0.04*
t, min 18.2+0.7 26.9+1.5*%
TDV, liters/m? 7.5+0.3 10.3+0.5*
IRI, uU/ml 7.0+0.6 7.6+0.7
IDR, mU/h -m? 172+14 173+15
BIM, mU/m? 514 757+

The reported levels of significance refer to the comparison
with the group of 35 normal subjects.

*P <0.01.

1 Fasting plasma glucose.

son of these two treated and untreated groups of dia-
betics with the control group showed the same differ-
ences in the kinetic variables as those found between
the group of all diabetics and normals (Table III),
although with the untreated patients, statistical signifi-
cance was attained only for £ and TDV, probably owing
to the small number of data. Thus, the long-term ad-
ministration of hypoglycemic agents did not signifi-
cantly affect ®I-insulin degradation in our patients, in
agreement with the results of animal studies (28).
This is not surprising, since some in vitro inhibition
of insulin-degrading enzymes has been shown only
with tolbutamide (29), but at concentrations much
higher than the plasma levels presumably achieved in
our patients 12-18 h after their last therapeutic dose
(30).

Effect of the age of onset of diabetes on insulin
kinetics. Tn the present series, 26 diabetics were
older and 16 younger than 40 yr of age when the
diagnosis was made. The clinical features and the
follow-up of these patients’ disease confirmed that in
the subgroup of later-onset subjects there were only
classical maturity-onset diabetics. The younger sub-
group, however, contained seven patients with
maturity-onset-type diabetes in youth and nine pa-
tients who, although free from ketosis at the moment of
the kinetic study, required insulin a few weeks after-
wards.

The direct comparison (Table V) of these two sub-
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groups showed that the younger patients had had the
disease for a shorter time (P < 0.05), were in worse
metabolic control (RI) (P < 0.05), and had lower fasting
plasma insulin levels (P <0.01) and delivery rates
(P < 0.05) than the older group. However, when each of
these two subgroups was compared with the control
group, the same differences were found in the kinetic
parameters as those existing between the group of all
diabetics and normals, with the exception of BIM,
which was not significantly larger in the earlier-onset
patients than in the controls.

Thus, the age of onset of diabetes was only clearly
reflected in those parameters (IDR and BIM) that
depend on insulin concentration, although IDV, ER,
RR, and MCR revealed a trend toward being higher
in the younger than in the maturity-onset diabetic
subjects.

In comparing the 26 later-onset patients (mean age
54.5 yr) with the control group (mean age 36.4 yr),
mismatching for age was a concern. The nondiabetic
subjects were therefore subdivided into two subgroups
according to their age. No differences, however, could
be found in any of the kinetic variables between the
24 subjects under 40 and the 11 over 40 yr of age,
or between each of these subgroups and any of the
groups of diabetics. In addition, in the normals, none
of the kinetic parameters was correlated with age.

Effect of age, weight, duration of diabetes, metabolic

TABLE IV
Clinical and Kinetic Parameters of the Diabetic Subjects,
Subdivided into Treated (Oral Hypoglycemic Drugs)
and Untreated (Diet) Patients

Treated, Untreated,
n=234 n=8
(mean+SEM) (mean+SEM)

Age, yr 46.8+2.6* 44.5+3.8
Ponderal index, % 98.2+2.1 103.0+2.7
Duration, yr 3.6+0.6 0.2+0.03
FPG§, mg/100 ml 161+9* 125+9*
RI 4.9+0.3 3.4+0.2
IDV, liters/m? 1.9+0.1 1.9+0.1
ER, ml/min-m? 650+25 677+59
MCR, ml/min -m? 394+21 446+28
RR, ml/min-m? 255+12* 232+34
v 0.71+0.05* 0.51+0.06
t, min 27.3+1.8* 25.2+2.61
TDV, liters/m? 10.1+0.5* 11.4+1.5¢
IRI, uU/ml 7.7+0.8 72+15
IDR, mU/h -m? 172+17 180+32
BIM, mU/m? 76+9* 69+10

The reported levels of significance refer to the comparison
with the group of 35 normal subjects.

*P <0.01.

{ P <0.05.

§ Fasting plasma glucose.
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TABLE V
Clinical and Kinetic Parameters of the Diabetic Subjects,
Subdivided According to the Age of Onset of Diabetes

Diabetics, Diabetics,

>40 yr,n =26 =40 yr,n = 16

(mean+SEM) (mean+SEM)
Age, yr 54.5+1.5* 29.9+2.3
Ponderal index, % 101.0+2.1 96.1+3.1
Duration, yr 3.7+0.7 1.4+0.6
FPGS§, mg/100 ml 145+8* 172+18*
RI 4.0+0.2 5.9+0.7
IDV, liters/m? 1.9+0.1 2.0+0.1
ER, ml/min -m? 625+24 714+46
MCR, ml/min -m? 385+19 443+36
RR, ml/min -m? 241+11* 270+27%
v 0.67+0.05* 0.66+0.09%
t, min 27.7+1.9* 25.5+2.61
TDV, litersim? 10.1+0.6* 10.8+1.0*
IRI, uU/ml 8.7+0.9 5.5+0.7
IDR, mU/h-m? 194+20 133+15
BIM, mU/m? 83+9* 60+11

The reported levels of significance refer to the comparison
with the group of 35 normal subjects.

*P < 0.01.

1P <0.05.

§ Fasting plasma glucose.

control, and plasma insulin level on insulin kinetics.
The age of diabetics bore a direct relationship with
IRI (r =0.34, P <0.05), and an inverse relationship
with ER (r = 0.34, P < 0.05) and with MCR (r = 0.35,
P <0.05). The patients’ relative weight (Ponderal
index) was directly related to IDR (r = 0.30, P < 0.05).
A longer duration of the disease was associated with
lower ER (r = 0.35, P <0.05) and MCR (r = 0.46, P
< 0.01) values, and with an increased number of
recycles of the hormone through plasma (r = 0.35, P
< 0.05). A worse regulation of the hyperglycemia, on
the other hand, was found in the patients with lower
IRI concentrations (r = 0.39, P < 0.05) but higher ER
(r =0.32, P < 0.05) and MCR (r = 0.37, P < 0.05) read-
ings.

Lower levels of circulating insulin were found to be
significantly associated with higher ER (r = 0.50, P
< 0.001), MCR (r = 0.39, P < 0.05), and RR (r = 0.38,
P < 0.05) of the hormone.

The overall picture which these relationships sug-
gest is that mature, longer-term, well-controlled
diabetics have more circulating insulin but slower flow
rates (ER, MCR, and RR) than their younger, recently
diagnosed counterparts with less satisfactory metabolic
balance. These findings are similar to those emerging
from the comparison of the two subgroups of diabetics
in Table V.

Interrelationship of the kinetic variables. MCR was
highly significantly (P < 0.001) related to RR in a direct
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fashion in the control subjects, but not in diabetics
(Fig. 5). In fact, the mean number of recycles of
insulin in its IDV (v = RR/MCR) was relatively constant
in the normal subjects (coefficient of variation 23%),
but was more scattered in diabetics (coefficient of varia-
tion 42%), suggesting that the two groups under study
were, with regard to this variable, separated.

A strong (P < 0.001) positive correlation was found to
exist between RR and TDV, both in normals and in
diabetics (Fig. 6).

DISCUSSION

The validity of iodoinsulin as a tracer for native insulin
has been repeatedly questioned (31, 32). Lower values
for MCR have been reported by those investigators
(1, 33, 34) who used tracer radioinsulin in comparison
with the findings of those (1, 5, 35) who employed
cold insulin (Table VI). On the contrary, in the present
study, we report that the MCR of *5I-insulin in 35
healthy subjects was found to be 727 ml/min-1.73 m2,
a figure that compares well with the 780 ml/min-1.73
m? reported by Sherwin et al. (5), and the 860 ml/min

700,
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FIGURE 5 Plot of the metabolic clearance rate (MCR) of
insulin vs. its rate of reentry into the initial distribution
volume (RR) in normals (solid circles) and in diabetics (open
circles). The correlation is significant (P < 0.001) only for
normals (y = 246 + 0.90x, r = 0.54).
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FIGURE 6 Correlation between the total distribution volume
(TDV) of insulin and its rate of reentry into the initial distribu-
tion volume (RR), in normals (@ ®) and in diabetics
(O - -+ O). The respective equations of the regression lines are:
y =248 + 0.03x, r = 0.69; and y = 2.42 + 0.03x, r = 0.73.

obtained by Genuth (1), with unlabeled hormone. The
inconsistency between our results with tracer insulin
and those previously published could be explained by
differences in the quality of the radioinsulin employed.
Indeed, in our preparations, the iodination degree was
kept as low as 0.05 iodine atoms per molecule on
average, and the labeling mixture was always purified
to take out overiodinated species. It is established, in
fact, that the rate and extent of degradation of iodoinsu-
lins are inversely related to the iodination degree (36,

37). Lightly iodinated insulin, on the other hand, re-
tains full immunological reactivity (32, 38), biological
activity (32, 14), and binding to membrane receptors
(13) and is efficiently degraded by fat (39) and liver
(37, 40) cells.

Direct evidence bearing on this point is provided
by the experiments reported in Table VII: When two
subjects were first given lightly iodinated radioinsulin
and then a mixture containing over 30% DIT, MCR
fell by roughly 30%. In addition, if one compares the
plasma disappearance of cold insulin, recorded in 10
study subjects who received low specific activity tracer
(Fig. 3), with the decay of ®I-insulin (Fig. 4), it can
be seen that both decline with a half-time of about
3 min; furthermore, the MCR computed by monoex-
ponential interpolation of the experimental points of
the first 15 min is 460 ml/min-m? for cold insulin,
and 440 for radioactive insulin. Thus, at least during
this initial period, the labeled and the unlabeled mole-
cules were being handled indistinguishably by the
same subject.

Although there are sufficient grounds to conclude
that [125] Jmonoiodoinsulin and exogenous unlabeled in-
sulin have substantially the same behavior, the validity
of applying the results of the present kinetic analysis
to the endogenous, biologically active hormone could
still be questioned. In particular, it could be supposed
that the long “tails” of the plasma decay curves, emerging
about 30 min after injection when the radioactivity is
less than 3% of its initial value, are due to a labeled,
partially degraded derivative of the tracer, which,
though still immunoreactive, is cleared from plasma at
a slower rate than insulin itself. In this case, the larger
tail areas of diabetics, which generated prolonged resi-
dence times in the computation, could simply reflect
the accumulation of this derivative, consequent to its

TABLE VI
Values for the Metabolic Clearance of Insulin in the Normal Subject (Reported from Various Authors)
No. of

Author and year subjects Insulin Dose Method MCR TDV

mlimin liters/
U 1.73 m? 1.73 m*

Stern et al., 1968 (52) 10 131 Insulin (bovine) 0.34 Single injection 180* —
Silvers et al., 1969 (33) 6 B1].Insulin (bovine) 0.34 Single injection 136* 9.9

Franckson et al., 1971 (34) 8 125-Insulin (porcine) 5 80-min infusion 546* —

Genuth, 1972 (1) 8 31 Insulin (bovine) 0.6 180-min infusion 227 —

8 Pork insulin ? 180-min infusion 861 —

Sonksen et al., 1973 (35) 10 Human insulin 09 30-min infusion 2,380* 5.8
Sherwin et al., 1974 (5) 16 Pork insulin 1.8 Single injection 780 10.9

6.3 or 80-min infusion ’

12.6
Navalesi et al., 1975 (21) 10 125 _.Insulin (porcine) 0.2 Single injection 747 12.2

* Value normalized for 70 kg of body weight, because data for body surface were not available.
1 This value refers to basal insulin concentrations. The same authors give a value of 684 ml/min-1.73 m? at plasma insulin

levels of 89 pU/ml.
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TABLE VII
Effect of Heavy lodination on the Metabolic
Disposition of Insulin

Case number

503 503 bis 516 516 bis
IDV, liters/m? 2.3 2.0 2.2 2.3
ER, mlimin -m? 763 695 661 697
MCR, ml/min-m? 551 431 514 314
RR, ml/min -m? 212 264 148 383
v 0.38 0.61 0.29 1.22
t, min 16.8 30.2 12.8 66.7
TDV, litersim? 9.3 13.0 6.6 20.9

The cases identified as “bis” are the studies where heavily
iodinated insulin was injected.

slower clearance in these patients in comparison with
the normal subject. Such a derivative, however, should
not be the free A or B chain, since neither is im-
munoreactive (and labeled A or B chains did not
appreciably coprecipitate in our immune assay system).
In addition, it can be presumed that the putative
derivative would be produced not only from iodinated
insulin but also from cold insulin, because the '#I-
insulin curves of our normal subjects and those com-
puted by Sherwin and co-workers (5) for exogenous
unlabeled insulin with a 2-h, single-injection experi-
ment have comparable residence times (18.2+4.1 SD
min vs 14.0x3.1). The conclusion would then be that
diabetics have raised plasma concentrations of some
immunoreactive endogenous material which is other
than monomeric insulin but is somehow derived from
it. This hypothesis raises once again the controversies
on the state of the hormone in blood (41) and the
existence of “abnormal” insulins in diabetes (42),
which years of experimentation have failed to settle
(43). We shall therefore keep this hypothesis as a
general reservation, applicable to the whole body of
knowledge created by means of the immune assay, and
shall base the discussion of our results on the as-
sumption that we were measuring only monoiodoinsu-
lin throughout the disappearance curve.

Our diabetics had MCR values similar to those of
normals, regardless of their fasting plasma glucose level
or the quality of their metabolic regulation. This sug-
gests, on the one hand, that the degradation rate is not
a major means for controlling the effect of insulin on
glucose utilization. On the other hand, the converse is
also true: changing glucose levels are without effect
on insulin removal.

Both these conclusions are in keeping with the
findings of Reaven and his co-workers (44), who meas-

ured similar equilibrium concentrations after infusing .

the same amount of insulin in normal subjects and
in patients with variable degrees of glucose intolerance
and insulin resistance. From our studies, there is not
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more than an indication that longer-term diabetics have
slightly reduced MCR (as well as ER and RR) as a
result of either aging or the duration of diabetes (or
both), whereas earlier-onset patients may have some-
what higher insulin flow parameters than normal.
Incidentally, differences in age could account, at least
in part, for the discordant results reported for insulin
MCR in diabetics.

RR reflects the extravascular diffusion on insulin
on the condition that IDV represents the intra-
vascular space and that all catabolism is central
(see Data Analysis). RR will then be related to plasma
volume, to the permeability of the capillary mem-
branes, and to the pressure gradients across them. Ac-
cording to this line of reasoning, the correlation be-
tween RR and MCR (Fig. 5) can be interpreted as
evidence that the rate of insulin degradation is also
dependent on the amount of it that is made available
to the degradative sites through diffusion. This relation-
ship was lost in diabetics, who, on average, had signifi-
cantly higher RR than normal. This could be explained
by an increased capillary permeability in our diabetics.
With regard to this possibility, there is evidence to
show that diabetes is associated with increased
permeability and increased hydrostatic pressure in the
microcirculation, resulting in an abnormal extravasa-
tion of plasma proteins (45). Increased transcapillary
escape rates of albumin and globulins have been found
both in long-term diabetics (45) and, more recently, in
short-term juvenile diabetics in poor metabolic control
(46), and have been connected with diabetic micro-
angiopathy. In particular, in our group of younger, less
well-controlled diabetics (Table V), RR was raised even
more than in older diabetics, suggesting that hyper-
glycemia itself or hypoinsulinemia (or both) may play a
role (47).

It should also be noted that, if peripheral catabolism
is assumed to exist, the rise in RR could also be
accounted for by the concomitant reduction in MCR (as
was the case for our later-onset patients [Table V]),
which would thus contribute to increase the rate of
return of insulin to plasma through lymph (48).

The TDV of insulin was found to be about 20% of
the body weight of our normal subjects. This value
agrees well with the about 16% of body weight, ob-
tained by Sherwin et al. (5) in 16 healthy volunteers,
with the use of unlabeled insulin and a model reducible
to ours (see Data Analysis). This volume has been
identified with inulin space, a measure of the extracel-
lular space. Although this identification seems pos-
sible, it should be observed that: (a) the reported
estimates of inulin space vary from 16 to 24% of body
weight, according to the experimental technique and
data analysis employed (27); (b) the TDV of insulin
is plasma-equivalent, and therefore, it reflects not only
the physical distribution space but also possible con-
centration gradients between the intra- and the extra-



vascular pool; and (c¢) the estimates of TDV, obtained
with our model, are the minimal possible; in fact, if
some degradation is assumed to occur in slowly ex-
changing degradative sites, the distribution volume of
the molecules leaving but not returning to plasma
should be added.

According to these considerations, the expanded
TDV of the diabetic patients, which has been found
also by Frost et al. (3), admits several explanations:
(a) The physical distribution space, i.e., the extracel-
lular fluid, is enlarged; (b) the increase in the ex-
changeable TDV is only apparent, resulting from re-
duced degradation rate at sites which slowly equili-
brate with plasma; and (c¢) the ratio of the mean
extravascular to the intravascular concentration of insu-
lin is increased. With reference to the first explana-
tion, there is some evidence (49) that blood volume
and, possibly, the extracellular fluid are elevated in
uncontrolled but nondehydrated diabetics, as an
osmotic effect of hyperglycemia. This effect alone,
however, is not enough to account for the over 5
liters of excess TDV of our patients (50). In addition,
their plasma glucose levels were only moderately
raised, and ketone bodies were absent.

Considering the second explanation, it has been
shown that insulin is cleared also in slowly equili-
brating tissues, such as skin, muscle, and fat (5, 25),
and that its clearance by the forearm is reduced in
diabetics (25). However, as we measured essentially
normal overall clearance rates in diabetics, no
inference concerning the relative entities of peripheral
vs. central degradation rates can be made.

Lastly, with regard to the third hypothesis, since the
extravascular concentration of a protein is also de-
pendent on its rate of egress from plasma (51), a raised
TDV could simply mean that more insulin is accumu-
lated in the extravascular space of diabetics as a result
of increased RR. This would explain the observed
correlation between RR and TDV (Fig. 6).

It must be said that all these interpretations are
compatible with the kinetic results presented here, but
their likelihood, magnitude, and pathophysiological re-
levance should be examined by other experimental
approaches.

Maturity-onset patients delivered about 8 U of
insulin per day into the systemic circulation under
basal conditions, in accordance with previous estimates
(1, 5, 52, 53). This delivery was slightly higher than
normal and, in the presence of raised plasma sugar,
means that insulin-independent diabetics have tissue
resistance to the action of insulin already in the post-
absorptive state and produce less insulin in response
to the hyperglycemic stimulus than normals would do.
The IDR figure for the younger patients (5.5 U/day),
on the other hand, shows that they were suffering from
some insulin lack.

In conclusion, although insulin degradation is es-
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sentially unchanged in nonketotic diabetes mellitus
with respect to normal, a combination of relative insu-
lin deficiency, insulin resistance, and a subtle derange-
ment in insulin distribution can be demonstrated in
many diabetic patients. The causative mechanism(s) of
the latter abnormality are ill defined at present. One
possible consequence of this maldistribution is that the
ratio of insulin concentration at the sites of action to
that in plasma is higher than normal. In this case, it
would seem logical to link such “extravascular hyper-
insulinism” with the receptor impairment of diabetes
mellitus.
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