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PART IX 

RECEPTOR-RECYCLING MODEL OF CLEARANCE AND DISTRIBUTION OF 

INSULIN IN THE PERFUSED MOUSE LIVER 
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SUMMARY 

After perfusion of mouse livers with A14- 125r-insulin for designated 

intervals, an acid-wash technique was employed to separately measure 

the surface-bound (Xs) and intracellular (Xi) A14- 125r-insulin, as 

well as intracellular degradation products (Xdegl of labeled insulin. 

From the perfusate concentrations (Cp) of A14- 125r-insulin, the 

apparent intrinsic hepatic clearance of labeled insulin at a high dose 

(0.2 nmol / 1) was shown to be 60% smaller than that at a low dose 

( 0. 018 nmol/1), indicating that the cellular uptake of insulin is 

remarkably nonlinear at the concentration range examined. From the 

time courses of CP' Xs, Xi and Xdeg' the hepatic insulin disposition 

was shown to be largely accounted for by the receptor-mediated 

endocytosis. The observed data at the low dose were analyzed to 

estimate biochemical parameters, (i.e., total receptor number, 

endocytotic rate constant and intracellular degradation rate constant) 

according to "receptor-recycling" and "non-receptor-recycling" models, 

using a computer-aided optimization procedure . The "receptor-

recycling" model could not only adequately explain the CP' Xs, Xi and 

Xdeg at the low dose, but also predict the Cp at the high dose . On 

the other hand, a "non-receptor-recycling" model, in which recycling 

of receptors was not assumed, could also explain the observed data at 

the low dose, but failed to predict the cp at the high dose , 

indicating that the receptor recycling process is necessary to explain 

the hepatic insulin clearance at high insulin concentrations, at which 

hepatic insulin clearance should be limited by the rate of receptor 

recycling. However, the applicability of our model might be limited 

within the physiologic insulin concentrations, because of the negative 

cooperati vi ty of insulin-receptor interaction and a high-capacity, 
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nondegradative and more rapidly recycling pathway for receptors that 

may occurs at high concentrations of insulin. In conclusion, we 

developed a mathematical model of hepatic insulin clearance and 

distribution under physiological conditions, including receptor 

binding, receptor-mediated endocytosis and receptor recycling, which 

have been so far demonstrated using isolated hepatocytes. 
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INTRODUCTION 

There is a growing body of evidence that various polypeptides are 

taken up by their target cells via receptor-mediated endocytosis 

[1,2]. In particular, the uptake of insulin by isolated hepatocytes 

involves binding to receptors, endocytosis of insulin-receptor 

complex, dissociation of the ligand from the receptor in an acidified 

endosomal compartment, and transport of the ligand to the lysosomes in 

which the ligand is degraded [3]. On the other hand, the internalized 

insulin receptors are largely recycled back to the surface of 

hepatocytes and reutilized [3,4]. 

The liver plays a major role in regulating the peripheral insulin 

concentration due to extraction of insulin from the portal blood 

before entrance into the systemic circulation. Therefore, there have 

been a number of reports to measure hepatic extraction of insulin in 

in vivo and in isolated perfused livers, which demonstrate a nonlinear 

hepatic clearance at physiological insulin concentrations [5-7]. 

Moreover, it has been proposed that receptor-mediated endocytosis and 

its subsequent events such as receptor recycling are the major 

mechanisms by which receptor down-regulation is mediated [8-10]. 

However, there have been no explicit approaches to predict the changes 

in hepatic clearance and distribution of insulin , as well as the 

changes in surface receptor number in a physiological situation, 

possibly due to the lack of an adequate kinetic model . 

Therefore, in the present'study, we performed mouse liver perfusion 

experiments to examine hepatic clearance and distribution of A14- 125I

insulin, combined with an acid-wash technique [11,12] to separately 

measure the surface-bound and internalized amounts of A14 - 125I

insulin, and intracellular degradation products of A14- 125I-insulin in 
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the liver. In order to analyze the observed data, we developed an 

organ model of hepatic insulin disposition, including receptor 

binding, receptor-mediated endocytosis and receptor recycling, namely 

the "receptor-recycling" model. Using this model, we attempted to 

predict the nonlinear hepatic elimination of insulin and the down

regulation of surface insulin receptors in the liver. The importance 

of receptor recycling on the hepatic insulin clearance was also 

discussed. 
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MATERIALS AND METHODS 

Materials . 125 (Al4
_1251 _ 

Human insulin !-labeled at tyrosine-A14 

insulin), with a specific activity of 2000 Ci·mmol-1 , was purchased 

from Amersham International Ltd. (Buckinghamshire, UK). Crystalline 

porcine insulin and bovine serum albumin (BSA; Fraction V) were 

obtained from Sigma Chemical Co. (St . Louis, MO, USA) , and 

trichloroacetic acid (TCA) from Wake Pure Chemical Industries, Ltd. 

(Osaka, Japan). Bovine erythrocytes were kindly supplied from the 

All other Meat Inspection Center of Kanazawa City (Ishikawa, Japan). 

reagents were commercially available and of analytical grade. The 

labeled insulin was dissolved in phosphate buffered saline (PBS) 

containing 0. 1% BSA and stored at -20 • C until study. The labeled 

insulin used was at least 98% pure as assayed by both TCA-

precipitability and HPLC analysis. 

Animals. Adult male ddY mice were obtained from Sankyo Laboratory 

eo., Ltd. (Toyama, Japan) and allowed free access to standard rodent 

chow and water. Mice were fasted overnight before use. 

In Situ Liver Perfusion. Mice were anesthetized with 

intraperitoneal pentobarbital (50mg·kg- 1 ), and livers were operated 

according to the method of Mortimore [13]. The livers were cyclically 

The perfused in situ at 37"C in a temperature-controlled cabinet. 

perfusate consisted of 10% washed bovine erythrocytes, 3% BSA, 

3.69 mmol/1 glucose in Krebs-Ringer bicarbonate (KRB) buffer (pH 7.4). 

and 

Perfusate was continuously ~xygenated with 95% 0 2 /5% C02 by passage 

through silastic tubing in an oxygenation chamber. The inlet 

temperature was kept at 37"C. After operation, livers were perfused 

with erythrocyte-free KRB buffer in a single-pass system for 5 min, 

and perfused with 12.0 ml erythrocyte-containing KRB buffer in a 

- 257 -

closed-circuit system for 10-min. Then, a tracer amount of A14- 125r

insulin (0.44pCi or 0.018 nmol / 1 in a final concentration), with and 

without 2 nmol / 1 of unlabeled insulin, was added in the reservoir 

which was constantly stirred . Subsequently, portions (100 pl) of the 

perfusate were sampled at designated times , and centrifuged for 1 min 

in a microcentrifuge to remove erythrocytes. A14 -
125r-insulin in 

perfusate samples (without erythrocytes) was assa ye d by either TCA-

precipitation or HPLC analysis as described later. Unless otherwise 

mentioned, the perfusion flow rate (including erythrocytes) was set at 

1.85 ml·min- 1 and the perfusion pressure at 15-18 mmHg, using a 

peristaltic pump (model MP, Tokyo Rikakikai Co, Tokyo, Japan). During 

the 30-min perfusion, the concentrations of glutamic oxaloacetatic 

transaminase (GOT) and glutamic pyruvic transaminase (GPT) were 

determined with a commercial test kit (STA-Test Wake, Wake) to assess 

the viability of the perfused livers. 

Acid-Wash Technique in the Perfused Liver. At designated times 

after the addition of A14- 125I-insulin into the reservoir , the acid-

wash technique was performed as previously described [12]. After 

twenty fractions of acid-washout solution (designated as acid samples) 

containing acid-extractable radioactivity were sequentially collected, 

livers were quickly removed and a 1-g portion of each liver was 

homogenized in 4 ml of ice-cold 1 mol / 1 acetic acid containing 6 mol / 1 

urea . The remaining portioQ of the liver was weighed and counted for 

the total radioactivity in a ¥-counter (model ARC-300, Aloka Co . , 

Ltd., Tokyo, Japan). The tissue homogenates containing acid-resistant 

radioactivity were then centrifuged at 3000 rpm for 15 min in a 

centrifuge (model RL-500SP, Tomy Seiko Co., Ltd., Tokyo, Japan) at 
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4•c, and the obtained supernatants (designated as tissue samples) were 

transferred to separate tubes for the assay of A14- 125r-insulin. The 

percentage of radioactivity recovered in the tissue samples was more 

than 90%. 

Analytical Methods. For the TCA-precipi tation method, perfusate 

samples (80 pl), acid samples (2.5 ml per fraction) or tissue samples 

(4 ml) were mixed well with 5% TCA solution in a final concentration, 

kept standing at 4•c for 30 min, and centrifuged at 3000 g for 15 min. 

For acid samples, 50 pl of perfusate (containing 3% BSA) was added to 

the mixture as a precipitation carrier. The supernatants were 

transferred into separate tubes by aspiration. The radioactivity in 

the precipitates and supernatants was measured in a "'t -counter. 

For the HPLC analysis, each sample was deproteinized by mixing 

vigorously with an equal volume of ethanol, and centrifuged at 10000 g 

for 5 min in a microcentrifuge (MR-15A, Tomy Seiko Co.) at 4•c. The 

ethanol-treated supernatants were filtered through 0.45-pm millipore 

filters (type HV; Nihon Millipore Kogyo, Yonezawa, Japan) with the 

recovery of more than 80%. The resultant filtrates ( 100 pl) were 

loaded onto a reversed-phase HPLC column, p-Bondapak c 18 ( 30 em x 3. 9 

mm i.d., Waters Associates, Inc., Milford, MA, USA). The eluents 

were collected automatically and the radioactivity in each fraction 

(1.0 ml) was measured in a ~-counter. The solvent delivery system, 

equipments, mobile phase, and elution condition are the same as 

described previously [12]. 

"Receptor-Recycling" Model. Considering a liver perfusion in a 

recirculation system, we developed an organ model of hepatic insulin 

clearance and distribution, in which insulin receptors are transferred 

between cell surface and intracellular (vesicular) space. The 
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structure of the model is shown in Fig. 1. The differential equations 

describing the system are given as follows: 

dRS 

dt 

dXb 

dt 

(Eq.l) 

(Eq.2) 

(Eq.3) 

(Eq.4) 

(Eq.S) 

(Eq.6) 

(Eq.7) 

where fp denotes the fraction of insulin unbound to albumin in the 

perfusate. During the intracellular degradation products are not yet 

released substantially (i.e., kdeg Xi<<krel xdegl, Eq.7 can be 

approximated to: 

(Eq.8) 

Data Analysis. The values of Xs, Xi and Xdeg were expressed as 

intact A14-125r-insulin (pmol per g liver), and Cp also as intact A14-

1251 . 1' ( -1nsu 1n pmol per ml perfusate). The hepatic clearance (C~) of 

A14-125r-insulin was calculated as follows: 

(Eq.9) 
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where ke is the exponential slope of the disappearance of A14-125I

insulin in the perfusate, and LW is the liver weight in grams. Based 

on the clearance theo:ry [14], the Cl1-! is a function of Qp and the 

apparent intrinsic activity of hepatic elimination, CLint,app [14]. 

The CLins,app is given by: 
Qp. Cl1-! 

CLint, app = ----=----
(Qp - Cl1-!)fp 

Determination of Kinetic Parameters. 

(Eq.lO) 

Since our preliminary 

simulation indicated that kend' kdeg and ~ are important parameters 

that determine the time courses of CP' Xs, Xi and Xdeg at a tracer 

dose, these three parameters were optimized by a procedure as 

described later. 

koff' ksp and kretl were measured experimentally, cited or calculated 

from published references (Table 2) . For optimization of kinetic 

parameters, · a nonlinear least-squares regression analysis, NONLIN74 

[16], was used throughout this study on a digital computer (FACOM

M360AP) at the Information Processing Center, Kanazawa University. In 

particular, ksp and kret were calculated from published data using the 

methods described as follows: 

Calculation of ksp· The apparent endocytotic rate constant 

( kend, app) can be expressed as: 

kend,app = v·kend + (1 - v)·ksp (Eq.ll) 

where v is the fraction of surface receptors occupied by insulin and 

given by: 

v (Eq.l2) 
Kd + ce 

The values of ksp and kend were obtained by a nonlinear least-squares 

regression analysis according to Eq.ll, based on the concentration-
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dependent kend , app values observed in isolated rat hepatocytes [11]. 

Calculation of kret· Using v, Eq.l can be written as follows [17]: 

dRS 

dt 
(Eq.13) 

Since most of the mobile receptors are considered to be located at the 

surface of hepatocytes in fasted rats ( i .e., v ~ 0), RT can be 

expressed as follows, under the steady-state basal condition (i.e. , 

dRs/dt = 0 in Eq.l3): 

R~,o (Eq.l4) 

where R~,O represents the Rs under the steady-state basal condition in 

fasted rats. On the other hand, when nonfasted rats r eceived an 

intraportal injection of a large excess of unlabeled insulin (i.e., v 

= 1), Eq. 13 can be transformed to: 

dRS 

dt 
(Eq.l5) 

Integration of Eq.15 from time 0 tot and rearrangement gives: 

Rs,O - Rs,eq 
ln (Eq.l6) 

Rs - Rs,eq 

where Rs,O and Rs,eq are the surface receptor numbers at the initial 

and equilibrium states, respectively, in nonfasted rats injected with 

intraportal dose of unlabeled insulin; and Rs,eq is expressed as: 

kret 
----- ~ 

kend + kret 
(Eq.l7) 

Substitution for~ in Eq.l7 according to Eq.14 gives: 

(Eq.lB) 
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Solving Eq.l6 for Rs/ Rs,O and rearrangement using Eq.l8 yields: 

Rs 

where a is expressed as: 

a 
kret + ksp 

kret + kend 

R~,o 

(Eq . l9) 

(Eq.20) 

According to the report by L6pez and Desbuquiois [10], the R~,o/Rs,O 

value is 1.1, indicating that the Rs in fasted rats is slightly (10%) 

higher than that in fed rats. Therefore, one can estimate the kret 

and kend values by fitting the reported Rs/Rs,O vs time curve (i.e., 

in vivo down-regulation) to Eq .19, using a nonlinear least-squares 

regression analysis. 

In order to optimize the ~, kend and kdeg• the observed data on Cp 

(0-30 min), Xs, Xi (0-20 min) and Xdeg (0-5 min) at the tracer dose 

(0.018 nmol/1) were fitted to the simultaneous differential equations 

(Eqs.l-6 and 8) by a nonlinear least-squares regression analysis. 

Moreover, in order to examine the effect of receptor recycling on 

hepatic insulin clearance, the observed data were also fitted to the 

simultaneous differential equations of a "non-receptor-recycling" 

model, in which kret is set at zero. 

Since the initial value of kend• kdeg and ~ are required for the 

above-mentioned optimization procedure, the following methods were 

employed for the estimation of respective initial values. 

Initial estimation of kend· Summation of both hand sides of Eqs . 6 

and 8 gives: 

(Eq . 21) 

Therefore, the integration of Eq.21 from time 0 to t gives: 
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(Eq .22 ) 

where J~xbdt was calculated numerically by a trapezoidal rule . Then, a 

plot of (Xi + Xdegl vs. J~xbdt should give a straight line passing 

through the origin, and the slope of the plot should yield an initial 

estimate of kend· 

Initial estimation of kdeg· The integration of Eq.8 from time 0 to 

t gives: 

(Eq.23 ) 

where J~xidt was calculated numerically by a trapezoidal rule. Then, a 

plot of Xdeg vs. Jd<idt should give a straight line passing through the 

origin, and the slope of the plot should yield an initial estimate of 

Initial estimation of RT. When a ligand is taken up via receptor

mediated endocytosis, the CLint, app of the ligand is expressed as 

follows, under a linear condition (i.e., at a tracer dose) [18] : 

CLint,app = 
kon·Rs·kend 

kend + koff 
(Eq.24) 

Eq.24 gives an initial estimate of Rs, by substituting the reported 

values of k 0 n and koff (Table 2), the graphical estimate of kend 

calculated by Eq.22, and the CLint,app calculated by Eq.lO. The 

initial estimate of Rs was considered as that of ~, because most of 

the mobile receptors should be located at the cell surface when a 

tracer dose of insulin was added in the perfused liver. 

Prediction of the time course of cp at a high dose ( 2 nmol / 1). 

Using the values of ~, kend and kdeg estimated above at the low dose, 
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both the "receptor-recycling" and "non-receptor-recycling" models were 

employed to predict the disappearance of A14- 125I-insulin from the 

perfusate at a high dose (2 nmol/1) to test the feasibility of these 

models. Two nanomolar was chosen as a high concentration of insulin, 

since portal insulin concentrations in the postabsorptive state were 

reported to be 0.4-1.1 nmol / 1 [5]. 
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RESULTS 

In Situ Liver Perfusion. Livers were perfused via the portal vein 

at a constant physiological pressure with a perfusate containing 10% 

erythrocytes as an oxygen carrier, and there was no appearance of 

edema during the experiment. The characteristics of the perfus ed mouse 

livers are summarized in Table 1. The perfusion flow rate and 

perfusion pressure were constant during the experiments. The 

releasing rates of GOT and GPT are close to that of GOP reported in 

normal rat livers [19]. Taken together, the viability of the livers 

was judged to be normal and constant. 

Figures 2A-2E show typical HPLC profiles of 125r-radioactivity 

collected from the reservoir perfusate at 0, 10, 15, 20, and 30 min. 

The total radioactivity eluted from the column was almost 100% of the 

radioactivity loaded onto the column. A small peak eluting at 3-4 min 

probably represents a mixture of 125r- and monoiodotyrosine, because a 

standard 3-I-L-tyrosine eluted as early as 3.9 min and very close to 

the salt peak (3.1 min) under the present analytical condition. The 

retention time of intact A14- 125r-insulin was 20 min, and it was 

clearly seen that A14- 125r-insulin was extensively metabolized by the 

mouse liver during the perfusion. The identity of a small peak 

eluting at 16 min (seen in the profiles of the perfusates samples at 

10-20 min) is not clear from the present study, but it possibly 

represents intermediate degradation products of labeled insulin , 

because previous HPLC studies have demonstrated TCA-precipi table, 

insulin-sized intermediate products derived from enzymatic 

interactions of insulin with hepatocytes [20]. 

The relationship of the intactness of A14- 125r-insulin in perfusate 

samples between the TCA-precipi tation and HPLC-separation methods 
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(Fig. 3) indicates that the TeA-precipitation overestimates the 

intactness of A14-125I-insulin, as shown in a previous in vivo study 

[21], and further underestimates the hepatic insulin clearance. 

Moreover, correlation of intactness of A14- 125r-insulin in the acid 

samples and tissue samples between the two methods was almost 

superimposed with the curve shown in Fig. 3 (not shown) . Although 

HPLC analysis has a greater resolving power to differentiate between 

the intact peptide and its metabolites compared with other methods, it 

is very laborious to analyze many samples by HPLC. Therefore, we 

routinely employed the TeA-precipitation method, and the measured TCA-

precipitability (%) was converted to the percentage of intact A14-

125r-insulin on HPLC, using the correlation between these two methods. 

Figure 4 shows the disappearance of A14- 125 r-insulin from the 

perfusate and the appearance of its degradation products in the 

perfusate, after the addition of a tracer amount of A14- 125r-insulin 

in the reservoir. 

Acid-Wash Technique in the Perfused Liver. When a liver was washed 

with ice-cold saline for 5 min and then with ice-cold acidic buffer 

for 20 min, two sharp peaks of 125r-radioactivity representing the 

acid-extractable and acid-resistant A14- 125r-insulin were sequentially 

eluted from the liver through the outflow cannula (Fig. 5). We 

analyzed some acid-extractable samples by HPLC and confirmed that more 

than 90% of the radioact:i,vity represents intact A14- 125r-insulin 

(result not shown). 

Hepatic Clearance and Distribution of A14- 125r-insulin. The time 

courses of Cp at low and high doses are shown in Fig. 6A. According 

to a linear regression analysis, the ke values were determined to be 
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0.0739 ~ 0.0017 and 0.0436 ~ 0.0015 min - 1 (mean ~ SD ) with the 

correlation coefficients (r) of -0 . 998 (p < 0.001) and -0.995 (p < 

0. 001) at low and high doses, respectively. These ke values are 

significantly different from each other, as assessed by Student's t

test (p < 0.001). In a separate in vitro experiment, protein binding 

of A14-
125

r-insulin in the perfusate (KRB buffer containing 3% BSA) 

was examined using the polyethylene glycol precipitatio n method [22] , 

and fp was determined to be 1.0. Thus, the C~ and CLint,app of A14-

125
r-insulin at these doses were calculated by Eqs. 9 and 10, 

respectively, and are listed in Table 1. The CLint,app at the high 

dose was shown to be 60% smaller than that at the low dose, indicating 

that the cellular uptake of insulin is remarkably nonlinear at the 

concentration range examined. 

Moreover, the time courses of acid-extractable and acid-resistant 

A14-
125

r-insulin, as well as that of acid-resistant degradation 

products of A14- 125r-insulin at the tracer dose are shown in Fig. 6B. 

Kinetic Analys is. The ksp and kret values were dete rmined to be 

0.022 and 0.11 min-1 by Eq.ll and Eq.l9, respectively (Table 2). 

Using Eqs.21 and 23, the initial estimates of kend and kdeg were given 

as 0.655 ~ 0.046 and 0.693 ~ 0.024 min-1 (mean~ SD) with the r values 

of 0.998 (p < 0.05) and 0.999 (p < 0.05), respectively. Using Eq.24, 

the initial estimate of RT was given as 11.1 pmol per liver. The RT · 
kend and kdeg were then optimized by fitting the observed d a ta at the 

low dose (Fig. 6) to Eqs.l-6 and 8 using a nonlinear least-squares 

regression analysis, and are listed in Table 2. 

The "receptor-recycling" model (Fig. l) could adequately explain the 

hepatic clearance (Fig. 6A) and distribution (Fig. 6B) of A14_125r-
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insulin at the low dose. The "non-receptor-recycling" model, in which 

no recycling of receptors (kret = 0) was assumed, could also simulate 

the observed data at the tracer dose, using another set of optimized 

parameters (i.e., kend; 0.600 + 0.036 min-1 , kdeg; 0.866 + 0.058 min-

1, ~; 9.93 ~ 0.57 pmol per g liver, mean + SD). On the other hand, 

a good prediction of the hepatic insulin clearance at the high dose 

was accomplished by the receptor-recycling model, but not by the non-

receptor-recycling model (Fig. 6A). 

Moreover, as can be inspected from Fig. 7, a computer-aided 

prediction using the receptor-recycling model at varying initial 

concentrations of insulin ( CP) suggests that the elimination rate 

constant (kel reduces dramatically at Cp > lnmol/1, and that a marked 

reduction of surface receptors (i.e., "down-regulation") occurs also 

at CP > 1 nmol/1. 
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DISCUSSION 

Our kinetic model of hepatic insulin disposition includes several 

assumptions and approximations as described in the legends to Fig. 1. 

Unique to this model is the ability to predict the changes in surface 

receptor number in relation to extracellular insulin (Fig. 7B) as 

well. By use of this model, moreover, one could also examine 

quantitatively how the hepatic insulin clearance would be affected by 

variations in the affinity of insulin-receptor interaction, which may 

result from mutation of insulin receptor, abnormalities of insulin 

processing or mutation of insulin itself. However, the applicability 

of our model might be limited within the physiologic insulin 

concentratoins, because of the negative cooperati vi ty of insulin

receptor interaction [23] and a high-capacity, nondegradative and more 

rapidly recycling pathway for receptors that occurs at high 

(supraphysiologic) concentrations of insulin [24]. 

Since about 50% of liver cells are not hepatocytes [25], there is a 

possibility that the observed clearance and distribution of A
14

_125I

insu1in in the perfused livers are not due to specific interactions 

with hepatocytes. However, we could exclude this possibility, because 

the initial distribution of 125I-insulin was limited to the hepatocyte 

plasmalemma after its intraportal injection [ 26, 27], and its 

localization was diminished with simu1 taneous injection of excess 

unlabeled insulin [27]. 

In this study, an effecti~e separation between the acid-extractable 

and acid-resistant A14- 125I-insulin was performed by the acid-wash 

technique (Fig. 5). Moreover, our preliminary experiments showed that 

125
I-radioactivity in both the acid-extractable and acid-resistant 

samples considerably decreased in the presence of 1 prnol/1 unlabeled 
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d 125r-radioactivity in the acid-resistant insulin in the perfusate, an 

d <n the presence of 250 pmol/1 of an samples markedly decrease ~ 

h 1 · oxide (results not shown). These endocytosis inhibitor, p eny ars1.ne 

lines of evidence suggests that the observed acid-resistant A14-
125

I-

the intracellular A14- 125r-insulin, and insulin largely represents 

1251-radioactivity was bound to surface that the acid-extractable 

receptors. 

As shown in Fig. 6, the peak of the intracellular A14- 125r-insulin 

125 . 1' was several minutes later than that of surface-bound A14- I-1.nsu 1.n, 

suggesting that the surface-bound ligand may be regarded as the 

substrate of endocytosis. Moreover, the increase of degradation 

125 · 1' in the reservoir was small for the first products of A14- I-1.nsu 1.n 

5 min, and rapidly increased thereafter. Since the lag time for A14-

125r-insulin in the reservoir to reach the inlet of the organ was 

subtracted from the sampling time, this is not due to an access delay 

125 · Therefore, that the maJ'or site of of A14- I-insulin to the l1.ver. 

an 'ntracellular =mpartment but not in insulin degradation is in ~ 

extracellular =mpartment is suggested in this study, as reported by 

other workers [28,29]. Taken altogether, the results obtained 

indicate that the hepatic insulin clearance is largely accounted for 

by the receptor-mediated endocytosis in the perfused mouse livers, and 

supports the feasibility of the present model of hepatic insulin 

clearance and distribution (.Fig. 1). 

As listed in Table 2, the value of R,_ was estimated to be 8 · 66 

pmol per g liver, that is 44000 sites per cell, assuming that the 

number of hepatocytes per liver in mice is the same as that in rats, 

1.3 x 108 cells per g liver [30]. This R,_ value is in good agreement 
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with the Rs for isolated rat hepatocytes in vitro, e.g., 45000 [31] 

and 50100 sites per cell [32], in which almost all mobile receptors 

may be located on the surface of isolated cells due to the absence of 

extracellular insulin during preparation. On the other hand, the 

estimated kend is somewhat greater than that reported for isolated rat 

hepatocytes, 0.38 min-1 [24]. 

A good agreement between the observed and simulated values of CP' 

Xs, Xi and Xdeg at the low dose by both the receptor-recycling and 

non-receptor-recycling models (Fig. 6) suggests that internalization 

process, not receptor recycling, is important for the hepatic insulin 

clearance at low insulin =ncentrations. On the other hand, the 

predictions of CP at the high dose by these models (Fig. 6A) suggest 

an important role of receptor recycling in the hepatic insulin 

clearance at high insulin =ncentrations, at which surface receptors 

are =nsidered to be largely occupied. It follows to suggest that, 

the when the Rs is =nsiderably decreased at high insulin doses, 

hepatic insulin clearance should be limited by the rate of receptor 

recycling. We propose, therefore, that the rate-limiting step of 

hepatic intrinsic clearance of insulin is the internalization process 

at low insulin =ncentrations, but moved to the receptor recycling 

process at relatively high =ncentrations. This is =nsistent with 

the fact that chloroquine, which blocks receptor recycling via 

preventing intravesicular acidification [2], did not alter the 

disappearance of A14- 125r-i~sulin (tracer dose) in the perfused rat 

livers [33]. Thus, a dynamic "receptor-recycling" model =uld be 

advantageous to a static model of insulin clearance [34] that assumes 

a =nstant surface receptor number, because the latter model cannot 

evaluate the significance of receptor recycling on hepatic insulin 
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clearance. From the computer simulation (Fig. 7), it was predicted 

that the changes in the ke (as well as CLH) and Rs are not so 

sensitive to the initial concentrations of less than 1 nmol/1 and more 

than 10 nmol/1, while very sensitive to those of 1-10 nmol/1. This is 

in agreement with the report that the hepatic extraction of insulin is 

reduced with increasing endogenous insulin secretion after pancreatic 

stimulation with oral glucose [35], when the portal vein insulin is 

reported to be 4.5-7.0 nmol/1 [5]. However, further study should be 

focused on the validation of the model at a wider concentration range 

of insulin, and, if necessary, a more detailed modeling of hepatic 

insulin disposition should be performed to a=modate a full dose 

response curves as shown in Fig . 7A. 

In conclusion, we have developed a "receptor-recycling" model of 

hepatic insulin clearance, based on a physiological and biochemical 

approach. The model could afford to predict not only the nonlinear 

clearance and distribution of insulin in the perfused liver, but also 

the change in surface receptor number , in a quantitative manner. The 

mathematical methods described here should be useful to analyze the 

receptor-mediated endocytosis of other l igands in an intact organ. 
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FIGURE LEGENDS 

~. The receptor-recycling model of hepatic insulin clearance and 

distribution. 

Solid and broken arrows indicate the movements of insulin and its 

receptors, respectively. The liver is subdivided into the three 

compartments, i.e., extracellular fluid, cell surface and 

intracellular (vesicular) space, which are assumed to be well-mixed. 

Since the partition of A14- 125I-insulin to erythrocytes could be 

neglected by the method described previously [37], the erythrocyte 

compartment is not considered. Rs and Ri defines the numbers of 

surface and internalized receptors, respectively. 

define the amounts of surface-bound insulin, internalized insulin and 

the intracellular degradation products of insulin, respectively. Cp 

and Ce define the concentrations in the perfusate and extracellular 

fluid, respectively. The rate constant krel defines the release of 

Xdeg into the extracellular fluid. The other nomenclature is 

presented in Table 2. Receptor synthesis, processing and degradation 

are not involved in this model, because the half-time of receptor 

turnover, 10 hr [8], far exceeds the time interval (30 min) of the 

present liver perfusion. The nonspecific binding of insulin to 

hepatocytes was neglected, because it is only about 8% of the total 

binding in isolated rat hepatocytes [38]. Since very little 14c-

sucrose is taken up by perfused rat livers [39], this model confine 

itself to receptor-mediated endocytosis over and above fluid-phase 

endocytosis. The total number of mobile receptors, Rr ( = Rs + Ri), and 
I 

receptor affinity, Kd (= koff / k 0 n), are assumed to be constant 

throughout the experiment, according to the previous reports [9,10]. 
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~- HPLC profiles of A14- 125I-insulin in the perfusate after 0 

min (A), 10 min (B), 15 min (C), 20 min (D) and 30 min (E) perfusion 

of the mouse livers. 

Open circles represent 1251-radioactivity (cpm) in 0.8-ml fractions 

eluting from f.!-Bondapak c18 column ( 30 em x 3. 9 mm i. d., Waters), 

which had been standardized with 3-1-L-tyrosine, A14-125I-insulin and 

unlabeled porcine insulin, with the acetonitrile gradient shown by a 

broken line. Flow rate was set at 1.0 ml·min-1. 

~- Relationship of percentage of intact A14- 125r-insulin between 

trichloroacetic acid (TCA)-precipitation and high-performance liquid 

chromatography (HPLC) methods in perfusates obtained 0 ( •), 10 ( o), 

15 ( • J, 20 ( D J, 30 ( JJ. ) and 45 ( D. ) min after the administration of 

A14-125I-insulin into the reservoir of cyclically perfused mouse 

liver. 

The percentage of radioactivity precipitable by TCA was calculated 

as (cpm in precipitate)/[(cpm in precipitate) + (cpm in supernatant)] 

x 100, whereas the percentage of intact A14- 125r-insulin on HPLC was 

calculated by comparing the peak areas of radioactivity eluted from 

the column . 

~- The disappearance of A14- 125I-insulin from the perfusate ( o) 

and the appearance of its degradation products in the perfusate ( • ) , 

after bolus administration of a tracer amount of A14- 125I-insulin into 

the reservoir (0.018 nmol/l in a final concentration) in the perfused 

mouse liver. 

Each point and vertical bar represent the mean ~ SEM from 3-13 rats 
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(for labeled insulin) or 4 rats (for degradation products). When Al4-

l25I-insulin was perfused in the perfusion apparatus without the 

liver, no loss of the 125I-radioactivity from the reservoir was 

observed. Thus, the disappearance of A14- 125 I-insulin from the 

reservoir was not due to adsorption of labeled peptide to the 

perfusion appa;r-atus, but to hepatic elimination. Moreover, when 

portions of perfusate were occasionally obtained from the perfused 

livers to examine in vitro degradation of A14- 125I-insulinat 37"C, 

there was essentially no change in insulin concentration for up to 60 

min. Therefore, the release of proteases from the perfused livers was 

negligible. 

~· A representative elution profile of 125r-radioactivity 

through the outflow cannula during 5-min wash with saline and 20-min 

wash with acidic buffer (pH 3.5) at 4"C, after A14 -125r-insulin was 

perfused for 30 min in a cyclically perfused mouse liver. 

Briefly, the livers were replaced in an open-circuit system and 

washed for 5 min with ice-cold saline at the flow rate of 2.5 ml·min-

1, to remove unbound 125I-radioactivity in the extracellular fluid and 

within the cannula. The livers were then perfused for 20 min with 

acidic buffer (acetic acid 100 mmol/1; mannitol 100 mmol/1; NaCl 45 

mmol/1; pH 3.5) at the flow rate of 2.5 ml·min-1 . 

~· The clearance oi' A14- 125r-insulin by cyclically perfused 

mouse livers at low (0.018 nmol/1; •) and high (2 nmol/1; 0 ) doses 

(in panel A). 

The perfusate concentrations of A14- 125I-insulin at a low dose in 

Fig. 4 are presented again in a logarithmic plot. Each point and bar 
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represent the mean ~ SEM from 3-13 rats (for a low dose) or 4 rats 

(for a high dose). In panel B, the time-courses of acid-extractable 

( 0 ) and acid-resistant ( • ) A14- 125I-insulin, as well as that of 

acid-resistant degradation products ( A. ) of A14-1 25I-insulin are 

presented. Each point and vertical bar represent the mean ~ SEM from 

4 rats. In panels A and B, solid and dashed lines show the computer

generated simulation curves using "receptor-recycling" (kret r 0) and 

"non-receptor-recycling" (kret = 0) models of hepatic insulin 

clearance. Especially, the curves indicated by arrows provide 

prediction of the disappearance of A14- 125I-insulin at a high dose (2 

nmol/1), using the set of parameters determined at the low dose (0.018 

nmol/1). 

~· Computer simulation of the time-dependent changes in the 

perfusate concentration of A14- 125I-insulin (panel A) and surface 

receptor number (panel B) at varying initial concentrations of insulin 

in the reservoir, using the "receptor-recycling" model of hepatic 

insulin clearance and distribution. 
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PART X 

PHYSIOLOGICAL MODELING OF RECEPTOR-MEDIATED DISTRIBUTION AND 

ELIMINATION OF INSULIN IN MICE 
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In order to predict the distribution and elimination of insulin in 

mice, we proposed a physiological model incorporating the receptor 

binding, receptor-mediated endocytosis, intracellular degradation of 

insulin, and receptor recycling in the liver, as well as 

transcapillary diffusion and receptor binding in the extrahepatic 

tissues. The vascular permeability clearances of 14c-inulin in various 

tissues in mice were estimated from the observed data using a hybrid 

model analysis, and assumed to be equal to those of A14- 125I-insulin. 

A simple method of estimating the in vivo receptor binding capacity 

( Rs), which overcomes the effect of slow vascular permeability of 

insulin, was developed and showed that specific binding sites of 

insulin exist in various tissues and the rank order of surface 

receptor density was liver > kidney > lung ~ spleen ~ gut > heart >> 

muscle ~ adipose >> brain. Numerically and simultaneously solving the 

differential equations describing the model as to plasma and various 

tissues, predicted concentration curves of A14 - 125 I-insulin 

corresponded well with the observed data at low (tracer) and high ( 8 

U/kg) doses in mice, indicating the feasibility of our model. 

Moreover, since this model incorporates the recycling of receptors as 

the cellular mechanism of hepatic insulin clearance, in vivo down-

regulation could be predicted in relation to insulin concentration in 

the ISF. The methods and principles developed here can be applied to 

other biologically active peptides and proteins, with adequate 

modifications of the model. 
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INTRODUCTION 

Recently, we have demonstrated the important roles of receptor 

binding in the distribution and elimination of insulin in vivo (1,2), 

and quantitatively analyzed the receptor-mediated endocytosis (RME)l 

of insulin in perfused kidneys (3) and livers (4), by applying an 

acid-wash technique (5) to distinguish between the surface-bound and 

internalized insulin in an intact organ. In these kinetic studies (1-

4), receptor-mediated saturable processes were clearly resolved by the 

use of a biologically active radiolabeled insulin with a high specific 

activity, A14-125I-insulin (6), and by the use of a high-performance 

liquid chromatography (HPLC) to separately measure intact insulin and 

its immunoreactive, insulin-sized intermediate products. 

Concerning the pharmacokinetic analysis of insulin, a few authors 

( 7, 8) have included receptor compartments into conventional 

compartmental models, in which receptor-bound insulin is subject to 

further degradation. Despite its potential clinical utility, however, 

a compartmental model cannot predict the time course of drug 

concentration in any target tissue, since it lacks anatomical and 

physiological reality in nature. On the other hand, by incorporating 

certain known or hypothetical mechanisms underlying the cellular 

distribution, uptake, and metabolism of a given drug in a 

physiological context, a physiological model can comprehensively 

predict drug concentrations in any anatomical regions of interest, 

including practically inaccessible biological fluids and specific 

sites of tissues. 

Therefore, one of the authors (H.S.) has successfully described a 

relatively slow distribution of an opioid peptide, l25I-p-endorphin, 

after intravenous (iv) injection to rats (9), by applying our 
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preliminarily proposed capillary-limited physiological model which 

includes vascular permeability clearances (10,11). However, receptor 

binding of the peptide was not explicitly incorporated in the previous 

physiological model (9), while the receptor-mediated distribution and 

degradataion of opioid peptides have been suggested by separate 

experiments ( 12-15). On the other hand, we have developed an organ 

model of hepatic insulin distribution and clearance, which includes 

the cellular events of receptor binding, RME ( 16, 17), and receptor 

recycling (18,19), namely a "receptor-recycling" model (4). Since the 

liver plays a major role in the receptor-mediated clearance of insulin 

(20) and exogenously administered insulin is significantly distributed 

to its receptors in various tissues (21), we came to incorporate the 

receptor-recycling model into the capillary-limited physiological 

model. Unique to this model is the ability to predict the changes in 

surface receptor number (e.g., down-regulation) in relation to plasma 

insulin concentrations at a given dose. Using this physiological 

model, we attempted to predict the distribution and elimination of 

insulin at low and high iv doses in mice. 
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MATERIALS AND METHODS 

Experimental Design and Methods. A14- 125I-insulin or 14c-inulin was 

intravenously injected to mice, and tracer concentrations in plasma 

and tissues were determined by a trichloroacetic acid ( TCA) 

precipitation and HPLC analysis for labeled insulin, or by an 

oxidation method for labeled inulin. Details concerning the animals , 

chemicals, experimental design, and analytical methods have been 

described in a previous report from our laboratory (1). The doses of 

insulin used were 3 . 25 pmol / kg (6 . 5 pCi / kg) and 57.4 nmol/ kg (8 U/ kg), 

which are designated as low and high doses, respectively. 

Plasma Protein Binding. The binding of A14- 125I-insulin to plasma 

proteins was examined according to a polyethylene glycol (PEG) 

precipitation method described previously ( 22) . 

Development of Organ Models. Each tissue is subdivided anatomically 

into three compartments, i.e., the capillary bed, the interstitial 

fluid (ISF), and the intracellular (vesicular) space, which are 

assumed to be well-stirred. Since our preliminary experiment using 

the method described previously (9) showed that the partition of Al4-

125I-insulin to mouse erythrocytes is negligible, an erythrocyte 

compartment was not included in the model. It is assumed that only 

insulin unbound to plasma proteins is subject to transcapillary 

exchange, receptor binding, and glomerular filtration. The 

disposition of A14- 125I-insulin in various tissues are modeled in 

details as follows (for abbreviations and symbols, see Appendix I): 

Liver. The "receptor-recycling model" (Model A in fig. 1), 

Several developed recently ( 4), was applied to the liver. 

assumptions, approximations, and limitations of this model have been 

described in the previous study (4). The differential equations 
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describing the system are given as follows: 

dCcs 

dt 

dCis 
VIs--

dt 

dXS 

dt 

dt 

dRS 

dt 

dt 

(

rate of ) (rate of ) 
= entry by - exit by 

plasma flow plasma flow (

net rate of ) 
transcapillary 
exchange 

(1) 

(2) 

(3) 

(4) 

(5) 

( 6) 

The anatomy of the liver (23) allows a rapid equilibrium of insulin 

between the capillary bed and ISF (i.e ., Disse Space) . Thus, 

summation of eqs. 1 and 2, and rearrangement using the equilibrium 

(7) 

Since fis is defined as the ratio of Cis,u/(Cis,u + Cis,b), and Cis,b 

represents the nonspecifically bound A14- 125I-insulin in the ISF, fiS 

can be expressed as follows,. using a nonspecific binding constant, a: 

1 
fis = - --

1 + a 
(8) 

Since the changes in Rs and Ri are determined not only by exogenous 

* insulin, but also by endogenous insulin in the portal vein (Cpvl, the 
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* differential mass-balance equations of endogenous insulin (i . e., CIS • 

* * Xs and Xi) were simultaneously solved with those of labeled insulin at 

the basal level of portal insulin measured at the time of experiments. 

The initial values of Rs and Ri were obtained from the simulation of a 

single-pass perfused liver system at steady state. 

Kidney. We propose Model B (fig. 1) for the renal handling of 

insulin. The differential equations describing this system are 

essentially the same as used in a previous study (9), except for the 

presence of specific receptors in the ISF (for a complete set of 

equations, see Appendix III). 

Other Tissues. We propose Model C (fig. 1) for noneliminating 

tissues except for the spleen and brain. This model includes vascular 

permeability between the capillary bed and ISF, equilibrium receptor 

binding and nonspecific binding in the ISF. Thus, the differential 

equations describing Ccs and CIS are given as follows, respectively: 

dCcs 

dt 
(9) 

(10) 

where CIS defined here is not the actual concentration of insulin in 

the ISF as defined in Model A, but represents the functional or 

apparent concentration of insulin in the ISF including cell surface 

compartment. Thus, CIS can be described as follows, using the 

nonspecific binding constant (a) and surface receptor number (Rg) in 

the ISF: 

Cis,u + CIS,b + Xs/Vrs 

(Rs/VIs)Cis,u 
CIS,u + a·Ss,u +---~*------

Kd + Crs,u + Cis,u 
(11) 
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where C~s,u represents the endogenous insulin concentration in the 

ISF. Therefore, f 18 can be expressed as follows: 

Crs,u 

1 

Rs/Vrs 
1 + a + ------~*c------------

Kd + Crs,u + Crs,u 

On the other hand, the c 18 is also expressed as follows: 

CIS = VT/Vrs CT 

Substituting c 18 in eqs. 9 and 10 according to eq. 13 gives: 

dCCB 
Vc.,s-----

dt 

The tissue-to-plasma concentration ratio (~) is defined as: 

~ ~,ssiCcB,ss 

Vrs/VT·Crs,ssiCcB,ss 

(12) 

(13) 

(14) 

(15) 

(16) 

where CT,ss and CcB,ss represent the steady state concentrations in 

the capillary bed and ISF, respectively. At steady state, unbound 

insulin concentrations in the capillary bed and ISF are equivalent, 

because an active transport of the peptide across the capillary wall 

is not assumed. Thus, the following relationship between CcB,ss and 

Crs,ss holds: 

frs·Crs,ss (17) 

According to eqs. 16 and 17, f 18 can be expressed as follows: 

frs = fp·Vrs/VT/~ (18) 

According to eq. 18, eqs. 14 and 15 can be further written as: 

dCcB 

dt 
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(19) 

(20) 

For the spleen, we propose Model D (fig. 1) which includes a rapid 

equilibrium of insulin between the capillary bed and ISF, as well as 

equilibrium receptor binding and nonspecific binding in the ISF. 

Therefore, summation of eqs. 19 and 20, and rearrangement using the 

(21) 

For the brain, we propose Model E (fig. 1) which includes the 

equilibrium surface receptor binding and nonspecific binding of 

insulin in the capillary bed. Thus, the changes in CcB can be 

described as: 

dCCB 

dt 

Rearrangement of eq. 22 according to the definition of ~ 

gives: 

Data Analysis. The v18 of each tissue was determined as: 

(22) 

(23) 

(24) 

where Kp, inu was determined from an apparent tissue-to-plasma 

concentration ratio of inulin ( ~, app, inu), at the terminal phase 

using the method of Chen and Gross (24). The P of 14c-inulin was 

estimated from a hybrid model analysis (25) using a nonlinear least-

squares regression analysis, NONLIN74 (26). In each tissue, the P of 
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A14- 125I-insulin was assumed to be equivalent to that of 14c-inulin. 

For noneliminating tissues, I)J (or I)J,nsl of A14- 125I-insulin was 

=rrected from I)J, app (or I)J, app, ns) and P, using equations derived 

previously in the case of capillary-limited distribution (9), and fis 

(or fis,nsl was given by eq. 18. In the case of brain, I)J was 

calculated using the following equation derived from eq. 23: 

(25) 

where Az represents an exponential slope of the terminal phase. 

Subsequently, a and the receptor density ( Rs/VT) were calculated using 

eqs. A2 and A3 (eqs. AS and A6 for the brain) in Appendix II, 

respectively. For the liver, a was obtained from the observed data 

at a high dose by the same method as mentioned above, while Rs/VT is 

not necessarily =nstant but may change with time, as formulated in 

eq. 5. For the kidney, fis• fiS,ns• and kseq were simultaneously 

estimated by a fitting procedure. 

Physiological Model. A physiological model of A14- 125I-insulin in 

mice is illustrated in fig. 2, while that of 14c-inulin in mice is the 

same as that previously used in rats ( 10) and rabbits ( 11) . The 

physiological =nstants used are listed in table 1. Concerning the 

assignment of organ clearances for insulin, C~ was predicted by the 

present and previous physiological models (4) at a given dose, while 

C~ was attributed to the product of fp and glomerular filtration rate 

(GFR), ac=rding to the pr~vious result obtained using perfused rat 

kidneys ( 3 ) . Moreover, the sum of unspecified clearances was 

attributed to the arterial plasma compartment as a dose-independent 

plasma clearance (CLp), as follows: 

CLp = CLtot,ns- fp·GFR (26) 
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where the CLtot,ns represents the nonspecific total clearance, i.e., 

the CLtot obtained at a high dose. 

For both insulin and inulin, the simultaneous differential equations 

for all compartments in their physiological models were solved 

numerically by the Runge-Kutta-Gill method at a sui table interval 

(0.005 min) on a digital =mputer (FACOM-M360AP) at the Information 

Processing Center, Kanazawa University. The observed and predicted 

=ncentrations of the injected tracers in plasma and tissues 

expressed as percentage of the dose injected per ml sample. 

were 
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RESULTS 

Physiological Model of l4c-inulin. The calculated ~ and P values 

of 14c-inulin in mice are listed in table 1, together with 

physiological parameters and constants for a 35-g mouse. The model

predicted curves of 14c-inulin concentrations in plasma and various 

tissues are presented in fig. 3, and were shown to be in good 

agreement with the observed data. 

Plasma Protein Binding of Al 4- 125r-insulin. The fraction of A14-

125r-insulin unbound in mouse plasma (fp) was determined to be 0.871 ~ 

0.002 (mean ~ SEM; n = 5) by a PEG precipitation method. Using this 

fp value in eq. 26, the C~ was calculated to be 6. 66 ml/min/kg, 

since GFR and CLtot,ns were determined previously to be 11.3 ml/min/kg 

and 16.5 ml/min/kg (1), respectively, in mice. 

Physiological Model of Al 4- 125r-insulin. The endogenous insulin 

concentrations in the portal vein ( c;v) and carotid artery ( c;) at the 

time of experiments were 0. 440 ~ 0. 052 nM (mean ~ SEM; n = 5) and 

0.281 + 0.036 nM (mean~ SEM; n = 11) , respectively. The basal Rs and 

Ri values in the liver were estimated to be 7.3 pmol and 6.0 pmol per 

liver for a 35-g mouse, respectively, using a single-pass perfusion 

model at the constant insulin concentration ( 0 . 44 nM), and used as 

initial values for the subsequent computer-aided prediction. The 

calculated values of ~· ~,ns• f 18 , frs,ns• a, and Rs/VT are listed 

in table 1. The ~ and ~,ns values are greatly different with each 

other in the lung, heart, spleen and gut, while relatively close in 

the brain, skin, muscle and adipose. For the kidney, kseq was 

estimated to be 1.0 min-1 by a fitting procedure . The obtained 

prediction curves of A14- 125r-insulin for plasma and various tissues 

are presented in figs. 4 and 5 at low and high doses, respectively, 
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and were shown to be in good agreement with the observed data. 

Figures 6A-6D illustrate the time courses of the amounts of 

exogenously administered insulin in the ISF (v18 .c18 ), cell surface 

(bound to receptor)(Xs), and intracellular space (Xi), as well as 

those of the receptor numbers on the cell surface (Rs) and in the 

intracellular space (Ri). 
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DISCUSSION 

To our knowledge to date, this is the first demonstration of a 

physiologically based pharmacokinetic modeling of insulin, of which 

pharmacokinetics have been performed only by two

compartmental or noncompartmental moment analysis so far. 

(or three) 

The present 

physiological model includes the receptor binding, internalization, 

intracellular degradation of insulin and recycling of receptors as the 

cellular mechanisms of hepatic insulin distribution and clearance, 

thus making it possible to predict the insulin-induced down-regulation 

of surface receptors in the liver, as observed in vivo (27,28). Such 

a prediction could not be possible if one considers a simple model in 

which a constant number of surface receptors is assumed (7,8). It is 

difficult and beyond the scope of this study, however, to assess an 

extraction of insulin across every tissue, and to discriminate the Xs 

· d'ti Thus, this model appears to limit and xi under in v~vo con 1 ons. 

itself in that it lacks the RME in the organ models of muscle and 

adipose, despite that insulin is taken up via RME by these isolated 

cells in vitro (29,30). However, before incorporating certain known 

biochemical processes into a physiological model, one has to evaluate 

the rate-limiting step(s) responsible for the distribution and 

elimination of a given drug. For example, with regard to the muscle 

and adipose, it is known that the capillary wall significantly 

disturbs the diffusion of insulin into interstitium (31,32), so that 

the transcapillary diffusio~ of insulin may be rate-limiting in its 

action ( 33 ) . In fact, our preliminary simulation suggested that the 

rate-limiting step for the distribution of insulin in muscle and 

adipose lies for the most part in the slow vascular permeability of 

insulin, but for little part in the receptor binding process. 
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Moreover, insulin is not degraded in its endothelial passage (34,35) 

and its kend values in the extrahepatic tissues are very small, as 

reported to be 0.0018 min-1 in the myocytes (30), 0.0027 min-1 in the 

adipocytes (36) and 0.022 min-1 in the perfused nonfiltering kidney 

(at the basolateral side of renal tubules) (3), which are far below 

that in the liver, ranging from 0.12 min-1 (37) to 0.62 min-1 (4). In 

addition, the receptor-mediated transcytosis of insulin across the 

blood-brain barrier (BBB) is very slow (38). Furthermore, in spite of 

the presence of receptors in the lung (39), the organ does not 

eliminate insulin ( 40) . Taken together, we neglected the RME of 

insulin in the extrahepatic tissues within relatively a short time 

interval (30 min) employed. 

We have already shown that the CLtot and Vdss of A14- 125I-insulin 

were significantly reduced by the simultaneous injection of unlabeled 

insulin (8 U/kg) in mice (1) and rats ( 2) . In this study, the 

differences in CLtot and Vdss between the two doses, which represent 

receptor-mediated clearance and distribution volume, respectively, 

were attributed to the dynamic RME in the liver and static receptor 

binding in various tissues, respectively. Moreover, the fact that the 

Vdss of A14- 125I-insulin at the high dose (251 ml/kg) is slightly 

greater to that of 14c-inulin (181 ml/kg) in mice (1) indicates that 

A14- 125I-insulin distributes into the ISF even in the presence of 

excess unlabeled insulin, auggesting that the RME is not apparently 

This operational in the transendothelial passage of insulin. 

observation contrasts with a general idea that the endothelial 

receptors for insulin may function in the nonlysosomal (i.e. , 

nondegradati ve), transendothelial transport of biologically intact 
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insulin (34,35). Although the exact reason for this discrepancy is 

uncertain at present, it is not always possible to directly compare 

the in vitro permeability through cultured endothelial cells with in 

f i 1 · n because of possible vivo vascular permeability or nsu J.. , 

differences in the extent of receptor expression and tightness of 

Of the lack of basement membranes under in intercellular junction, or 

vitro conditions. Therefore, at the present time, we prefer a simple 

modeling of the vascular transport of insulin as a nonsaturable, 

first-order process, and assumed that the rate of transcapillary 

exchange of insulin is equal to that of inulin, due to the similarity 

of molecular weight. The relatively good agreement between the 

predicted and observed concentrations of insulin in plasma and various 

tissues (figs. 4 and 5) may imply that these assumptions are valid 

under a physiological condition. 

As inspected from table 2, the a values calculated using eq. A2 for 

the extrarenal tissues (eq. AS for the brain) were shown to be less 

than unity, indicating that the nonspecific binding of insulin in the 

ISF is relatively low in these tissues, while the high a value for the 

kidney may represent a large capacity of nonspecific retention e.g., 

luminal reabsorption via non-receptor- mediated endocytosis ( 41) of 

insulin in the kidney, which was not explicitly incorporated into 

Model B in fig. 1. Moreover, the Rs/VT values calculated using eq . A3 

(eq. 6 for the brain) represent the surface receptor density, and its 

rank order was liver > kidney > lung * spleen * gut > heart >> muscle 

* adipose » brain, which is consistent with the report of Whitcomb et 

al. (21) that the order of receptor binding density (per g wt.) was 

liver > spleen > gut > muscle * adipose, using an in vivo 

radioreceptor assay. In this study, any receptors were not detected 
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in the skin, because both the ~ and ~,ns of A14- 125I-insulin were 

less than ~,inu in this tissue (see tables 1 and 2). 

One of the main advantages of physiological models relative to 

traditional compartmental models is the possibility of predicting the 

changes in drug concentration in practically inacessible tissues or 

specific sites of tissues, as well as predicting the drug-induced 

pharmacodynamic changes ( 42) . Figures 6A and 6C suggest that, when 

compared with extracellular insulin, both the receptor-bound insulin 

and internalized insulin significantly contribute to in vivo 

distribution of the peptide in the liver at a low dose, while they 

show little contribution at a high dose. Moreover, figs. 6B and 6D 

predict that Rs rapidly decreased to approximately 20% of the basal 

state and does not increase within 30 min after iv injection at a high 

dose, while there was essentially no change in Rs at a low dose. 

Therefore, the present physiological model could successfully 

demonstrate an important role of receptor binding in the hepatic 

insulin disposition, as well as insulin-induced down-regulation. 

In conclusion, we developed a physiologically based pharmacokinetic 

model of insulin, which incorporates receptor binding, RME, 

intracellular degradation of insulin, and recycling of receptors in 

the liver, as well as vascular permeability and equilibrium receptor 

binding in the extrahepatic tissues. Using this model, we could 

f 125I . 1 . . successfully predict the co~centration profiles o A14- -J..nsu J..n J..n 

plasma and various tissues after iv bolus injection at low and high 

doses in mice. The methods and principles developed here can be 

applied to other biologically active peptides and proteins with 

adequate modifications of the model. 
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APPENDIX I 

Glossary: 

QP' plasma flow rate (ml / min) 

P, vascular permeability clearance ( ml / min) 

CLtot' total body clearance (ml / min) 

C~, renal clearance (ml / min) 

c~, dose-independent plasma clearance (ml/ min) 

E, extraction ratio across an organ 

V, volume (ml) 

Vdss' steady-state volume of distribution (ml) 

R, number of receptors ( pmol) 

~' total number of receptors (pmol) 

C, concentration of insulin (pmol / ml) 

X, amount of insulin ( pmol) 

a, nonspecific binding constant in the ISF 

f, unbound fraction of insulin 

k 0 n, association rate constant of insulin to its receptors (min-l·M-

1) 

koff' dissociation rate constant for receptor-bound insulin (min-1 ) 

kdeg' degradation rate constant for internalized insulin (min-1 ) 

kend' internalization rate constant for occupied surface receptors 

(min-1 ) 

kSP' spontaneous internalization constant for unoccupied surface 

receptors (min-1 ) 

kret' returning rate constant for internalized receptors to the cell 

surface (min-1 ) 

Kd, dissociation constant for receptor binding of insulin (nM) 

~' tissue-to-plasma concentration ratio of insulin 
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~,inu• tissue-to-plasma concentration ratio of inulin 

Az• exponential slope of the terminal phase (min-1 ) 

I(t), dose input function (min-1 ) 

8, injection duration (min) 

Subscri2ts: 

CB, capillary bed p, plasma 

IS, interstitial fluid lg, lung 

T, whole tissue br, brain 

s, surface ht, heart 

i, intracellular gt, gut 

u, unbound sp, spleen 

b, bound lv, liver 

ns, nonspecific kd, kidney 

app, apparent ms, muscle 

v, venous ad, adipose 

ss, steady state sk, skin 

inu, inulin RT, renal tubule 

Superscript: 

*, endogenous insulin 
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APPENDIX II 

Method of Estimating Rece2tor Binding ea2aci ty ( R
10

) • When a tracer 

dose of A14-125I-insulin was injected, CIS,u is far below the sum of 

Kd and C~s u in eq. 12. * Moreover, since CIS,u was assumed to be equal 

* * to CcB,u or fp·Cp in a noneliminating tissue, fis can be expressed as 

follows: 

1 

Rs/VIs 
1 + a + -----~*

Kd + fp·Cp 

(Al) 

On the other hand, when a large amount of unlabeled insulin is 

simultaneously administered with A14 - 125 I-insulin, eq. 8 can be 

approximately rearranged to: 

1 
a - 1 (A2) 

fiS,ns 

where fiS,ns represents the unbound fraction of A14-125I-insulin in 

the ISF when surface receptors are almost blocked by excess unlabeled 

insulin. * Thus, though fis changes over a CIS,u plus CIS,u range near 

Kd, it is approximately constant at a very low or high concentration 

* range, if a constant CIS,u (i.e., steady state basal condition) is 

assumed. According to eqs. Al and A2, the receptor binding capacity 

(pmol per g wt. ), Rs/VT, can be given by: 

* 1 ) VIs(Kd + fp·Cp) 

fiS,ns VT 
(A3) 

Moreover, for the brain, CcB is related to CT as follows: 

* Kd + CcB,u + CcB,u 

= Vc8 ·cc8 · {1 + fp(a + J3)} (M) 

where ~represents Rs/Vc8 /(Kd + C~s,u + Cis,ul· When a tracer dose 
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of insulin is injected at the steady state basal condition, ~ reduces 

* as mentioned above. On the other hand, ~ should to Kd + fp· cp, 

reduce to zero at a very high dose. Therefore, a and Rs/VT can be 

given as follows, for the brain: 

(AS) 

(A6) 
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APPENDIX III 

Physiological Model Equations forA14- 125I-insulin. 

Venous plasma: 

Vv(d~/dt) Op,br'CcB,br + Op,ht'CcB,ht + Op,ms·CcB,ms 

+ Op,ad'CCB,ad + Op,sk'CCB,sk + Op,kd'CCB,kd 

+ Op,lv·frs,lv·Crs,lv/fp- Op,lg'~ 

+ Dose•I(t) (A7) 

I(t) is the dose input function proposed by Bishoff and Dedrick (43) 

and expressed as: 

I(t) = 30/S · (t/8) 2 · (1 - t/8) 2 

where e is the injection duration in minutes. 

Lung: 

VCB,lg(dCCB,lg/dt) = Qp,lg(~- CCB,lg) 

- plg'fp(CCB,lg- ~,1g/~,lg) 

VT,lg(d~,lg/dt) plg'fp(CCB,lg- ~,lg/~,lg) 

Arterial plasma: 

Brain: 

(VcB,brl~,br)(dCT,br/dt) Op,br<cp - cT,brl~,br) 
Heart: 

VCB,ht(dCCB,ht/dt) = Op,ht(Cp - CcB,ht) 

- pht'fp(CCB,ht - ~,htf~,ht) 

VT,ht(d~,ht/dt) pht'fp(CCB,ht - ~,htf~,ht) 

Gut: 

VCB,gt(d~,gtldt) = Op,gt(Cp- CcB,gtl 

VT, gt( dCT,gtfdt) 

Spleen: 

- pgt'fp(CCB,gt- ~,gtf~) 

(AS) 

(A9) 

(AlO) 

(All) 

(Al2) 

(Al3) 

(Al4) 

(Al5) 

(Al6) 
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(VcB,spl~,sp + VT ,spl( dCT,sp/ dt) = Op,sp<Cp - CT,spl~,spl 

Liver: 

(frs,lv·VcB,lv/fp + Vrs,lvl(dCrs,lv/dt) 

= Op,sp'CT , spl~,sp + Op,gt·CcB,gt 

(Al7) 

+ (Op,lv- Op,sp - Op,gtlCp- Op,lv·frs,lv Crs,rvl fp 

* - kon·frs,rv·Crs,rv<Rs- Xs- Xsl + koff'xs (AlB) 

dXs / dt = kon·frs , rv·Crs,rv<Rs- xs- x;) - (koff + kendlXs (Al9) 

dXi / dt = kend·Xs - kdeg'xi 

vT,lv·CT,lv = Vrs,rv·Crs,lv + xs +xi 

(frs,rv·Vcs,rvlfp + Vrs,rvl(dC~s,rv/dt) 
* * = Op,lv<cpv- frs,lv Crs,rvlfpl 

- kon· frs,rv·Crs,lv<Rs- xs- x;) + koff'x; 

dXs* / dt = kon·frs,rv·Crs,rv<Rs * * - Xs - Xs) - (koff + kendlXs 

* * * dXi / dt = kend·Xs - kdeg'Xi 

dRs / dt = kret'Ri - kend·Xs - ksp<Rs - Xsl 

dRi / dt = kend·Xs + ksp<Rs - Xs) - kret'Ri 

Kidney: 

VcB,kd(dCcB,kd/dt) = Op,kd(Cp - CcB,kd) - fp·GFR·Cp 

- Pkct<fp·CcB,kd- frs,kd·Crs,kctl 

Vrs,kd(dCrs,kd/dt) Pkd(fp.cp,kd - frs,kd·Crs,kctl 

dXRT/dt fp·GFR·Cp- kseq·XRT 

VT,kd'CT,kd = Vrs,kd·Crs,kd + XRT 

Muscle: 

VcB,ms(dCCB,ms/ dt) = Qp,ms(Cp - CcB,msl 

- Pms'fp(CcB,ms- CT,msl~,msl 

vT,ms<dCT,ms/dt) pms·fp(CcB,ms- CT,msl~,msl 

Adipose: 

(A20) 

(A21) 

(A22) 

(A23) 

(A24) 

(A25) 

(A26) 

(A27) 

(A28) 

(A29) 

(A30) 

(A31) 

(A32) 
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VcB,ad(dCCB,ad/dt) = Op,ad(Cp - CcB,adl 

- Pad·fp(CcB,ad - CT,adl~,adl 

vT,ad(dCT,ad/dt) Pad'fp(CcB,ad - CT,adl~,adl 

Skin: 

VcB,sk(dCcB,sk/ dt) = Op,sk<cp - CcB,skl 

- Psk·fp(CcB,sk- CT,skl~,skl 

vT,sk(dCT,sk/ dt) Psk.fp(CcB,sk - CT,skl~,skl 

(A33) 

(A34) 

( A35) 

(A36) 
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TABLE 2 

Tissue-to-plasma concentration ratios (~ and ~,nsl' unbound fractions 

in the ISF (fiS and fis,nsl, nonspecific binding constant (a), and 

specific binding capacity (Rs / VT) of A14- 125I-insulin for a 35-g mouse 

~a a b b ac Rs/VTC Tissue ~,ns fis fiS,ns 

pmol/g wt. 

Lung 0.805 0.196 0.210 0.862 0.160 0.521 

Brain 0.0253 0.0166 d d 0.476 0.00744 

Heart 0.407 0.132 0.287 0.886 0.129 0.235 

Skin 0.179 0.133 1.0 1.0 0 0 

Muscle 0.181 0.139 0.706 0.919 0.0881 0.0359 

Liver 0.346 0.899 0.112 5.60e 

Spleen 0.715 0.215 0.326 1.0 0 0.411 

Gut 0.648 0.178 0.214 0.780 0.282 0.402 

Kidney f f 0.0920g 0.0362g 26.6 2.63 

Adipose 0.149 0.111 0.418 0.560 0.784 0.0325 

a calculated from ~' app using equations derived in a previous study 

(9), except for using eq. 25 for the brain. 

b Calculated from~ (or ~,appl using eq. 18. 

c Calculated using the method described in Appendix II. 

d The fis in the brain was not defined, because the transcytosis of 

insulin across the BBB was neglected. 

e Predicted by the present physiological model (fig. 2) including 

the "receptor recycling model" (Model A in fig. 1) in the liver. 

f Not determined, because the observed CT contains insulin taken up from 

the luminal side of tubules and that remaining within the tubules. 

g Estimated by a nonlinear least-squares regression analysis (26). 
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FIGURE LEGENDS 

~- Schematic representation of one- organ models for insulin. 

Models A-E correspond to the liver, kidneys, noneliminating tissues 

(except for the spleen and brain), spleen, and brain, respectively. 

Model A presents a "receptor-recycling model" developed recently ( 19 ) , 

which includes the known processes of insulin-receptor interaction, 

RME, intracellular degradation of insulin, return of internalized 

receptors back to the surface and spontaneous internalization of 

unoccupied surface receptors. In the liver, the total receptor number 

(~) and dissociation constants (Kd) were set at 8.66 pmol per g liver 

and 0.5 nM, respectively, and the rate constants of k0 n, koff• kend• 

ksp' kret• and kdeg were 2.4 x 108 min-1·M-1 , 0.12 min-1 , 0.62 min-1 , 

0.022 min-1 , 0.11 min- 1 and 0.907 min-1 , respectively, as calculated 

or estimated in the previous study (4). In model B, insulin unbound 

in plasma is filtered at the glomeruli, followed by reabsorption and 

enzymatic degradation in the proximal tubules, as previously suggested 

(41). In models B-E, the equilibrium receptor binding and vas cular 

permeability clearance of insulin were incorporated. For abbreviation 

and symbols, see Appendix I. 

~· Schematic diagram of a physiologically based pharmacokinetic 

model for insulin in mice. 

The "receptor-recycling model" (Model A in fig . 1) is incorporated 

into the liver, and the vascular permeability and the equilibrium 

receptor binding of insulin are incorporated in the extrahepatic 

tissues as well. 

~· Predicted and observed 14c-inulin concentrations in plasma and 
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in various tissues after iv bolus injection in mice. 

The concentration(% dose/ml) of 14c-inulin in plasma and in various 

tissues were examined at designated times after the iv injection of a 

tracer dose of 14c-inulin (approximately 6.5 pCi/kg) in mice. Each 

point and vertical bar represent the mean and SE from 3-5 mice. Solid 

lines show the predicted curves based on the "capillary-limited" 

physiological pharmacokinetic model described previously ( 11-13). 

~- Predicted and observed A14- 125I-insulin concentrations in 

plasma and in various tissues after iv bolus injection in mice at a 

law dose . 

The concentration (% dose/ml) of A14- 125r - insulin in plasma and in 

various tissues were examined at designated times after iv injection 

at a tracer dose of A14- 125r-insulin (approximately 6.5 pCi/kg) in 

mice. Each point and vertical bar represent the mean and SE from 3-5 

mice. Solid lines show the predicted curves based on the 

physiological pharmacokinetic model shown in fig. 2. 

~· Predicted and observed A14- 125r-insulin concentrations in 

plasma and in various tissues after iv bolus injection in mice at a 

high dose. 

The concentration (% dose/ml) of A14- 125r-insulin in plasma and in 

various tissues were examined at designated times after iv injection 

at a tracer dose of A14- 12Sr-insulin (approximately 6.5 pCi/kg) plus 

large excess amount of unlabeled insulin (8 U/kg) in mice. Each point 

and vertical bar represent the mean and SE from 3-5 mice. Solid lines 

show the predicted curves based on the physiological pharmacokinetic 

model shown in fig. 2. 
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~. Prediction of the changes in the amounts of insulin bound to 

receptors, internalized, and unbound in the ISF, and of the changes in 

the numbers of the surface and intracellular receptors in the liver, 

after iv injection at law and high doses in mice. 

Panels A and C represent the changes in the amounts (pmol per liver) 

of insulin bound to surface receptors (solid lines), internalized 

(broken lines), and unbound in the ISF (dotted lines) at low and high 

doses, respectively. Panels B and D represent the changes in the 

numbers of surface (solid lines) and intracellular receptors (broken 

lines) at low and high doses, respectively. 
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CONCLUSIONS AND PERSPECTIVES 

Throughout this thesis, the following conclusions were obtained: 

l) The tissue distribution of 125 I-~-endorphin in rats was 

successfully predicted, using the "capillary-limited" physiological 

model. Moreover, I found the specific binding of 125r-Tyr">l4_ 

endorphin in the liver and lung using an in vivo receptor assay, 

and suggested the importance of these binding in the distribution 

and clearance of the peptide. 

2) It was found that a dynorphin-like analgesic peptide ( DLAP) is 

internalized by brain capillaries via adsorptive-mediated 

endocytosis, suggesting that DLAP exhibits its analgesic effect 

after iv administration by penetrating the blood-brain barrier. 

3) A physiological organ model which includes receptor binding, 

receptor-mediated endocytosis, intracellular degradation of 

insulin, and recycling of receptors was developed and successfully 

applied to predict the distribution and elimination of A14- 125r-

insulin in the perfused mouse livers. This "receptor-recycling" 

model was successfully incorporated into a physiological model to 

predict the in vivo insulin disposition in mice. 

Thus, important roles of receptor-mediated processes on the 

pharmacokinetics of peptide hormones were clarified in a physiological 

context. The methods and principles developed here can be applied to 

other biologically active peptides, with adequate modifications of the 

model. Since the "receptor-recycling model" could also predict the 

changes in surface receptor number in target tissues, a quantitative 
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prediction of in vivo insulin efficacy might be performed using this 

model in the future. Moreover, since a final goal of physiological 

modeling is to predict the pharmacokinetics of drugs in man, future 

studies should be directed to the scale-up of insulin pharmacokinetics 

from animal to human. 






