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PART V 

ABSORPTIVE-MEDIATED ENDOCYTOSIS OF A DYNORPHIN-LIKE ANALGESIC PEPTIDE, 

E-2078, INTO THE BLOOD-BRAIN BARRIER 
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The binding and internalizati on of a novel analogue of dynorphin-like 

analgesic basic peptide, cH3-[ 125I]Tyr-Gly-Gly-Phe- Leu-Arg-cH3Arg-D

Leu-NHC2H5 ([ 125I]E-2078), by isolated bovine brain capillaries were 

investigated. High-performance liquid chromatographic analysis showed 

that no significant metabolism of [ 125I]E-2078 occurred during 

incubation with brain capillaries for 30 min at 37 ' C. The binding of 

[ 125I ] E-2078 to brain capillaries increased with time and the steady-

state cell-to-medium concentration ratio was 58.5 ~ 2.6 pl/ mg protein. 

Approximately a fourth of the [ 125I]E-2078 binding was resistant to 

acid wash , and showed significant dependence on temperature and medium 

osmolarity. The acid sensitive binding of [ 125I]E-2078, which 

presumably represents surface binding, was saturable and the Scatchard 

plot gave a maximal binding capacity (Bmaxl = 147 ~ 29 pmol / mg 

protein, and a half-saturation constant (KD) = 4 . 62 ~ 0.59 pM. 

Pretreatment of brain capillaries with phenylarsine oxide, an 

endocytosis inhibitor, completely suppressed the acid resistant 

binding of [ 125I]E-2078, but did not influence the surface binding of 

[ 125I]E-2078 . The acid resistant binding of [ 125 I]E-2078 was 

inhibited by poly-L-lysine and protamine, but not inhibited by 

insulin, transferrin, dynorphin ( 1-8), J3-neoendorphin, naloxone or 

poly-L-glutamate. Moreover, in vivo brain extraction of [ 125I]E-2078 

in rats was 368 + 55 % higher than that of [ 3H]sucrose and was 

significantly inhibited by 1 mM of unlabeled E-2078. These results 

demonstrate that E-2078 is internalized by brain capillaries via 

absorptiv e - mediated endocytosis, which is a polycation-sensitive 

pathway. 
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INTRODUCTION 

Dynorphin ( 1-8) and dynorphin ( 1-13) are naturally occurring opioid 

peptides distributed in the central nervous system of vertebrates (1). 

The current evidence indicates that they may be involved in the 

regulation of synaptic transmission related to the )(-type opioid 

receptor ( 2 ) • Similar to other opioid peptides such as ~-endorphin 

(3) and enkephalins (4), dynorphin is very susceptible to enzymatic 

degradation ( 5 ) . Despite the observation that these peptides have 

high affinity for opioid receptors (6), one cannot expect analgesic 

effect following systemic administration of these opioid peptide 

because of their instability to enzymatic degradation and very low 

permeability of the blood-brain barrier (BBB) (4). 

A novel analogue of dynorphin (1-8), [N-methyl-Tyrl, N-methyl-Arg7, 

D-Leu8 ]dynorphin(l-8)ethylamide (designated as E-2078), which has high 

affinity for the K -type opioid receptor ( 7), is a newly developed 

synthetic peptide which was designed to be protected against various 

peptidases present in blood, peripheral tissues and brain to overcome 

the disadvantage that dynorphin(l-8) was readily degraded (8). Since 

analgesic activity of E-2078 has been found to be several times higher 

than that of morphine following systemic administration ( 7), this 

peptide is likely to cross the blood-brain barrier (BBB) and is 

thought to be a potential candidate as an analgesic neuro-

pharmaceutical which can be effectively used in systemic 

administration. With regard to BBB transport of peptides, previous 

studies have reported the receptor-mediated transcytosis of peptides, 

e.g., insulin (9) and transferrin (10); the absorptive-mediated 

transcytosis of positively charged peptides, e.g., cationized albumin 

and ~-endorphin-cationized albumin chimeric peptide ( 11); and the 
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saturable carrier-mediated transport of small peptides with an N

terminal tyrosine through the BBB (12). Accordingly, it is of great 

interest to investigate the transport mechanism of E-2078 across the 

BBB, because E-2078 (pi = 10.0) is a pos1"t1'vely ch arged peptide at a 

physiological pH and also an octapeptide with an N-terminal tyrosine. 

In order to clarify the possible mechanism of the BBB transport of a 

novel dynorphin-like peptide, E 2078 · - , we examJ.ned whether a newly 

developed analgesic peptide, E-2078, can be bound and internalized by 

isolated brain capillaries as an in v 1' tro model system of the BBB. 

Moreover, we performed in vivo b · ral.n uptake experiments in rats using 

the carotid artery injection technique (14) to validate the results 

from in vitro experiments, because the in vivo extraction of E-2078 

across the brain may represent the binding of the peptide at the 

luminal (not abluminal) · d Sl. e of the endothelia of the brain 

capillaries. 
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MATERIALS AND METHODS 

Animals. Male Wistar rats weighing 200-220 g were purchased from 

Sankyo Laboratory Co. (Toyama, Japan). They had free access to food 

and water. 

Chemicals. The dynorphin-like analgesic peptide, [N-methyl Tyr
1

, N

methyl Arg7 , D-Leu8 ]dynorphin-A-(l-8)ethylamide (E-2078) and [
12

5I-

Tyr]E-2078 with a specific activity of 0.82-21.4 mCi/mg were kindly 

supplied from Eisai Co., Ltd. (Tokyo, Japan). [3H(G)-]Inulin (473 

pCi/mg), L-[ring-2,6 3H(N)]phenylalanine (56.4 Ci/mmol), N-[l-

14c]butanol (1.1 mCi/ml), [ 14c(U)]sucrose (4.6 mCi/mmol) and Protosol 

(tissue solubilizer) were purchased from New England Nuclear Corp. 

(Boston, MA). [ 125I-~14]Human insulin with a specific activity of 

approximately 2, 000 Ci/mmol, and [6, 6' (n-3H)]sucrose ( 10.9 Ci/mmol) 

were purchased from Amersham International Ltd. (Buckinghamshire, UK). 

Clear-sol (liquid scintillation cocktail) was purchased from Nakarai 

Chemical Co. (Kyoto, Japan), and porcine dynorphin A ( 1-8) and 13-

neoendorphin from Peninsula Laboratories (Belmont, CA). Salmon roe 

protamine sulfate was obtained from Wako Pure Chemical Industries Ltd. 

(Osaka, Japan). Human holotransferrin was purchased from the Green 

Cross Corp. (Osaka, Japan). Ketaral 50 (ketamine hydrochloride) was 

purchased from Sankyo Co., Ltd. (Tokyo, Japan). Porcine insulin, 

naloxone hydrochloride, poly-L-lysine hydrobromide (MW 4,000), poly-L

glutamic acid sodium salt (MW 14,300), dextran (industrial grade, MW. 

71,500), bovine serum albumin (Fraction V), xylazine and phenylarsine 

oxide were purchased from Sigma Chemical Co. (St. Louis, MO) . The 

other chemicals were of reagent grade and were used without further 

purification. 

Isolation of Bovine Brain Capillaries. capillaries were prepared 
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from bovine brains with h · 1 a mec an1ca homogenization technique 

(14). Bovine brains were graciously supplied, within 20 min after 

exanguination, from the Meat Inspection Center of Kanazawa City 

(Kanazawa, Japan) and immediately soaked in ice cold buffer B (103 mM 

NaCl, 4.7 mM KCl, 2.5 mM cac12 , 1 2 mM KH · 2P04 , 1.2mM MgS04 , 15 mM N-2-

hydroxy-ethylpiperazine-N' -2-ethanesulfonic acid ( HEPES), pH 7.4). 

The cortex was scraped off from the brains and homogenized in buffer A 

composed of the above buffer B, which is containing additionally 25 mM 

NaHC03, 10 mM D-glucose, 1 mM pyruvic acid and 0.1 % bovine serum 

albumin in buffer B. An equal volume of 26 % dextran dissolved in 

buffer B was added to the brain homogenate d an centrifuged for 10 min 

at 3,800 x g and at 4•c. The pellet was suspended with buffer A and 

passed over a 210 pm nylon mesh. The capillaries filtered through the 

mesh were suspended in buffer A and passed over a glass beads column 

(450 pm glass beads) to remove erythrocytes and nucleus. The glass 

beads with the adherent capillaries were transferred to a plastic 

beaker, kept settled, and the supernatant containing capillaries was 

decanted. The capillaries were resuspended in buffer c (0.02 mM 2-

amino-2-hydroxymethyl-1,3-propanediol (Tris), 0.25 M sucrose, 2 mM DL-

dithiothreitol) and stored at -7o·c until use. Capillary protein was 

determined by the Lowry method ( 15) employing bovine serum albumin as 

a standard. 

Bovine brain capillaries d prepare in this laboratory had a transport 

activity of [ 3H]L-phenylalanine and a ·f· spec1 1c binding activity of 

[ 125I]insulin, h.ch w 1 were very similar to those reported previously 

(16, 17). 

High-Performance Liquid Chromatographic ( HPLC) Analysis. The extent 
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to which the c apillary metabolized [ 125I]E-2078 was dete rmined by HPLC 

analysis. The mixture of [125I]E-2078 (0.25 pCi / ml) and capillaries 

(600 pg protein) were incubated at 37 • c for 30 min and centrifuged 

at 10,000 x g for 45 sec . The supernatant was deproteini zed by mixing 

well with an equal volume of methanol and centrifuged at 15,000 rpm 

for 5 min. The r e sultant supernatant was loaded onto a reversed-

phased HPLC column, p-Bondapak c 18 ( 30 em x 3. 9 mm i. d. ; Waters 

Associates, Inc., Milford, MA.). The constant-flow solvent delivery 

system, LC-6A (Shimadzu Corp., Kyoto, Japan) was equipped with an 

ultraviolet detector, SP0-6A ( Shimadzu Corp. ) and a gradient 

programmer, SCL-6A (Shimadzu Corp.). A guard column, c 18 CORASIL 

(Waters Associates, Inc.) was placed between the injector and the 

analytical column. The mobile phase consisted of 2 solvents, which 

are mixtures of water and acetonitrile, containing 0.065% (V/ V) 

trifluoroacetic acid (TFA). Solvent A was 10% (V/ V) acetonitrile and 

solvent B was 60% (V/ V) acetonitrile. The loaded samples were eluted 

with a linear gradient of solvent B from 20 to 50% within 15 min, 

followed by a linear gradient of solvent B from 50 to 100% within next 

5 min. The solvent flow rate was 1.5 ml/min. The column and solvents 

were kept at room temperature. The eluents were collected 

automatically and the radioactivity in each eluent (1 ml) was counted 

using a 1-counter, ARC-605 (Aloka Co., Ltd., Tokyo, Japan). 

In Vitro Binding and Internalization Studies using Isolated Brain 

Capillaries. Binding of .[ 125I]E-2078 to isolated bovine brain 

capillaries was examined by a method similar to that reported 

previously (17) . Brain capillaries (600 pg protein) was preincubated 

in 180 pl of the incubation buffer (pH 7.4, 141 mM NaCl, 4 mM KCl, 

2.8 mM CaCl2, 1 mM MgS04 , 10 mM HEPES, lOmM D-glucose, 0.1% bovine 
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serum albumin, pH 7. 4, 300 mOs m) at 3 7• c (or 4•c) for 5 min. A 

solution (20 pl) contai ning 0 . 05 pCi of [125I ]E- 2078 and 2 pCi of 

[ 3H]inulin was incubated with the cap1'llary suspensio n in the absence 

and presence of various compounds, i.e., unlabele d E- 20 78, 

holotransferrin, dynorphin ( 1-8), ~-neoendorphin , naloxone , 

insulin, 

poly-L-

lysine, protamine, and poly- L-glutamate . At de signated times after 

incubation, the mixture was centrifuged at 10,000 x g for 45 sec i n a 

microcentrifuge MR-15A (Tomy Seiko Co Ltd T ky J . , . , o o, apan). 

An acid-wash technique ( 14 , 18) was then employed to discrimina t e 

between the internalization and binding of [12 5I]E- 2078 to the 

capillary pellet. The pellet was resuspended in 400 pl of ice cold 

acetate-barbital buffer (0.028 M CH 3COONa, 0.12 M NaCl, 0.02 M 

barbital, pH 3. 0) and placed on ice for 6 min , followed by 

centrifugation at 10,000 x g for 45 sec. The radioactivity in the 

supernatant · (acid-soluble binding) was measured in a liquid 

scintillation counter, LSC-703 (Aloka eo. Ltd., Tokyo, Japan) 

supposed to represent surface binding of [125I]E-2078. 

and was 

The 

radioactivity in the pellet (acid-resistant binding) was also measured 

after solubilization by 500 pl of 1 N-NaOH for 10 min at 60•c, and was 

supposed to represent internalized [125I]E-2078. 

radioactivities in each sample were separately meas ured a s previously 

de scribed ( 19). 

Collapsed Capillary Study.. In ord t · - _ __ __ er o exam1ne the effect medium-

osmolarity on the i nternal1'zat1· 0 n of [12 5 I]E-2078 by brain 

capillaries, a binding experiment was also carried out in a hypertonic 

buffer (the incubation buffer plus 1.0 M sucrose, 1,400 mOsm). The 

subsequent procedure was the same as des cribed above . 
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Effect of Phenylarsine Oxide on the Internalization of [125I]E-2078. 

Were Preincubated for 20 min at 37•c in the Isolated brain capillaries 

the Presence and absence of 10 ).1M phenylarsine incubation buffer in 

as an endocytosis inhibitor (20,21). The acid oxide which is known 

125 determined by the acid wash resistant binding of [ I]E-2078 was 

method as described above. 

Data Calculation. The data on binding and internalization were 

expressed as the cell-to-medium concentration (cell/medium) ratio, 

11 1 Space using [3H] inulin, which were corrected for an extrace u ar 

calculated as follows: 

For The Acid Resistant Binding: 

Cell/Medium (pl/mg protein) 

[(125I-R minus 125I-S x 3H-R/3H-S)/mg capillary protein] 

/[125I-M/pl medium] 

For the Total. Binding: 

Cell/Medium (pl/mg protein) 

[125I-T/mg capillary protein]/[ 125I-M/pl medium] 

minus [3H-T/mg protein]/[ 3H-M/pl medium] 

where 125I-R and 125I-S are the 125I-radioactivity in the acid 

resistant and acid soluble fractions associated with brain 

capillaries, respectively; 3H-R and 3 H-S are the 3H-radioactivity in 

the acid resistant and acid soluble fractions associated with brain 

capillaries, respectively; 125I-M and 3 H-M are 125I- and 3 H-

. d 125I-T radioactivity per pl of incubation medium, respectively; an 

3 125 1 125I-S and 3H-R plus 3 H-S, and H-T represent I-R p us 

respectively. 

Moreover, the cell-to-medium concentration ratio of the acid soluble 

binding (surface binding) was determined as that of the total binding 
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minus that of the acid resistant binding. 

In Vivo Brain Uptake Study. The uptake (or binding) of [ 125I]E-2078 

to the luminal side of rat brain capillaries was measured with the in 

vivo carotid injection technique ( 12). Two hundred pl of Ringer' s

Hepes Buffer (141 mM NaCl, 4.0 mM KCl, 2.8 mM CaC12 , 10 mM HEPES, pH 

7.4) containing 5 pCi/ml of [ 125I]E-2078 and 150 pCi / ml of 

[3H]sucrose, an extracellular marker, was rapidly injected into the 

carotid artery in rats anesthetized with intramuscular doses of 

ketamine 235 mg/kg and xylazine 2.3 mg/kg. In vivo brain uptake study 

was also performed in the presence of either 5 mM of L-tyrosine or 1 

mM of unlabeled E-2078 in the injectate. After 5 seconds, the rats 

were decapitated and the ipsilateral hemisphere to the injected side 

was dissected and solubilized in 3 ml of Protosol at 55•c for 3 hr. 

Then 0. 6 ml of H2o2 was transferred to the sample tubes and, after 

standing at room temperature for 15 min, the samples were incubated at 

55•c for 30 min. After neutralization with 128 pl of glacial acetic 

acid, the radioactivity in each sample was measured in a liquid 

scintillation counter. The percentage uptake (or binding) of [ 125I]E-

2078 into the brain, relative to the vascular space using [ 3H]sucrose, 

was calculated as follows: 

Percentage of [125I]E-2078 uptake/[ 3H]sucrose space 

[(125I/3H dpm) in brain]/[( 125I;3H dpm) in injectate] x 100 
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RESULTS 

Stability of [125I]E 2078 in Brain capillary Suspension. Figure 1 

[ 125I]E 2078 in the capillary shows the HPLC chromatograms of -

7' f 30 min Obviously, suspension before and after incubation at 3 C or · 

id rred indicating no significant metabolism of the labeled pept e occu ' 

that E-2078 is fairly stable against enzymatic degradation by the 

peptidases associated with brain capillaries. 

f [125I]E 2078 by Isolated Brain Binding and Internalization o 

capillaries. The acid resistant binding was measured to assess the 

internalization of [125I]E-2078 into brain capillaries. Figure 2 

illustrates the effect of acid washing period at 4' C with pH 3 · 0 

acetate-barbital buffer on the total binding of [ 125I]E-2078 to the 

brain capillaries. Release of acid sensitive binding of [ 125I]E-2078 

h Was completed within 10 min, where 23.0 ~ 0 . 7 %of by mild acid was 

Of [ 125I]E-2078 was supposed to be the internalized the total binding 

peptide and approximately 75% of the total binding was supposed to be 

the surface binding of the peptide to brain endothelial cells . In 

this study, therefore, 6 min was chosen as the time interval of acid 

washing, because it was enough t o assess the internalization of the 

peptide by brain capillaries. 

ac1' d res1'stant bindings of [ 125IJETime courses of the total and 

2078 to brain capillaries are illustrated in figure 3. The cell-to-

125 8 b ' d. medium concentration (cell/medium) ratio of total [ I]E-207 1n 1ng 

increased from 23.4 + 6 . 2' to 61. 1 ~ 10.4 )ll/mg protein during 

incubation for 30 min with brain capillaries at 37'C. Similarly, the 

cell/medium ratio of acid resistant [ 125I]E-2078 binding was increased 

from 3.90 ~ 0.67 to 19.1 ~ 0.6 )ll/mg protein during incubation for 30 

min, while only a slight and time- independent acid resistant binding 
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of [3H]inulin was observed for 30 min (1.01 ~ 0.06 )ll / mg protein). 

Additionally, acid resistant [ 125I]E-2078 binding to capillaries was 

not inhibited by 5 mM L-tyrosine at 37'C for 30 min (data not shown), 

suggesting that E-2078 was bound and internalized, intact by the 

isolated brain capillaries. 

The acid resistant binding of [ 125I]E-2078 (0.4 )lM) to brain 

capillaries was compared between 4'C and 37 ' C in figure 4. No 

significant time-dependency was observed for the acid resistant 

binding of [125I]E-2078 at 4'C, while significant increase of the 

binding with time was observed at 37'C. At 4'C, the acid resistant 

binding after 30 min (2.93 ~ 0.13 )ll/mg protein) was low and almost 

the same as the initial, nonspecific acid-resistant zero time at 37'C 

(2.74 ~ 0.48 )ll/mg protein). 

Effect of Medium Osmolarity on the Internalization of [ 125I]E-2078. 

Figure 5 demonstrates that the acid resistant binding of [ 125I]E-2078 

at 37'C decreased significantly when the osmolarity was increased from 

300 to 1,400 mOsm, and little internalization was observed when 

capillaries were collapsed by a high osmolarity of 1,400 mOsm. This 

finding suggests that [ 125I]E-2078 was internalized into an 

osmotically reactive intracellular space. 

Effect of Phenylarsine Oxide on the Internalization of [ 125I]E-2078 

As clearly shown in figure 6, phenylarsine oxide, an endocytosis 

inhibitor, almost completely inhibited the acid resistant binding of 

[125I]E-2078. In contrast, phenylarsine oxide did not significantly 

change the surface binding of [ 125I]E-2078 (data not shown). 

Concentration Dependence of [ 125I]E 2078 Binding and Internali

~· Figure 7 shows the concentration dependence of the surface 
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binding of [l25I]E-2078 to brain capillaries at the equilibrium 

condition, indicating the saturable and non-saturable bindings. The 

Scatchard plot for saturable surface binding of [ 125I]E-2078, where 

saturable surface binding was obtained from the surface binding minus 

non-saturable surface binding which was determined in the presence of 

10 mM unlabeled E-2078, indicates an existence of monocomponent, 

saturable binding site of [ 125I]E-2078 on the surface of the brain 

capillaries. The apparent binding capacity (Bmax> was determined to 

be 147 ~ 29 pmol/mg protein, and the half-saturation constant (K0 ) to 

be 4.62 ~ 0.59 pM. 

Effects of Several Peptides and Opioids on the Total Binding and 

Internalization of [l25I]E-2078. As presented in figure 8, porcine 

insulin ( 10 pM), human holotransferrin ( 10 pM) , porcine dynorphin 

( 1-8) ( 1 mM), p-neoendorphin ( 1 mM) did not change the total and 

acid resistant bindings of [ 125I]E-2078. In contrast, poly-L-lysine 

(300 pM) and protamine (300 pM), which are polycationic peptides, 

significantly inhibited both the total and acid resistant bindings of 

[ 125I]E-2078, while polyglutamate (300 pM), a polyanionic peptide, did 

not. Naloxone, an opioid antagonist, significantly enhanced the total 

binding of [ 125I]E-2078 to the capillaries, but did not change the 

acid resistant binding. 

In Vivo Brain Uptake Study. Table 1 summarizes the results of in 

vivo brain uptake (or binding) of [ 125I]E-2078 to the luminal side of 

brain capillaries in rats, determined by the carotid artery injection 

technique. The apparent brain uptake of [ 125I]E-2078 was 3. 7-fold 

higher than that of [ 3H]sucrose which was used as an extracellular 

marker, and was significantly inhibited by a high concentration ( 1 mM) 

of unlabeled E-2078. No significant inhibition by 5 mM L-tyrosine 
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indicates that the apparent brain uptake was not result from the 

uptake of [ 125I]tyrosine generated from peptidase digestion at the 

endothelium, but from the uptake and/or binding of the octapeptide, 

[ 125I]E-2078, to the luminal side of brain capillaries. 
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DISCUSSION 

In the transport studies of peptides using isolated brain 

capillaries, enzymatic degradation of peptides during incubation with 

brain capillaries could lead to a serious problem for assessing the 

specific binding and internalization (4). In the present study, a 

newly synthetized dynorphin-like peptide, E-2078, was found to be very 

stable to the peptidase associated with isolated brain capillaries 

(fig. 1), in contrast to endogenous opioid peptides such as dynorphin 

(5,8) and enkephalin (4). Moreover, no inhibition by 5 mM L- tyrosine 

of the acid resistant binding of [ 125I]E-2078 to capillaries suggests 

that E-2078 could be bound and internalized as its intact form by 

isolated brain capillaries. These advantageous properties of E-2078 

can be attributed to suitable chemical modifications of enzyme

susceptible sites of native dynorphin, i.e., N-methyl groups at N

terminal Tyr1 and at Arg7 , D-Leu8 instead of L-Leu8, and an ethylamine 

group at C-terminal D-Leu8. 

Similar to the studies on the binding of insulin (17) and cationized 

albumin (11) to brain capillaries, the acid-wash procedure was 

effectively performed to dissociate the surface binding of E-2078 to 

brain capillaries. Using this procedure, we have demonstrated that 

the dynorphin-like basic octapeptide, E-2078, was specifically bound 

and internalized by isolated brain capillaries. Both extent of the 

total and acid resistant bindings of E-2078 at 37•c (fig . 3) were 

shown to be similar to thos~ of [ 125I-~14]human insulin determined 

under the same conditions (data not shown), but significantly lower 

than those of cationized albumin reported previously (11) . Moreover, 

the K0 value for the capillary surface binding of E-2078 (4 . 62 ~ 0 . 59 

pM) was shown to be 5.8-fold greater than that of cationized albumin 
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(0.8 ~ 0.1 pM) (11), and 1000-fold greater than the Ko value for the 

receptor binding of E-2078 to brain synaptic membranes (4.6 nM) 

(unpublished data). Therefore, the specific binding site of E-2078 on 

the surface of brain capillaries might be different from the opioid 

receptors in terms of binding characteristics. 

Significant temperature- and osmotic pressure-dependencies of acid 

resistant binding of [ 125I]E-2078 (figs. 4 and 5) suggest that mild 

acid wash procedure could dissociate the surface binding of [125I]E-

2078 to brain capillaries and that E-2078 was significantly 

internalized by brain capillaries. The acid resistant binding of E-

2078 with brain capillaries was completely inhibited by phenylarsine 

oxide (fig· 6), which is known to inhibit the internalization of 

epidermal growth factor (20) and insulin (21). Although a long time 

period of incubation with phenyl arsine oxide seems to cause 

cytotoxicity to fibroblasts (21), the complete inhibitory effect of 

this reagent on the acid resistant binding of [l25I]E-2078 might not 

be attributed to its cytotoxic effect on the brain capillaries because 

of such a short period of pretreatment as 20 min. 

In order to characterize the endocytosis system of [l25I]E-2078 into 

the brain capillaries, the inhibition studies were also carried out. 

Since the pi value of E-2078 is 10.0 (unpublished data), the peptide 

is positively charged at a physiological pH of 7.4. It is well known 

that the surface of endothelial cell membranes has negatively charged 

region (22). The remarkably different effects of polycations (i.e., 

poly-L-lysine and 

on the total and 

protamine) and a polyanion (i.e., poly-L-glutamate) 

acid resistant bindings of [l25I]E-2078 (fig. 8) 

strongly suggest that electrostatic interactions of [l25r]E-2078 with 



- 136 -

1 important role in the surface the cell surface anionic sites p ay an 

i of the peptide into the brain binding and subsequent internalizat on 

capillaries. Since similar inhibitory effects of polycations on the 

absorptive-mediated transcytosis of cationized-albumin through the BBB 

have been observed ( 11), E-2078 might be transported by an absorptive-

mediated endocytosis system. This system is clearly discriminated 

from the receptor-mediated endocytosis with a high affinity which has 

e .g., insulin (18), insulin-like been reported for some peptides, 

growth factors ( 23) and transferrin ( 24). Dynorphin ( 1-8) and [3-

neoendorphin, which are the agonists of X-type opioid receptor and 

exh'b'ted no inhibitory effects on the total and also basic peptides, • • 

acid resistant bindings of [ 125I ] E-2078 (fig. 8), presumabl y due to 

h Op ' o id peptides at the surface of brain rapid degradation of t ese • 

I diff ence in a mechanism by capillaries during incubation and or some er 

which these peptides were bound by capillaries . The effect of 

naloxone, an opioid antagonist, on the acid resistant binding of 

[125I]E-2078 (fig. 8) suggests that opioid receptors did not mediate 

the endocytosis of [12 5I]E-2078 t hrough the BBB. On the other hand, 

the significant influence of nal oxone on the binding of [ 125I ] E-2078 

to brain capillaries may suggest that E-2078 binding has an opioid 

component . However, the mechanism by which naloxone caused an 

increase, instead of a decrease, of the E-2078 binding is the object 

of much speculation at present. One possible explanation for this is 

that nal oxone interacts all~sterically with E-2078, which would result 

in the increase of affinity of the E-2078 binding to the putative 

binding site on the brain capillaries. 

It has been proposed that the transcytosis of peptide is composed of 

at least three steps, e . g., 1) the binding and internalization at the 
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luminal side of endothelial cell membrane, 2) diffusion through the 

cytoplasm of endothelial cell, 3) the externalization at the abluminal 

side of endothelial cell membrane ( 25). It is hard to distinguish 

between the endocytosis systems present at the luminal side and 

abluminal side of the plasma membrane of brain capillaries in the in 

vitro transport experiment using isolated brain capillaries. 

Therefore, in vivo uptake (or binding) of [ 125I]E-2078 by the luminal 

side of brain capillaries was examined using the carotid artery 

injection technique ( 12). The in vivo extraction of [ 125I]E-2078 

greatly exceeded that of sucrose and showed a significant saturability 

in the presence of unlabeled peptide (1 mM) in the injectate (table 

1). These results suggest that the absorptive-mediated endocytosis 

could occur at the luminal side of the brain capillaries. Moreover, 

the transcytosis of proteins through the cerebral endothelium may be 

vectorial. (i.e. directed from blood to brain). since the luminal 

surface but not the abluminal surface exhibits demonstrable 

endocytotic activity (26,27). Accordingly, the internalization of 

[l25I]E-2078 by isolated brain capillaries might be the result of 

endocytosis at the luminal surface. 

In the development of neuropeptides as neuropharmaceuticals acting 

on the central nervous system in vivo, several factors should be 

considered in order that systemic administration becomes possible; 1) 

the stability of the pept:j.de in the systemic circulation, 2) the 

permeability of the peptide through the blood-brain barrier (BBB), 3) 

the stability of the peptide in the cytoplasm of endothelial cell and 

interstitial fluid in the brain. To solve these problems, suitable 

chemical modifications of the peptide would be the most successful 
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strategy (4). In this point of view, a novel dynorphin analogue, E-

2078, is a peptide that was satisfactorily developed to meet the above 

factors. 

In conclusion, the present study demonstrates that a novel dynorphin 

analogue, E-2078, is transported by the absorptive-mediated 

endocytosis system through the BBB without significant metabolism by 

the brain capillaries. There is a possibility of the permeation of E-

2078 through the choroid plexus into cerebrospinal fluid. However, 

the rapid distribution of circulating substances into brain 

interstitial space depends on the transport properties of the 

substance at the BBB, because the surface area of the BBB is much 

(5,000-fold) greater than that of the blood-cerebrospinal fluid 

barrier ( 28) . Therefore, it is likely that the absorptive-mediated 

endocytosis of the peptide at the BBB plays an important role for the 

permeation of this analgesic peptide from the systemic circulation. 

Acknowledgements The authors greatly appreciate Dr. William M. 

Pardridge for his valuable discussions. The authors thank Mr. 

Kiminori Okumura for his excellent technical assistance, Drs. Yasuo 

Miyake and Teruaki Yuzuriha, Research & Development Division, Eisai 

Co., Ltd. for kindly supplying us with unlabeled and [ 125I]E-2078 and 

Mrs. Katsumoto Ume and Saburo Okabe, the Meat Inspection Center of 

Kanazawa City, for graciously providing us with fresh bovine brains. 

- 139 -

REFERENCES 

l. A.C. Cuello: Central Distribution of opioid peptides. Br. Med. 

Bull. 39: 11-16, 1983. 

2. S.F. Atwen and M.J. Kuhar,: Distribution and physiological 

significance of opioid receptors in the brain. Br. Med. Bull. 

39: 47-52, 1983. 

3. R.A. Houghten, R.W. Swann, and C.H. Li: ~-Endorphin: Stability, 

clearance behavior, and entry into the central nervous system 

after intravenous injection of the tritiated peptide in rats 

and rabbits. Proc. Natl. Acad. Sci. USA 77: 4588-4591, 1980. 

4. W.M. Pardridge and L.J. Mietus: Enkephalin and blood-brain 

barrier: Studies of binding and degradation in isolated brain 

microvessels. Endocrinology 109: 1138-1143, 1981. 

5. A. Goldstein, S. Tachibara, L.I. Lowney, M. Hunkapiller, and L. 

Hood: Dynorphin- ( 1-13), an extraordinary potent opioid peptide. 

Proc. Natl. Acad. Sci. USA 76: 6666-6670, 1979. 

6. E.A. Barnard and C.D. Mason: Molecular properties of opioid 

receptors. Br. Med. Bull. 39: 37-45, 1983. 

7. T. Nakazawa, M. Mihara, M. Ikeda, T. Kaneko, K. Yamatsu, Y. 

Arakawa, and S. Tachibana: A novel analogue ( E-2078) of 

dynorphin ( 2) : Analgesia, tolerance and physical dependence. 

Int. Narcotic. Res. Cont. 110, 1987. 

8. S. Tachibana, H. Yoshino, T. Arakawa, S. Araki, T. Kaneko, and 

K. Yamatsu: A novel analogue (E-2078) of dynorphin (1): Design 

and structure-activity relationship. Int. Narcotic. Res. Cont. 

60, 1987. 

9. K.R. Duffy and W.M. Pardridge: Blood-brain barrier transcytosis of 

insulin in developing rabbits. Brain Res. 420: 32-38, 1987. 



- 140 -

J. v. Handrahan, J. R. Connor, and 10. J.B. Fishman, J.B. Rubin, 

· t d transcytosis of transferrin across Fine: Receptor-med1a e 

blood-brain barrier. J. Neurosci. Res. 18: 299-304, 1987. 

R.E. 

the 

11. A.K. Kumagai, J.B. Eisenberg, and W.M. Pardridge: Absorptive-

Of Cat1. onized albumin and a J3-endorphinmediated endocytosis 

isolated brain cationized albumin chimeric peptide by 

capillaries. J. Bioi. Chern. 262: 15214-15219, 1987. 

12 . W.A. Banks, A.J. Kastin, A.J. Fishman, D.H. Coy, and S.L. Strauss: 

carrier-mediated transport of enkephalins and N-tyr-MIF-1 across 

blood-brain barrier. Am. J. Physiol. 251: E477-E482, 1986. 

13 . W.H. Oldendorf: Measurement of brain uptake of radiolabeled 

substances using a tritiated water internal standard . Brain Res. 

24: 372-376, 1970. 

Eisenberg' and T. Yamada: Rapid sequestration 14. W.M. Pardridge, J. 

Of Somatostatin analogues by isolated brain and degradation 

microvessels. J. Neurochern. 44: 1178-1184, 1985. 

Protein 15. o.H. Lowry, N.J. Rosebrough, A.L. Farr, and R.J. Radall: 

measurement with the folin phenol reagent. J. Bioi. Chern. 193: 

265-275, 1951. 

16. T.B. Choi and w.M. Pardridge: Phenylalanine transport at the human 

blood-brain barrier. J. Bioi. Chern. 261 : 6536-6541, 1986. 

and 17. H.J.L. Frank, W.M. Pardridge, W.L. Morris, R.G. Rosenfeld, 

T.B. Choi: Binding an~ internalization of insulin and insulin-

like growth factors by isolated brain microvessels. Diabetes 35: 

654-661, 1986. 

18. w.M. Pardridge, J. Eisenberg, and J. Yang: Human blood-brain 

barrier insulin receptor. J. Neurochern. 44: 1771-1778, 1985. 

-- --- -- -

- 141 -

19. w. M. Pardridge: Carrier-mediated transport of thyroid hormones 

through the rat blood-brain barrier: primary role of albumin

bound hormone. Endocrinology 105: 605-612, 1979. 

20. H.S. Wiley and D.D. Cunninghum: The endocytotic rate constant. J. 

Bioi. Chern. 257 : 4222-4229, 1982. 

21. W.P. Knutson, G.V. Ronnett, and M.D. Lane: Rapid, reversible 

internalization of cell surface insulin receptors. J. Bioi. 

Chern. 258: 12139-12142, 1983. 

22. A. w. Vorbrodt, A. S. Lossinsky, D. H. Dobrogowska, and H. M. 

Wisniewski: Distribution of anionic sites and glycoconjugates on 

the endothelial surfaces of the developing blood-brain barrier. 

Dev. Brain Res. 29: 69-79, 1986. 

23. K.R. Duffy, W.M. Pardridge, and R.G. Rosenfeld: Human blood-brain 

barrier insulin-like growth factor receptor. Metabolism 37: 136-

142, 1988. 

24. W.M. Pardridge, J. Eisenberg, and J. Yang: Human blood-brain 

barrier transferrin receptor. Metabolism 36: 892-895, 1987. 

25. R.S. Bar, A. DeRose, A. Sandra, M.L. Peacock, and W.G. Owen: 

Insulin binding to microvascular endothelium: a kinetic and 

morphometric analysis. Am. J. Physiol. 244: E447-E452, 1983. 

26 . R.D. Broadwell, B.J. Balin, M. Salcman, and R.S. Kaplan: Brain

blood barrier? Yes and no. Proc. Natl. Acad. Sci. USA 80: 7352-

7356, 1983. 

27. R.D. Broadwell, B.J. Balin, and M. Salcman: Transcytotic pathway 

for blood-borne protein through the blood-brain barrier. Proc . 

Natl. Acad. Sci. USA 85: 632-636, 1988. 

28. W.M. Pardridge, H.J.L Frank, E.M. Conford, L.D. Braun, P.D. Crane, 

and W.H. Oldendorf: Neuropeptides and the blood-brain barrier. 



---~-

- 142 -

In Neurosecretion and Brain Peptides, ed by J. B. Martin, S · 

Reichlin, K. L. Bick, pp. 321-328, Raven Press, New York, 1981. 

---- -

- 143 -

TABLE 1. 

Effects of unlabeled E-2078 and L-tyrosine 

on in vivo brain uptake of [ 125I]E-2078 in ratsa 

Inhibitor 

None (control) 

Unlabeled E-2078 (1 mM) 

L-Tyrosine (5 mM) 

[125I]E-2078 uptake 

[3H]sucrose uptake 

% 

368 + 55 

185 + 16** 

315 + 19 

a Determined by the carotid artery injection technique 

(Oldendorf, 1970). The values are the means~ S.E. 

of five experiments. 

** Significantly different from control at p < 0.01 

by Student's t-test. 
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FIGURE LEGENDS 

~-
HPLC chromatograms of [ 125I]E-2078 after incubation with 

isolated bovine brain capillaries. 

[125I]E-2078 was incubated with bovine brain capillaries for 30 min 

at 37•c. The supernatant of the incubation mixture was applied into 

the reversed-phase HPLC column (p-Bondapak ~8 ). The solvents used 

were mixtures of water and acetonitrile containing 0.065% TFA. The 

loaded samples were eluted with a linear gradient of acetonitrile from 

20 to 35% within 15 min, followed by a linear gradient of acetonitrile 

from 35 to 60% within next 5 min. The solvent flow rate was 1. 5 

ml/min. The radioactivity in each eluent (1 ml) was counted. A HPLC 

chromatogram of a standard sample of [ 125r]E-2078 is illustrated in 

inset. 

~- Effect of acid wash period on the acid resistant binding of 

[125I)E-2078 to isolated bovine brain capillaries. 

[125I]E-2078 (0.4 pM) was incubated with brain capillaries at 37•c 

for 30 min in the incubation buffer (141 mM NaCl, 4 mM KCl, 2.8 mM 

CaC12 , 1 mM Mgso4 , 10 mM HEPES, lOmM D-glucose, 0.1% bovine serum 

albumin, pH 7.4). The incubation mixture was centrifuged at 10,000 x 

g for 45 sec, the resultant pellet was resuspended and incubated with 

400 pl of ice cold acetate-barbital buffer (pH 3.0) for designated 

time intervals (1, 3, 6, 10 min), and the suspension was centrifuged 

at 10,000 x g for 45 sec. The pellet was dissolved in 500 pl of 1 N 

NaOH at 60•c for 10 min and the radioactivity was counted. The 

percentage of acid resistant binding to the total binding was plotted 

against the acid wash period. Each point represents the mean ~ S.E. 
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of three experiments. 

~- Time courses of the total and acid resistant bindings of 

[ 125I)E-2078 to isolated bovine brain capillaries. 

After incubation of [ 125r]E-2078 with brain capillaries at 37 • c 

for 30 min, the incubation mixture was centrifuged at 10,000 x g 

for 45 sec and the supernatant was counted. The pellet was 

resuspended and incubated with 400 pl of ice cold acetate-barbital 

buffer (pH 3.0) for 6 min, and the suspension was centrifuged at 

10,000 x g for 45 sec. The pellet was dissolved by 500 pl of 1 N 

NaOH at 6o•c for 10 min and centrifuged at 10,000 x g for 45 sec. 

The acid soluble radioactivity in the supernatant and the acid 

resistant radioactivity in the pellet were counted. The total ( o ) 

and acid resistant ( • ) bindings were expressed as the cell-to

medium concentration (cell/medium) ratios by calculation using eqs. 1 

and 2 in the text, respectively. Each point represents the mean ~ 

S.E. of three experiments. 

~- Effect of temperature on the acid resistant binding of 

[ 125I]E-2078 to isolated bovine brain capillaries. 

After incubation of [ 125r]E-2078 with brain capillaries at 37•c 

( 0 ) or 4 • C ( • ) for 30 min, the acid resistant binding was 

determined (as cell/medium ratio) as described in the legend to 

figure 3. Each point repFesents the mean + S.E. of five experiments. 

~- The effect of increasing osmolarity of the incubation buffer 

on the internalization of [ 125I)E-2078 (0.4 pM) by normal and 

collapsed brain capillaries . 

Brain capillaries were preincubated for 5 min at 37•c in the 
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incubation buffer with ( 1, 400 mOsm; • ) or without ( 300 mOsm; 0 ) 1 

M sucrose. The acid resistant binding was measured (as cell/medium 

ratio) as described in the legend to figure 3. Each point represents 

the mean + S.E. of three experiments. 

!:~. Effect of phenyl arsine oxide pre loading on the 

internalization of [125I]E-2078 by isolated bovine brain capillaries. 

Bovine brain capillaries were preincubated for 20 min at 37•c in the 

incubation buffer with ( • ) or without ( 0 ) 10 )lM phenylarsine 

oxide. The acid resistant binding was determined (as cell/medium 

ratio) as described in the legend to figure 3. Each point represents 

the mean~ S.E. of three experiments. 

~- Concentration dependence of the surface binding of [1
2
5I]E-

2078 to isolated bovine brain capillaries. 

[ 125 r]E-2078 (0.4 )lM) and various concentrations of unlabeled E-

2078 were incubated with brain capillaries (approximately 3 mg/ml) 

at 37•c for 30 min in the incubation buffer. The acid soluble 

binding (as cell/medium ratios) were determined as described in 

"Materials and Methods. The inset presents the Scatchard plot of 

the saturable surface binding of [ 125r]E-2078, where saturable 

surface binding was obtained from the surface binding minus non-

saturable surface binding which was determined in the presence 

of 10 mM unlabeled E-2078 . Each point represents the mean ~ S.E. 

of five experiments. 

~- Effects of several inhibitors on the total and acid resistant 

bindings of [ 125I]E-2078 to isolated bovine brain capillaries . 
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Brain capillaries were preincubated for 5 min at 37•c with either 

101M of insulin, 10 )lM of holotransferrin, 1 mM of dynorphin(l-8), 1 

mM of p-neoendorphin, 10 )lM of naloxone, 300 )lM of polylysine, 

300 pM of protamine or 300 pM of polyglutamate. Subsequently, the 

total (left panel) and acid resistant (right panel) bindings (as 

percent of control) were determined as described in the legend to 

figure 3. Each point represents the mean+ S.E. of five experiments. 
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PART VI 

AN APPLICATION OF HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY IN 

DISPOSITION STUDY OF A14- 125I-INSULIN IN MICE 
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In order to describe quantitatively the in vivo distribution and 

elimination of insulin, HPLC separation was applied to the 

pharmacokinetic study of human insulin 125r-labeled at tyrosine-A14 

(A14- 125I-insulin) as a tracer. Intact A14 - 125 r-insulin was 

determined by HPLC and TeA-precipitation in plasma and various tissues 

after its intravenous bolus injection into mice. TeA-precipitation 

consistently overestimated the intactness of A14- 125I-insulin compared 

with HPLC, possibly due to the presence of both a TeA-precipitable, 

intermediate degradation product of labeled insulin found in HPLC 

elution profiles and reported high-molecular-weight forms of labeled 

insulin in plasma. Thus, TeA-precipitation gave a considerably lower 

total plasma clearance (CLtot> value than HPLC. 

The half-life of A14- 125I-insulin was prolonged by a simultaneous 

injection of unlabeled insulin (8 U/kg), and labeled insulin behaved 

similarly with 14c-inulin (an extracellular fluid marker). The 

concentration-time profiles of HPLC-separated labeled insulin in 

plasma were analyzed by a noncompartmental moment method, and it was 

found that both plasma clearance ( CLtot) and steady-state apparent 

distribution volume (Vdss) of A14- 125I-insulin were considerably 

decreased by unlabeled insulin coadministration. Especially, Vdss of 

labeled insulin decreased by 79% to be similar to that of inulin (181 

ml/kg), suggesting that the nonspecific binding of labeled insulin to 

tissues was so small that Vdss of labeled insulin reduced to the 

extracellular fluid volume (approximately 20% of the body weight) when 

its receptor binding was blocked effectively by unlabeled insulin. 

This observation, together with 63% reduction of CLtot by unlabeled 

insulin coadministration, demonstrates that saturable, receptor-
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mediated processes of distribution and elimination are essentially 

involved in the pharmacokinetics of HPLC-separated A14- 125I-insulin. 
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INTRODUCTION 

Recently, high-performance liquid chromatography (HPLC) has been 

successfully employed not only to purify authentic insulin ( 1) and 

monoiodinated insulin isomers ( 2, 3) but also to separate the 

degradation products of labeled insulin generated by isolated 

hepatocytes (4,5) or proteases (5,6). Previous in vitro studies (4-9) 

have indicated that TeA-precipitable, insulin-sized intermediate 

products of insulin appear to derive from cell-associated processes. 

After degradation by human fibroblast, separation of insulin-sized 

products of insulin could be readily accomplished by HPLC, but not by 

other methods (9). In contrast, a great number of in vivo kinetic 

studies of insulin have been performed almost exclusively by the use 

of radioimmunoassay (RIA), gel filtration and TeA-precipitation, but 

have not been evaluated quantitatively by HPLC analysis. 

In the field of pharmacokinetics, there is now a growing body of 

evidence demonstrating the important roles of receptor binding in 

distribution and elimination of peptide hormones ( 10-12) including 

insulin (13-15), due to hormone-receptor binding and subsequent 

cellular events (receptor-mediated internalization and degradation) 

which have been studied extensively using isolated cells (16,17). With 

regard to the receptor binding activity of radiolabeled insulin, it 

has been reported that HPLC-purified A14-monoiodoinsulin is 

indistinguishable from native insulin (18), and that B-chain-labeled 

insulins show higher affinity than A14-monoiodoinsulin in adipocytes 

possibly due to the alterations in either receptor binding and 

cooperative interactions, because tyrosines of the B-chain are 

believed to be close or within the binding site (19). However, most 

previous studies on the fate of labeled insulin have been performed 
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using heterogenously labeled insulins, except for the study by 

Philippe et al. (14), who used tritiated insulin assayed by gel 

chromatography, and a recent study by Cockram et al. ( 20) who utilized 

A14- and s 1 -labeled insulin tracers to investigate the mechanisms of 

intracellular processing of insulin in vivo by the use of TeA

precipitation and immunoprecipitation, although they did not measure 

directly the intracellular degradation products of insulin. 

In the present study, therefore, we quantitatively compared the 

intactness of A14-1 25I-insulin between the HPLC-separation and TeA

precipitation methods, and examined the concentration profiles of 

HPLC-separated A14-125I-insulin in plasma and in various tissues after 

its intravenous injection in mice. 
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MATERIAlS AND METHODS 

Reagents. Human insulin 125I-labeled at tyrosine-A14 (A14- 125I

insulin), with a specific activity of 2,000 Ci / mmol, and 14c-inulin 

carboxylic acid with a specific activity of 2-10 mCi / mmol were 

purchased from the Radiochemical Center (Amersham, Arlington Heights, 

Illinois). Crystalline porcine insulin and bovine serum albumin (BSA, 

Fraction V) were obtained from Sigma Chemical Co. (St. Louis, 

Missouri), and trichloroacetic acid ( TCA) and trifluoroacetic acid 

(TFA) from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All 

other reagents were commercially available and of analytical grade. 

The monoiodinated insulin was dissolved in phosphate buffered saline 

(PBS) containing 0.1% BSA (designated as PBS solution) and stored at 

-2o•c until study. The purity of the labeled insulin was at least 95% 

pure as assayed by a high-performance liquid chromatography ( HPLC) . 

Insulin Administration and Sampling. Adult male ddY mice (Sankyo 

Laboratory Co., Ltd., Toyama, Japan) weighing 30-38 g were used 

throughout the experiments without fasting. Under light anesthesia 

with ether, the mice were kept in the spine position on a fixed board 

and the body temperature was maintained at 37•c by heating lamps. The 

jugular vein was cannulated with polyethylene tubing (SP-10; o.d. 0.61 

mm, i.d. 0.28 mm; Natsume Seisakusho, Co., Tokyo, Japan) for 

administration of labeled insulin, and a loose ligature (surgical 

string) was placed around the carotid artery for blood sampling. 

After recovery from anesthesia, 6.5 ~Ci/kg of A14 - 125I-insulin 

(without and with 8 U/kg of unlabeled porcine insulin) plus saline up 

to 50 ~1 was rapidly injected through the jugular vein using a 

microsyringe attached to the cannula. When unlabeled insulin was 

coadministered, glucose was infused constantly at a rate of 24 
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mg / min/ kg to maintain euglycemia. At designated times after 

intravenous injection of labeled (and unlabeled) insulin, the carotid 

artery was gently pulled upward using the string and dissected for 

=llection of blood into heparinized tubes, from which plasma was 

· The liver, kidney, lung, spleen and gut separated by centrifugat1on. 

(first third of the small intestine) were quickly excised, rinsed with 

ice-=ld saline, and blotted dry. Each tissue was precisely weighed 

kl added to 1 ml of ice-cold 1 M acetic acid solution and quic y 

=ntaining 6 M urea (designated as AcOH solution). After total 125I-

radioactivity was =unted in a t-=unter (ARC-605; Aloka Co., Tokyo, 

Japan), each tissue was homogenized in a motor-driven Potter 

homogenizer at 4•c. The tissue homogenates were then centrifuged at 

12,000 rpm for 20 min in a microcentrifuge (RL-500SP; Tomy Seiko Co., 

Ltd., Tokyo, Japan) at 4•c and the supernatants (designated as tissue 

samples) were transferred to separate tubes. The radioactivity 

recovered in the supernatant was more than 80% of the total 

radioactivity. A14_125I-Insulin in plasma and tissue samples was 

assayed by TeA-precipitation method or HPLC method as described later. 

Plasma glu=se =ncentrations were measured by a glucose peroxidase 

method (21) using a commercial kit (Glucose B-Test, Wake Pure Chemical 

Industries, Ltd.). Plasma insulin concentrations were determined by 

RIA using a commercial kit ( IRI Eiken; Eiken Chemical Co· , Ltd· , 

Tokyo, Japan). 

In order to compare the pharmacokinetic behaviors between insulin 

and inulin (an extracellular fluid marker), 14C-inulin (30 ~Ci/kg), of 

which molecular weight (5,200 dalton) is close to that of insulin, was 

intravenously injected through the cannulated jugular vein, and blood 
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was sampled at designated times, as performed previously in rats (22) 

and rabbits (23). The obtained plasma samples were oxidized with a 

sample oxidizer (ASC-113; Aloka Co.) to 14co2 , and the radioactivity 

was determined by a liquid scintillation =unter (LSC-700; Aloka Co.) . 

Analytical Procedures. Intactness of A14- 125I-insulin in plasma and 

various tissues were determined by trichloroacetic acid (TCA)-

precipitation and HPLC as follows. For TCA-precipi tation, plasma 

samples (100 ~1) were mixed well with 1 ml of 5% (w/ v) TCA solution. 

Similarly, tissue samples (1 ml) were mixed well with an equal volume 

of 10% (v/v) TCA solution. These mixtures were kept standing at 4 •c 

for 30 min, centrifuged at 1,500 x g for 15 min, and the supernatant 

was transferred to a separate tube by aspiration. The percentage of 

radioactivity in precipitate (designated as TeA-precipitable percent) 

was calculated as (cpm in precipitate)/[(cpm in precipitate)+(cpm in 

supernatant)] x 100. 

For HPLC, plasma samples ( 100 ~1) were mixed vigorously with an 

equal volume of ethanol, centrifuged at 10,000 x g for 20 min in a 

microcentrifuge (RL-500SP), and the supernatant was filtered through a 

Millipore filter (0.45 ~; Nihon Millipore Kogyo, Yonezawa, Japan). 

The percent of the radioactivity extracted from the samples by ethanol 

was approximately 90%. Fifty ~1 of the resultant supernatant was 

loaded onto a reversed-phased HPLC column, ~-Bondapak c 1s (30 em x 3.9 

mm i.d . ; Waters Associates, Inc., Milford, Massachusetts). The 

constant-flow solvent deliv~ry system, LC-6A (Shimadzu Corp., Kyoto, 

Japan) was equipped with an ultraviolet detector, SP0-6A (Shimadzu 

Corp . ) and a gradient programmer, SCL-6A (Shimadzu Corp.). A guard 

column , c 18 CORASIL (Waters Associates, Inc.) was placed between the 

injector and the analytical column. The mobile phase consisted of two 
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solvents. Solvent A was a mixture of water and TFA 0.1% (v/v) and 

solvent B a mixture of acetonitrile and TFA 0 . 1% (v/v). After an 

isocratic run at 25% solvent B for 5 min, a linear gradient was run 

from 25% to 40% solvent B for 10 min, and 40% solvent B was hold for 

15 min. The solvent flow rate was 1.0 ml / min. The =lumn and 

solvents were kept at room temperature. 

sample (1 ml) was =unted in a ~-=unter. 

The radioactivity in each 

Tissue samples (homogenate supernatants) were lyophilized and 

re=nstituted in approximately 200 pl of a mixture of acetonitrile and 

water (25:75, v/v). Subsequent procedure was the same as that 

described above for plasma samples. 

The percentage of the radioactivity associated with intact A14- 125r

insulin in plasma and tissue samples was calculated by measuring the 

peak areas eluted from the =lumn. The total radioactivity eluted 

from the =lumn was more than 90% of the radioactivity loaded onto the 

=lumn. 

Data Analysis. Intact percent of A14- 125r-insulin in plasma and 

tissue samples was expressed in terms of HPLC by using the 

relationship between the TeA-precipitation and HPLC methods. Plasma 

=ncentrations (Cp) of A14-125r-insulin and 14c-inulin were expressed 

as percent of dose per ml plasma. Especially, Cp of labeled insulin 

was calculated by the following equation: 

Cp (total cpm/ ml plasma)~(intact percent in plas ma) /Dose/100 (1) 

where Dose represents (intact cpm administered)/(kg body weight). 

Plasma =ncentration versus time curves of A14- 125r-insulin and 14c

inulin were analyzed by a non-=mpartmental moment method ( 24) . Total 

plasma clearance (CLtotl and the steady-state apparent volume of 
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distribution (Vdssl were calculated by the following equations, 

respectively: 

Dose/AUC 

Dose·AUMC/ AUC2 

(2) 

(3) 

where AUC and AUMC are the area under the plasma =ncentration versus 

time curve and the area under the product of time (t) and the plasma 

concentration versus time curve, respectively . AUC and AUMC were 

calculated by the trapezoidal rule with extrapolation to infinite time 

(24). C~ot and Vdss of A14- 125r-insulin and 14c-inulin were =mpared 

by means of the one-way analysis of variance (ANOVA), followed by the 

Student's t-test, among the three groups of mice injected with; 1) a 

tracer dose of A14- 125r-insulin; 2) a tracer dose of A14- 125I-ins ulin 

with unlabeled insulin (8 U/ kg); and 3) a tracer dose of 14c-inulin. 
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RESULTS 

representative HPLC elution profile of standard Figure lA shows a 

125 that the monoiodinated insulin used was A14_ r-insulin and indicates 

a highly purified preparation. Figures lB-lD show representative HPLC 

elution profiles of A14_125r-insulin and its degradation products from 

plasma, kidney and liver 15 min after intravenous bolus injection into 

mice. · three peaks of radioactivity observed, Among the maJor the 

d f th st part to 125r- and in part first peak probably correspon s or e mo 

125 · f the f<nd<ngs of Sodoyez et a1. . ( 25) whose to I-tyrosine, in v1.ew o • • 

125 . . studies demonstrated a very rapid dehalogenation of I-tyros1.ne Ln 

vivo. The second peak corresponds to an intermediate degradation 

125 . 1' product of labeled insulin, and the third to intact A14- I - 1-nsu 1-n. 

Figure 2 illustrates a curvilinear relationship of intact percent of 

labeled insulin between the TCA-precipi tation and HPLC-separation 

methods, indicating that TeA-precipitation consistently overestimates 

125 · 1' · 1 sma and tissues, possibly due the intactness of A14- I-1-nsu 1-n 1-n P a 

. 1 d. 125r to the nonspecific adsorption of TCA-soluble fragments 1-nc u 1-ng -

iodide to the pellet and to the presence of an intermediate 

( · lB-lD) which was approximately 80% degradation product F1-gs. 

precipitable by 5% TCA. There was a decrease with time in the peak 

area associated with A14_125I-insulin and a corresponding increase in 

the area of the first peak, and therefore, the intactness of A14-125I-

insulin decreased with time in plasma and tissues after its 

intravenous injection, as i~spected from Figure 2. By utilizing this 

correlation between the two methods, it was clearly shown that the 

plasma concentrations versus time curves of HPLC-separated Al4-125I

insulin after its iv injection (Fig . 3B) differed distinctly from 

those of TeA-precipitable A14- 125r-insulin (Fig. 3A). Using a 
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noncompartmental moment analysis (24), eLtot and Vd
5

s of TeA

precipitable A14- 125r-insulin were determined to be 3.06 ml / min/ kg and 

1332 ml/kg, respectively. On the other hand, eLtot and Vdss of HPLC

separated A14- 125r-insulin were determined to be 45.1 ml / min/ kg and 

1204 ml/kg, respectively, as listed in Table 1. Thus, the TCA-

precipitation method gave a considerably lower eLtot and a slightly 

higher Vdss than the HPLC method. 

Basal glucose and insulin concentrations in plasma were 2.59 + 0.14 

mg/ml (mean ~ SEM, n=ll) and 1.96 ~ 0.25 ng/ml (mean~ SEM, n=ll), 

respectively. With glucose infusion, plasma glucose levels after 30 

min in mice injected with unlabeled insulin (8 U/kg) were not 

significantly different from those in mice injected with tracer 

insulin injection, although it was not confirmed whether this 

euglycemic condition continuously maintained throughout the 

experiment. However, from the observation that highly dosed insulin 

behaved similarly with inulin (Figs. 3B and 3B), which was an 

extracellular marker as verified previously in rats (22) and rabbits 

(23), it is likely that the in vivo receptor binding of A14-125r

insulin was almost completely displaced by a high dose of unlabeled 

insulin. Therefore, possible alterations in endogenous insulin 

secretion, caused by either hyperglycemia or hypoglycemia during 

intravenous glucose infusion after unlabeled insulin injection, will 

not affect the pharmacokinetics of A14- 125r-insulin in this condition. 

The plasma concentrations of HPLC-separated A14- 125r-insulin and 

14
e-inulin were analyzed by a noncompartmental moment method ( 24), and 

the obtained pharmacokinetic parameters ( eLtot and Vdss) and their 

standard deviations are listed in Table 1. Here, the extrapolation of 
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observed data t o i n finite time was performed to evaluate the terminal 

slope by using a l e a s t-squares regression line generated from the data 

points over 10-30 min. ANOVA indicated that the differences in CLtot 

and Vdss among the three plasma concentration vs. time curves in mice 

were significant at 1% level. As presented in Table 1 , CLtot (16.5 

ml / min/ kg) and Vdss (251 ml / kg) of labeled insulin at the high dose 

were considerably lower than those of tracer insulin, but similar to 

those of 14c-inulin, 11 . 3 ml / min/ kg and 181 ml / kg, respectively. The 

Student's t-test at the 1% significant level revealed that CLtot and 

Vdss values are significantly different between any combinations of 

the three groups, except that Vdss values are not significantly 

different between the mice injected with A14- 125r-insulin at a high 

dose of unlabeled insulin and 14c-inulin. 
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DISOJSSION 

The close correlati on between the receptor b i nding a c tivity and the 

extent of elimination and tissue distribution after intravenous 

administration has been demonstrated for some peptide hormones ( 10-15 ) 

including insulin. This correlation should be c onsidered in 

pharmacokinetic studies of endogenous peptides and proteins , because 

of the following possi ble consequences: 1) a tracer with decreased 

affinity shows decreased distribution volumes and plasma clearances , 

and 2) a tracer with high affinity shows dose- de pendent, nonlinear 

pharmacokinetics at such doses that saturate its r eceptors, while a 

tracer with low affinity shows dose-independent, linear 

pharmacokinetics. Unfortunately, differences in the affinity of 

tracers and in the doses of insulin (or the plasma insulin levels), 

together with differences in assay methods employed, have made it 

difficult to comprehensively integrate a great number of 

pharmacokinetic information on the distribution volume and clearance 

values of insulin reported previously from different laboratories. 

In the present study, a rapid HPLC method was applied to the study 

of in vivo distribution and elimination of A14-125I-insulin in mice. 

The use of tracer with a high specific activity enabled us to examine 

the disposition of exogenously administered insulin with no 

interference with endogenous insulin in plasma and t i s s ues. Moreover , 

A14-monoiodinated insulin used was reported to s how equi potency with 

native insulin in isolated 'adipocytes (18). Thus, the distribution 

and elimination of A14- 125r-insulin (without unlabeled insulin 

injection) could be the consequence of physiological interactions of 

labeled insulin with its receptors and degradation enzymes in target 

tissues such as liver, muscle and adipose. 
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(4 9) found that TeA-precipitable, Previous in vitro studies -

insulin-sized intermediate products of insulin were generated by the 

· cytosol (5,6) and interaction of insulin with degrading proteases 1n 

on the external surface of the cell membrane (7-9). Among the assay 

methods of endogenous and exogenous insulins, RIA recognizes a certain 

immunoreactive portion of the insulin molecule so that it cannot 

intact insulin and intermediate products of distinguish between 

insulin. Similarly, TeA-precipitation method, although very rapid and 

recognizes various-sized fragments of peptides that easy to carry out, 

can be precipitable in TCA solution, so that it cannot separate high-

( HMW) forms and intermediate products of insulin from molecular-weight 

intact insulin. Since HMW radioactive insulin exhibited a prolonged 

half life compared with monocomponent insulin (26), it follows that 

TeA-precipitation inevitably gives small values of eLtot and Vdss of 

125 to that Of 14e-inulin (Fig. 3), in spite A14_ I-insulin comparable 

of the fact that insulin is eliminated from plasma not only by renal 

glomerular filtration but also by metabolism by liver and muscle under 

physiological conditions (27). Moreover, TeA-precipitation gave the 

eLtot values of A14- and s 1-labeled insulin tracers approximately one

half of those obtained by irnrnunoprecipitation in dogs (20), suggesting 

the presence of insulin molecular fragments that retain little 

immunoreactivity but high TeA-precipitability because of sufficient 

molecular size. These lin~s of evidence lend proof to the lack of 

reliability to estimate the eLtot and Vdss values of labeled insulin 

by the use of TeA-precipitation method. 

In in vitro experiments, separation of the various fragments of 

insulin, particularly that of insulin-sized products, can be readily 

- 171 -

accomplished by reversed-phase HPLC ( 6, 9). In the present in vivo 

study, the HPLC elution profiles (Figs. lB-lD) indicate that there are 

at least two products of A14-labeled insulin less hydrophobic than 

intact insulin in plasma and tissues after intravenous injection in 

mice. The peak eluting near intact insulin presumably represents 

insulin-sized intermediate products, because it was TeA-precipitable 

by approximately 80%. From this point of view, HPLC analysis appears 

to be more reliable than other methods for the measurement of intact 

A14_l25I-insulin in biological samples of in vivo studies as well as 

those of in vitro studies. However, since it is too laborious to 

analyze a number of biological samples by HPLC, we routinely employed 

the TeA-precipitation method, then the obtained TeA-precipitability 

was converted into the intact percent of the HPLC method, using the 

correlation between these two methods (Fig. 2). With this approach, a 

high TeA-precipitability (e.g., more than 90%) may not cause a 

significant change in insulin concentrations, while a low TeA

precipitability (e.g., lower than 15%) may cause a wide variation in 

estimating the HPLC-intactness from the calibration curve presented in 

Fig. 2. This is why we did not analyze the plasma concentrations of 

A14-
1
25I-insulin at the times longer than 30 min after iv inject~on, 

when TeA-precipitability of 125I-insulin in plasma samples fell close 

to the unreliable lower extreme of the curve. 

Since liver is the major eliminating organ of insulin in vivo, the 

result of HPLC separation of biological samples could be compared with 

that of Hamel et al. (4), who have shown by HPLC that two insulin-

sized intermediate products were generated in hepatocytes incubated 

with A14_125I-insulin at 37'e, whereas a single intermediate product 

was found in the incubation medium. On the contrary, in the present 
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d . t product of A14- 125I-insulin was separated study, only one interme 1a e 

by HPLC from the liver and plasma samples (Fig. 1). This is possibly 

because the retention time of labeled insulin in this study (23 min) 

is so short compared with that in the study of Hamel et al. (4) (55 

ld t detect the "doublets", a pair of min) that our HPLC analysis cou no 

insulin-sized materials, that eluted from their HPLC system in close 

(19 d 23 i ) (4) However, considering that some positions - an -m n . 

degradation occurs on the membrane (28), we cannot exclude the 

possibility that one of the above-mentioned doublets is ascribed to 

extracellular degradation, and the generated intermediate product was 

washed out from the extracellular space by the rapid blood flow before 

partitioning into hepatocytes, while even a slow uptake of the product 

by hepatocytes may proceed in in vitro condition where cells are 

surrounded by the same incubation medium. 

The good recovery (more than 80%) of A14- 125I-insulin extraction 

from tissues (in 1 M AcOH and 6 M urea) may well be explained not only 

by the effects of a low pH and urea in homogenates which effectively 

dissociate insulin from its receptors (29), but also by the effect of 

urea to dissociate degraded insulin fragments noncovalently bound to 

d f 125I-nerve certain tissue components, as previously demonstrate or 

growth factor (30) . TeA-precipitabilities (%) of labeled insulin in 

the pellets were almost equal to those in the supernatants after 

centrifugation of tissue ho~ogenates in AcOH solution, suggesting that 

at most 20% loss of radioactivity during the extraction from tissue 

samples was not d ue to specific binding of labeled insulin to certain 

cellular components, but due to nonspecific adsorption to the pellets . 

In this study of rapid HPLC analysis, we preferred a simple method of 

- 173 -

extraction of radioactive materials to other procedures that may give 

consistently higher yields. Moreover, since ethanol does not 

precipitate free insulin but insulin-receptor complex (31), it could 

be reasonable that A14- 125I-insulin was recovered well, after tissue 

homogenates were deproteinized with ethanol in the presence of urea at 

a low pH (in acetic acid) • Taken altogether, the good recovery of the 

labeled insulin in the above pretreatment procedures made it possible 

to quantitatively evaluate the in vivo disposition of insulin by the 

use of HPLC. 

The large Vdss value (approximately 120% of the body weight) of A14-

125I-insulin at a tracer dose suggests that insulin is not only 

distributed to the extracellular fluid but also reversibly bound to 

its binding sites (receptors) in target tissues at the physiological 

concentrations of plasma insulin. In contrast, when a high dose of 

unlabeled insulin was simultaneously injected, A14 - 125I-insulin 

behaved similarly with 14c-inulin (Fig. 3). The pharmacokinetic 

analysis revealed that Vdss of labeled insulin decreased significantly 

by 79% with a simultaneous injection of unlabeled insulin (8 U/ kg) to 

be close to that of inulin (181 ml/min/kg), suggesting that the 

nonspecific binding of labeled insulin to tissues was so small that 

Vdss of labeled insulin reduced to the extracellular fluid volume 

(approximately 20% of the body weight) when its receptor binding was 

blocked effectively by unlabeled insulin. Moreover, CLtot of insulin 

was reduced significantly by 63% with a simultaneous injection of 

unlabeled insulin, but somewhat higher than that (11.3 ml / min/ kg) of 

14
c-inulin because of the presence of certain nonspecific clearance 

mechanism(s) other than renal glomerular filtration, which coincides 

with the presence of non-receptor-mediated clearance found in isolated 
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rat hepatocytes (17) . Very similar result was reported in rats for 

the initial volume distribution and metabolic clearance of 3H-insulin 

assayed by gel chromatography (14). From the above findings, it was 

demonstrated that saturable and receptor-mediated processes of tissue 

distribution and elimination are involved in the pharmacokinetics of 

HPLC-separated A14-125r-insulin. The results obtained by HPLC method 

will be of much importance to relate these in vivo pharmacokinetic 

processes to the physiological and biochemical consequences in a 

quantitative manner, e.g., transcapillary diffusion, receptor binding, 

internalization with receptors and intracellular degradation. 

In conclusion, HPLC was applied to the pharmacokinetic study of 

insulin in mice using A14- 125r-insulin as a tracer, which retains the 

same receptor binding activity and biological potency with native 

insulin. HPLC elution profiles from both plasma and tissues indicated 

the presence of at least two products of insulin in plasma and tissues 

more hydrophilic than intact insulin, and the TeA-precipitable 

material, which eluted close to intact insulin, might be one of the 

insulin-sized intermediate products reported in previous in vitro 

studies using isolated hepatocytes and adipocytes. Further 

characterization of the radioactivity associated with each peak would 

give more information on the mechanisms of intracellular processing of 

insulin in vivo, but is beyond the scope of the present study. 

Accordingly, the present study must be viewed as a first step of HPLC 

application to the study of in vivo disposition of insulin. 
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TABLE 1. 

The total body clearance ( CLtot), steady-state volume of 

distribution (Vdss> of A14- 125r-insulin and 14c-inulin in mice 

Tracer 

A14- 125r-insulin 

Tracer dose (6.5 pCi / kg) 

+ unlabeled insulin (8 U/kg) 

14c-inulin ( 30 pCi/kg) 

CLtot 

(ml/min/kg) 

45.1 ~ 3.1 

16.5 ~ 0.4* 

11.3 ~ 1.5 

(ml/kg) 

1204 + 195 

251 ~ 13* 

181 ~ 62 

Using the plasma concentrations (n=3-5 for each data points) of 

A14- 125r-insulin and 14c-inulin after intravenous injection, 

CLtot and Vdss were determined by a noncompartmental analysis as 

described in Materials and Methods, and are listed as mean ~ a 

standard deviation (SO). 

* Significantly different as compared with the value for tracer 

dose (p<O.Ol). 
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FIGURE LEGENDS 

~- Representative HPLC elution profiles of A14- 125I-insulin of 

the standard A14- 125I-insulin (A), plasma (B) and tissue samples from 

kidney (C) and liver (D). 

Plasma and tissues were taken from mice 15 min after intravenous 

injection of A14- 125r-insulin (6.5 pCi/kg) . For the details of sample 

pretreatment see text. Open c i rcles represent 125r-radioactivity 

(cpm) in 1-ml fractions eluting from p-Bondapak c 18 column (Waters) 

with the acetonitrile gradient shown by a broken line. Flow rate was 

set at 1 ml/min. For other chromatographic conditions see text. 

~- Relationship of intact percent of A14- 125I-insulin between 

the TeA-precipitation and HPLC methods, obtained from plasma and 

tissue samples obtained at 5 min ( £ ), 15 min ( t. ) , 30 min ( o ) and 60 

min ( • ) after iv injection in mice. 

After the pretreatment procedure, intact percent in each plasma or 

tissue sample (numbered as 1-17) was determined by both TCA-

precipitation and HPLC. Note that TCA-precipi tation consistently 

overestimates the intact percent of labeled insulin in biological 

samples as compared with HPLC. 

Fig. 3. Plasma disappearance curves of TeA-precipitable A14- 125I

insulin (A ) and HPLC-separated A14- 125I-insulin (B) after intravenous 

bolus injection (6 . 5 J-ICi/ kg) without ( e ) and with ( O) a simultaneous 

injection of unlabeled insulin ( 8 U/ kg) in mice. 

Disappearance of 14c-inulin (30 pCi/kg) from plasma ( "- ) is also 

presented in panel C. Each point and vertical bar represent the mean 

~ SEM (n = 3-5) . 
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PART VII 

EFFECT OF RECEPTOR UP-REGULATOIN ON INSULIN PHARMACOKINETICS 

IN STREPTOZOTOCIN-TREATED DIABETIC RATS 



- 186 -

SUMMARY 

The present study investigated the mechanism by which the disposition 

of insulin is altered in streptozotocin (STZ)-treated diabetic rats as 

compared with 48-hr fasted normal (control) rats. It was shown by an 

indocyanine green infusion method that the hepatic plasma flow rate 

(QH) in diabetic rats (1.64 ml / min/ g liver) is significantly higher 

than that in control rats (0.982 ml / min / g liver). The portal 

injection technique revealed that the unidirectional clearance ( CL0 n) , 

which represents the binding of A14- 125I-insulin to surface receptors 

in the liver is significantly elevated in diabetic rats, suggesting an 

increase in the surface receptor number (RT), i.e., up-regulation in 

the liver. In both control and diabetic rats, the total body 

clearance (CLtotl and steady-state volume of distribution (Vdssl of 

labeled insulin decreased significantly with a simultaneous injection 

of unlabeled insulin ( 8 U/kg), confirming that the disposition of 

insulin is largely affected by specific, saturable receptor-mediated 

processes. The CLtot and Vdss increased significantly in diabetic 

rats, while nonspecific portions of these parameters were not changed. 

From the increases in CLtot (80%) and QH (67%) in diabetic rats, a 

pharmacokinetic analysis has revealed a 40% increase in the hepatic 

intrinsic clearance (CLint,spl of A14- 125I -insulin via a specific 

mechanism in diabetic rats. In conclusion, we have provided in vivo 

evidence for a slight increase in CLint,sp of insulin in STZ-diabetic 

rats compared with control iats, which may be caused by an increase in 

the surface receptor number in the livers of diabetic rats. 
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INTRODUCTION 

Diabetic mellitus is a chronic disorder characterized by a raised 

level of glucose in the blood. Streptozotocin (STZ) selectively 

destroys the pancreatic ~-cell with production of permanent diabetes. 

Hypoinsulinemic diabetic animals, such as STZ-diabetic rats, have an 

increased binding capacity for insulin compared with control animals, 

due to an increased number of receptor sites on liver plasma membranes 

(1,2) and other target tissue membranes (3,4). 

It has been recognized that an in vivo receptor compartment 

considerably affects insulin elimination and distribution (5-7). 

Philippe et al. (5) demonstrated that the metabolic clearance rate of 

125I-insulin was elevated in STZ-diabetic rats, and related this 

change to the increased binding of insulin to a specific receptor 

compartment. Moreover, using isolated liver perfusion experiments, 

Rabkin et al. (8) recently demonstrated that the hepatic clearance of 

immunoreactive insulin was significantly higher in hyperglycemic 

diabetic rats than that in control rats. In their study, the 

perfusion flow rate was set equal in control and diabetic groups. 

However, previous studies that compared insulin pharmacokinetics 

between normal and diabetic animals have disregarded a physiological 

change in blood flow rate, although hepatic clearance is dependent not 

only upon the intrinsic clearance activity but also upon the hepatic 

blood flow rate (9,10). 

Moreover, it is known that insulin clearance is nonlinear and shows 

saturation at high physiologic insulin concentrations (11,12). Thus, 

when target tissues are exposed to different insulin concentrations in 

the entering blood, it is difficult to comprehensively compare the 

receptor number or intrinsic endocytotic activity between normal and 
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diabetic animals in in vivo conditions. 

Therefore, the present study examined the changes in both the 

hepatic blood flow rates and portal insulin concentrations in control 

and STZ-diabetic rats, in order to provide a quantitative 

interpretation concerning the change in hepatic intrinsic clearance of 

insulin in a diabetic state. 
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MATERIAlS AND METHODS 

Chemicals. Human . 1' 125 label d tyr . A (Al4_125I-1nsu 1n I- e at os1ne- l4 

insulin), with a specific activity of 2,000 Ci/mmol, and 3H-water, 

with a specific activity of 5 mCi/ml, were 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), streptozotocin (STZ) and trichloroacetic 

acid (TCA) from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), 

and indocyanine green (ICG) from Daiichi Pharmaceutical Co. (Tokyo, 

Japan). All other reagents were commercially available and of 

analytical grade. The monoiodinated insulin was dissolved in 

phosphate buffered saline (PBS) containing 0.1% BSA (designated as PBS 

solution) and stored at -2o•c until study. The labeled insulin used 

was at least 98% pure as assayed by both TeA-precipitability and HPLC 

analysis. Distilled, deionized water was used throughout the 

experiments. 

Animals. Male Wistar rats ( 200-230g) were obtained from Sankyo 

Laboratory Co., Ltd. (Toyama, Japan) and allowed free access to 

standard rodent chow and water. Control rats were fasted for 48 hr 

before experiments, while diabetic rats were not fasted . 

Induction of Diabetes. Diabetes was induced by intravenous (i.v . ) 

injection of a freshly prepared solution of STZ ( 65 mg/kg in 

saline/0.1 M citrate buffer, pH 4 . 5). Diabetic rats were studied 2 

weeks after STZ injection. Control rats were untreated. Diabetes was 

recognized by reduced weight gain compared with control rats and by 

glycosuria (without ketonuria). Plasma glucose concentrations were 

measu red by a glucose peroxidase method using a commercial kit 

(Glucose B-Test; Wako). Plasma insulin concentrations were determined 
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by radioimmunoass ay using a commercial kit (IRI Eiken; Eiken Chemical 

Co., Ltd., Tokyo, Japan). 

Determination of Hepatic Plasma Flow Rate. In control and diabetic 

rats, hepatic plasma flow rates (~) were determined using an ICG 

infusion method. Briefly, under ketamine-xylazine anesthesia 

(ketamine, 235 mg/ kg i.m.; xylazine, 2.3 mg/ kg, i.m. ), the abdomen was 

opened through a midline incision and the hepatic vein of the left 

lobe was cannulated according to the method of Yokota et al. (13) for 

the collection of hepatic venous blood. The left femoral vein and 

left femoral artery also were cannulated with SP-31 tubing. The 

abdomen was sutured after the correct cannulation was confirmed, and 

the rats were kept in the Belman cages. A saline solution of ICG was 

infused into the femoral vein at the rates of 1. 3)lmol/hr and 

0.86)lmol/hr in control and diabetic rats, respectively, using an 

automatic infusion pump (model KN, Natsume Seisakusho Co., Tokyo, 

Japan). At designated times (0.5, 1, 1.5 and 2 hr), blood samples 

( 0. 25 ml) were withdrawn from the hepatic vein and femoral artery. 

Plasma was separated from blood by centrifugation, and the ICG 

concentration in plasma was determined as described later. 

Hematocrits (Ht) of the blood samples were measured using the last 

arterial and hepatic venous blood samples, and averaged . After the 

last blood samples were obtained, the whole liver was quickly excised, 

rinsed with saline, blotted.dry on a filter paper, and weighed. The 

QH was determined as follows: 

( 1) 

where IR is the infusion rate of ICG into the femoral vein, and Cass 

and Cvss are the plasma ICG concentrations in the femoral arterial 
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plasma and hepatic venous plasma at steady-state, respectively. 

Portal Vein Injection Technique. The unidirectional extraction of 

A14-
125

I-insulin in the liver was measured in control and diabetic 

rats, using the tissue sampling technique (14,15). Under ketamine-

xylazine anesthesia, animals were placed in the supine position and 

laparotomized. After a portal vein was cannulated with a 27-gauge 

needle and the hepatic artery was ligated, an approximately 200-)ll 

bolus of Ringer's-Hepes buffer (pH 7.4, 141 mM NaCl, 4 mM KCl, 2.8 mM 

CaCl2, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethansulfonic acid), 

containing 0.5)lCi / ml ~4 _l2°I-insulin and 2.5)lCi / ml 3H-water with and 

without 50 )lM unlabeled insulin, was rapidly injected within 0.5 sec 

into the portal vein. The 3H-water was used as a highly diffusible 

internal reference of uptake. Eighteen seconds after portal 

injection, the portal vein was transected, and a portion of the right 

major lobe was immediately removed. The procedures of the sample 

treatment were the same as described previously (16). Briefly , 

aliquots of liver (- 200 mg) and of the injection solution were 

counted in duplicate for simultaneous ( 125I, 3H) liquid scintillation 

counting according to the method described previously ( 17) . The liver 

uptake index (LUI) was calculated as follows: 

LUI (%) 
(125I / 3H) dpm in injection solution 

X lQQ (2) 

The hepatic extraction of the test compound (ET), A14- 125I-insulin, 

was estimated from the following equation: 

ET = (LUI/100) x ER (3) 

where ER is the percent extractions of the reference compound, 3H

water, at 18 sec after rapid portal injection. 
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· t · 1 Extraction of 3 H-Water · Determination of the Unid1rec 1ona The 

d are t he same as described above. operation proce ures A 200 pl-

solution of 3 H-water (0.5pCi/ml) was injected and a portion of the 

right major lobe was immediately removed 18, 30, 45, 60 and 90 sec 

after portal injection. The unidirectional extraction of 3 H-water 

(ER) was measured as follows: 

ER = (Cs/Ws) WT/(CI·VI) (4) 

t he 3H-water radioactivity in the liver sample and where Cs and CI are 

injection solution ( dpm/ml), respectively; Ws and WT represent the 

the 1 1'ver sample used for counting and the whole liver weights (g) of 

liver, h t t 1 volume injected into the respectively; and VI is t e o a 

portal vein. The ER at time t (min) can be expressed as follows: 

-K t 
ER = ER,max e B (5) 

t th maximal (initial) extraction of the where ER,max and K8 represen e 

( · -1) of 3H-water efflux from the reference and the rate constant m1n 

liver during a circulation period after portal injection, 

h KB and "ax values were estimated by fitting the respectively. T e -m 

observed ER data to Eq.(5), using a nonlinear least-squares regression 

analysis (18). These two parameters may be used to determine hepatic 

blood flow rate (F) using the following relationship: 

K8 ·V' 
F (6) 

· · coeff1'cient for 3H-water, which where V' is the liver-blood part1t1on 

is 0.91 ml/g for the rat li~er (15). 

. . 125I . 1 . Intravenous Bolus In]ect1on of Al 4 - -1nsu 1n. Age-matched control 

and STZ-diabetic rats were lightly anesthetized with ether, and the 

femoral vein and left femoral artery were cannulated with polyethylene 

tubing (SP-31; o.d. 0.80 mm, i.d. 0.40 mm, Natsume Seisakusho) for 
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insulin administration and blood sampling, respectively. Before i.v. 

injection of A14- 125I-insulin , control rats were kept in the Bolman 

cages and fasted for 48 hr for the monitoring of plasma concentrations 

of insulin and glucose. Diabetic rats were put into Bolman cages after 

the operation and stabilized for 1 hr. The control and diabetic 

conscious animals received an i.v. dose (3.2pCi / kg) of l]_
4 

-125 I-

insulin with and without large excess of unlabeled insulin (8 U/ kg), 

through the femoral vein. When unlabeled insulin was coadministered, 

glucose was constantly infused at a rate of 24 mg/min/kg to avoid 

hypoglycemia. Blood samples (approximately 0. 3 ml) were withdrawn 

from the femoral artery at the designated times (2, 5, 10, 30, 60 and 

120 min) after insulin administration and collected in polyethylene 

tubes. Serum was separated from blood by centrifugation, and the 

serum concentration of A14 - 125I-insulin was determined by TCA-

precipitation and HPLC, as described later. 

Analytical Methods. The ICG concentrations in plasma were measured 

spectrophotometrically at 800nm after 11 times dilution with water. A 

calibration curve was generated using plasma (from untreated rats) 

containing known quanti ties of ICG. Unchanged A14- 125I-insulin in 

serum was measured by TeA-precipitation and HPLC analysis methods (7). 

Since it is very laborious to analyze many biological samples by HPLC, 

we routinely employed the TeA-precipitation method, and the obtained 

TCA-precipi tabili ty was corwerted into the percentage of unchanged 

A14-125I-insulin on HPLC, using a regression curve between these two 

methods. 

Data Analysis. 

1. The tmidirectional clearance of insulin in the liver. Since a 
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portion of the unidirectional extraction represents simply 

distribution of label in the hepatic interstitial space, the hepatic 

extraction of A
14

_125r-insulin due to extravascular uptake, ET', was 

calculated as follows: 

(7) 

100 - Esuc 

t extracellular space in the liver, where Esuc represents the apparen 

and taken as 13% (14). Thus, the unidirectional extraction of Al4-

125r-insulin due to "specific" binding to surface receptors (ET,sp') 

can be expressed as follows: 

(8) 

where ET, ns ' extraction of Al4-125rrepresents the unidirectional 

insulin due to "nonspecific" binding, which was calculated from LUins 

in rats injected with a tracer plus unlabeled insulin. Then, the 

125 o 1° ho h presents unidirectional clearance (CLonl of Al4- I-1nsu 1n, w 1C re 

the association of insulin to surface receptors, was calculated based 

on well-stirred (Eq.(9)) and sinusoidal perfusion (Eq. (10)) models, 

as follows: 

QH'ET, sp' 

1 - ET,sp' 

CL0 n = -OHoln(l - ET,sp') 

2. 125 0 u.l 0 Pharmacokinetic parameters of A14- I-lllS J.n. 

(9) 

(10) 

Serum concen-

trations (C) of A14- 125r-insulin were expressed as percent of dose per 

ml serum as follows: 

c = (total cpm/ml serum)x(intact percent in serum)/dose/100 (11) 

where dose represents (intact cpm administered)/(kg body weight). 

In control and diabetic rats, serum concentration versus time curves 

of A14_125r-insulin were analyzed by a noncompartmental moment method 

- 195 -

(19) with an adequate extrapolation of observed data to infinite time, 

and the total body serum clearance (CLtotl and steady-state apparent 

volume of distribution (Vdssl of A14- 125r-insulin were calculated. 

3. Hepatic intrinsic clearance of insu.lin due to a specific mechanism. 

Since the specific, receptor-mediated clearance of insulin can be 

attributed for the most part to the liver (6,8), the specific portion 

of CLtot (named as CLtot,spl was assumed to be included in the hepatic 

clearance. Subsequently, the apparent hepatic intrinsic clearance of 

A14 -
125

r-insulin (CLint,sp,appl due to a specific mechanism was 

calculated, based on well-stirred (Eq. (12)) and sinusoidal perfusion 

(Eq. (13)) models, as follows: 

CLint,sp 
QH - CLtot,sp 

CLint,sp = -OH·ln(l - CLtot,sp/QH) 

(12) 

(13) 

where CLtot,sp represents the difference in CLtot between the doses of 

a tracer alone and a tracer plus 8 U/kg of unlabeled insulin. 
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RESULTS 

Characteristics of Animals . The body weight, plasma glucose, and 

insulin levels of the control and STZ-diabetic rats at time of the 

experiments are shown in Table I. Plasma glucose levels were 

significantly higher in STZ-diabetic rats than in control rats. 

Systemic insulin concentrations were low and very close between 

control and STZ-diabetic rats, while portal insulin concentrations 

were significantly higher in control rats. 

Hepatic Plasma Flow Rate. As listed in Table II, hepatic plasma 

flow rate (QH) in STZ-diabetic rats (1.64 ml / min / g liver) was 

significantly higher than that in control rats (0.982 ml/min/g liver), 

while liver weight and hematocrit (Ht) were almost the same with each 

other. 

Liver Uptake Index of A14- 125I-insulin. The percent dose of 3H-

water extracted per g liver decreased monoexponentially (result not 

shown), and the obtained LUI parameters are listed in Table III. The 

CL
0

n was markedly elevated in STZ-diabetic rats compared with control 

rats, and the increase in CL
0

n was statistically significant, assuming 

that the ER and F are constant in each group. 

Pharmacokinetics of AJ 4-125I-insulin. Since the relationship of 

A14-125I-insulin intactness ( %) in serum samples between the TeA

precipitation and HPLC methods was essentially overlapping with that 

previously reported (7), the obtained TeA-precipitability, which was 

routinely employed for the d~termination of A14-1 25I-insulin in serum 

was converted to the percentage of intact insulin on HPLC using their 

correlation. Serum disappearance curves of A14 - 125I-insulin in 

control and STZ-diabetic rats after i.v. injection are presented in 

Figs. lA and lB. The CLtot and Vdss at a tracer dose were 
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significantly different between the control and STZ-di abetic rat s , 

while those at a high dose 

CLtot of A14-125I-insulin at 

were not signific antly different. The 

a tracer dose (23.3 ml / min/ kg) in control 

rats was in good agreement with that (23.6 ml / min / kg) reported 

previously in normal rats using 3H-insulin as a tracer (20). In both 

groups of rats, the CLtot and Vdss of labeled insulin decreas ed 

significantly with a simultaneous · · · ~nJect~on of unlabeled ins ulin (8 

U/kg). Expressed in the unit of ml / min/ g liver, th c e Ltot' sp and 

CLint,sp were elevated in diabetic rats by 46% and 40%, respectively. 

This is consistent with the study of Rabkin et al. (8), who observed 

30% and 65% increases in the h t · epa ~c clearance ( C~) and hepatic 

intrinsic clearance (CLint> of immunoreactive insulin, respectively, 

in the perfused livers of diabetic rats. In this study, however, a 

statistical comparison of CL tot, sp or CLint, sp was not performed, 

because each parameter (i.e., QH and CLtot at low and high doses) was 

determined in a different group of rats. 
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DISCUSSION 

d to quantitatively evaluate the hepatic This study was designe 

intrinsic clearance of insulin in diabetic states under an in vivo 

have found a significant change in the hepatic condition, where we 

plasma flow rate. Although the effect of hepatic blood flow rate on 

the elimination and distribution of drugs have been extensively 

studied (9,10,21), its effect on the hormone disposition has not been 

comprehensively understood due to the lack of quantitative analysis. 

The portal injection technique revealed that CL0 n is significantly 

· t than 1.'n control rats (Table III) . Since an higher in diabet1.c ra s 

intravenous injection of xylazine (0 . 5 mg) causes hypoinsulinemia for 

t · tely 2 hr ( 22) the CL could be directly compared up o approx1.ma , on 

between control and diabetic rats without correction for the the 

extracellular insulin concentration ( Ce), as described in the 

Appendix . It is generally considered that target cells from STZ-

diabetic rats exhibit increased binding of 125I-insulin, due to an 

increase in surface receptor number (~) with no change in receptor 

affinity (1-4). Thus, it is likely that the increased CL 0 n is 

attributed, for the most part, to an increase in the ~- The present 

study, therefore, has provided in vivo evidence for the .. up-

regulation" of surface insulin receptors in the livers of STZ-diabetic 

rats. 

With regard to the pharmacokinetic parameters of A14-125I-insulin 

(Table IV), the large Vdss at a tracer dose and its significant 

that decrease with coadministration of unlabeled insulin suggest 

insulin is not only distributed to the extracellular fluid but also 

reversibly bound to its specific binding sites (receptors) in target 

tissues. Moreover, the CLtot was reduced significantly in control and 
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diabetic rats by 51% and 64%, respectively, with a simultaneous 

injection of unlabeled insulin. Taken altogether, it is confirmed 

that saturable and receptor-mediated processes of tissue distribution 

and elimination are involved in the pharmacokinetics of A
14

- 125I-

insulin in both groups of rats. 

Philippe et a1.. ( 5) demonstrated that the metabolic clearance rate of 

125I-insulin was elevated by 44% in STZ-diabetic rats, and related 

this change to the increased binding of insulin to a specific receptor 

compartment in diabetic rats. However, since the previous study has 

not examined a change in hepatic blood flow rate or portal insulin 

concentrations, it has remained uncertain whether or not the hepatic 

intrinsic clearance (CLint) of insulin was actually altered in STZ-

diabetic rats. In this study, a significant increase in ~ was 

observed in STZ-diabetic rats, despite the fact that the liver weight 

was not changed (Table II). This observation is consistent with 

previous reports demonstrating diabetes-induced increases in 

permeation of vessels and tissues by various tracer in diabetic humans 

and animals ( 23, 24) . On the other hand, the LUI method indicated 

that, under ketamine anesthesia, the hepatic blood flow rate (F) was 

21% higher in diabetic rats than in control rats (Table III), and that 

these values were smaller than the hepatic blood flow rates measured 

with the ICG infusion, i.e., 1.89 and 3.03 ml/min/g liver in control 

and diabetic rats, calculated from ~I ( 1 - Ht) . This discrepancy 

could be explained by the effect of ketamine anesthesia on the hepatic 

blood flow rate, because Pardridge and Fiere (25) previously reported 

a 44% reduction of cerebral blood flow rate in the ketamine-

anesthetized rats, as compared with conscious rats. 
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1 fl we have to consider the In addition to the hepatic p asma ow, 

difference in portal insulin concentration ( Cp) between control and 

In Order to neglect such a difference, we attempted to diabetic rats. 

so that an efficient hepatic minimize the Cp in control rats, 

extraction of insulin could be observed. McCarroll and Buchanan ( 26) 

reported mean extraction ratios of 22.2% for perfused livers of fed 

rats and 42.2% for preparations taken from fasted for 72 hr , 

ab 'l'ty f the liver to extract insulin supporting the view that the ~ ~ o 

from the portal blood increases during fasting. Therefore, we used 

48 _hr fasted rats as control animal, in which the Cp was minimized but 

still higher than that in diabetic rats (Table I). When CLint,sp was 

corrected for the difference in Cp using Eqs. (A1)-(A5) in the 

Appendix, the CLint,sp,corr was shown to be higher in diabetic rats 

than in control rats by 24% and 31%, based on well-stirred and 

sinusoidal perfusion models, respectively. In any event, it is 

125 important to realize that an overall increase in CLtot of A14- I-

insulin in STZ-diabetic rats could be interpreted as a result of the 

changes in not only CLint,sp and Ce but also QH (as a major factor). 

In general, the CLint,sp can be expressed as 

CLint,sp = kon·Rr·ke/(ke + koff) 

follows: 

(14) 

where ke represents the endocytotic rate constant of insulin; k0 n and 

th assoc"ation and dissociation rate constants of koff represent e • 

insulin-receptor binding, respectively. Eq. ( 14) indicates that an 

increase in Rr (or CL0 n) and a decrease in ke would affect CLint,sp 

d · t · Thus, the slight increase (and also CLintl in the opposite ~rec ~on. 

h . h is inconsistent with the large increase in CL0 n, in CLint,sp' w ~c 

might be accounted for by an decrease in ke. This is a likely 

explanation, since there was a delay in the preclustering of 
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asialoorosomucoid receptors in the hepatocytes from diabetic rats 

(27). Therefore, further studies are required to clarify whether or 

not the ke of insulin receptors is reduced in STZ-diabetic rats, using 

such as isolated hepatocytes. 

In conclusion, from the significant increases in CLtot and QH, we 

have provided in vivo evidence for a slight increase in CLint,sp of 

insulin in STZ-diabetic rats, which may be explained by counteracting 

effects of an increased surface receptor number (i.e., up-regulation) 

and an decreased endocytotic rate constant for insulin-receptor 

complex in the liver. Since the pharmacokinetic implications of 

physiological parameters (e.g., CLint• QH and extracellular insulin 

concentration) appears to be lacking in the previous studies on 

insulin pharmacokinetics, the present study would be viewed as a 

physiological approach to the quantitative evaluation of receptor-

mediated hepatic clearance of insulin. 
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APPENDIX 

Equations to Calculate the Fraction of Unoccupied Surface Receptors in 

the Liver. 

Considering the situation where the binding of extracellular 

insulin with surface receptors is in equilibrium, the fraction of 

unoccupied surface receptors (R) in the liver is given as follows: 

where Kd represents the dissociation constant of insulin-receptor 

binding, and Ce the average extracellular insulin concentration in the 

liver. Since the major portion of blood presented to the liver was 

from portal vein, the Ce can be approximately calculated using the 

well-stirred and sinusoidal perfusion models, as follows: 

Cp (1 - EH) 

-Cp·EH/ ln(l - EH) 

(A2) 

(A3) 

where Cp is the portal insulin concentration, and the hepatic 

extraction ratio (EH) of insulin at steady state is obtained by: 

(M) 

where QH and C~ represent the hepatic plasma flow and hepatic insulin 

clearance, respectively. In this study, C~ was taken as the specific 

portion of the total clearance, CLtot,sp· 

Since A14- 125r-insulin is known to have the same receptor binding 

affinity with native insulin (29), and exhibits receptor binding to 

hepatocytes and isolated liver plasma membranes with a Kd of 

approximately 1 nM (30), we employed a representative Kd of 1 nM in 

Eq. (Al). Provided that an i.v. dose of A14- 125r-insulin is so low 

that A14- 125r-insulin could not interfere the binding of endogenous 

insulin to surface receptors in the liver, the hepatic intrinsic 

clearance of insulin (CLint,spl can be corrected for the difference in 
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Ce, as follows: 

CLint,sp,corr (AS) 
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TABLE I. 

Comparison of Body Weight, Plasma Glucose, and Plasma 

Insulin between Control and STZ-diabetic Ratsa 

Characteristics Control Diabetic 

Body weight (g) 297 .:!:_ 5 (11) 176 .:!:_ 9* ( 5) 

Plasma glucose (mg/dl) 149 .:!:_ 10 (7) 717 .:!:_ 22* (5) 

Plasma insulin (pmol/1) 

Femoral vein 135 .:!:_ 15 (10) 147 .:!:_ 13 (4) 

Portal vein 378 .:!:_ 18 (6) 179 .:!:_ 9 (4)* 

a The data are expressed as the means + SE. The numbers in 

parentheses represent the number of rats used. 

* Significantly different from control rats (p < 0.001), as assessed 

by Student's t-test. 
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TABLE II. 

Comparison of Hepatic Plasma Flow Rate, Liver Weight, 

and Hematocrit between Control and STZ-diabetic Ratsa 

Characteristics Control Diabetic 

Hepatic plasma flow rate 
1. 64 o.o5* 0.982 .:!:_ 0.124 .:!:_ 

(ml / min/ g liver) 

Liver weight (g) 10.5 .:!:_ 0.3 9.64 .:!:_ 0.60 

Hematocrit (Ht) 0.480 .:!:_ 0.012 0.459 .:!:_ 0.010 

a The data are expressed as the means + SE from 3 rats. 

* Significantly different from control rats (p < 0.001), as 

assessed by Student's t-test. 
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TABLE III. 

Comparison of the LUI Parameters in Portal Injection Technique 

between Control and STZ-diabetic Rats 

Compound Parameter Control Diabetic 

3H-Water ER,max 
a (%) 73.2 .:!:_ 3.0 80.6 .:!:_ 11. 5 

k a 
H (min-1 ) 0.870 .:!:_ 0.069 1.21 .:!:_ 0. 24 

~ (ml / min/ g liver) 1.07 1.29 

A14- 125I-insulinc LUid (%) 145 .:!:_ 8 191 .:!:_ 10* 

LUins d (%) 50.5 .:!:_ 4.0 54.9 7.9 .:!:_ 

ET 
,e (%) 78.7 .:!:_ 5.2 96.3 .:!:_ 5 . 9 

ET,ns 
,e (%) 17.6 .:!:_ 2.6 16.0 .:!:_ 4. 5 

CLonf (ml / min/g liver) 

Well-stirred model 1.82 .:!:_ 0.38 5.56 .:!:_ 1.42* 

Sinusoidal perfusion model 1.03 .:!:_ 0.15 2.02 .:!:_ 0.34* 

a Determined by Eq.(5) from a monoexponential decay curve of the 3H-water 

extraction using a nonlinear least-squares regression analysis (18), and 

expressed as the mean .:!:_ SD. 

b Calculated by Eq. (6), assuming that V' is 0.91 ml/g (15). 

d 

c The data are expressed as the mean .:!:_ SE. The numbers of rats used are 

4 and 6 for control or diabetic rats, respectively. 

Calculated by Eq.(2). 

e Calculated by Eq. ( 7) • 

f 
Calculated by Eqs.(9) and (10) for well-stirred and sinusoidal perfusion 

models, respectively. 

* Significantly different from control rats (p < 0.05), as assessed by 

Student's t-test. 
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TABLE IV. 

Comparison of Pharma=kinetic Parameters between Control and STZ

diabetic Ratsa 

Parameters Dose Control Diabetic 

CLtot tracer dose 23.3 .:': 1.8 ( 6) 41.9 .:': 8.5*(4) 

(ml/min/kg) + unlabeled insulin 11.4 .:': 0.5 (3) 14.9 .:': 2.4 (3) 

Vdss tracer dose 1546 .:': 68 ( 6) 2634 .:': 352*(4) 

(ml/kg) + unlabeled insulin 278 .:': 18 (3) 399 .:': 81 (3) 

b 
CLtot,sp (ml/min/kg) 11.9 27.0 (227%)d 

(ml/min/g liver) 0.337 0.493 (146%)d 

CLint,sp 
c (ml/min/g liver) 

Well-stirred model 0.513 0.705 (137%)d 

Sinusoidal perfusion model 0.408 0.585 (143%)d 

b Vdss,sp (ml/kg) 1268 2235 (176%)d 

a Using the serum concentrations of A14 - 125r-insulin after i.v. 

injection, the CLtot and Vdss were determined by a non=mpartmental 

moment analysis (19), and are expressed as mean + SE. The numbers 

in parentheses represent the number of rats used. 

b Determined as the difference of CLtot or Vdss between the doses of 

a tracer only and a tracer plus 8 U/kg of unlabeled insulin. 

c Determined by Eqs. ( 12) and ( 13) for well-stirred and sinusoidal 

perfusionmodels, respectively. 

d The numbers in parentheses represent the ratio (%) of the parameters 

in STZ-diabetic rats to those in =ntrol rats. 

*Significantly different from =ntrol rats (p < 0.01), as assessed by 

Student's t-test. 
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FIGURE LEGEND 

~· Serum disappearance curves of A14-1 25I-insulin in control 

{panel A) and STZ-diabetic (panel B) rats after intravenous bolus 

injection I 3. 2J.1Ci/kg) with ( o ) and without ( • ) 8 U/ kg of unlabeled 

insulin. 

Each point and vertical bar represent the mean + SE ( n = 3-6). 

Solid lines were drawn by a nonlinear least-squares regression 

analysis (18) using a biexponential equation. 
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PART VIII 

RECEPTOR-MEDIATED ENDOCYTOSIS OF A14- 125I-INSULIN BY THE 

NONFILTERING PERFUSED RAT KIDNEY 
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SUUMMARY 

The mechanism of insulin uptake and/ or degradation in the peritubular 

circulation of the kidney was investigated using nonfiltering perfused 

rat kidneys, in which glomerular filtration was sufficiently reduced. 

After perfusion of A14-125I-insulin in the nonfiltering kidney for 

designated intervals, the acid-wash technique was employed to 

separately measure the acid-extractable and acid-resistant A14-
125

I

insulin, which were quantitated by HPLC and TeA-precipitability. HPLC 

profiles showed that the nonfiltering kidney metabolizes A14-125I

insulin only to a small extent during 1-hr perfusion, suggesting that 

the peri tubular clearance of A14 -
125 I-insulin was not due to 

extracellular degradation but for the most part to uptake by the 

kidney. Acid-extractable A14- 125I-insulin rapidly increased with time 

and reached pseudo-equilibrium with perfusate at approximately 10 min, 

whereas acid-resistant A14- 125I-insulin increased continuously. An 

endocytosis inhibitor, phenylarsine oxide, inhibited significantly 

the acid-resistant A14- 125I-insulin with no change in acid-extractable 

A14- 125I-insulin, suggesting that the peritubular uptake of A14- 125I

insulin largely represents endocytosis of the peptide into the 

intracellular space. Moreover, both the acid-extractable and acid-

resistant A14 - 125I-insulin were significantly decreased in the 

presence of unlabeled insulin (1 pM). These lines of evidence suggest 

that insulin is taken up by the nonfiltering perfused kidney via 

receptor-mediated endocytosis ( RME), which possibly occurs at the 

basolateral side of renal tubular cells, and that the peritubular 

clearance of insulin is largely accounted for by this mechanism . 
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INTRODUCTION 

Besides the liver, the kidney plays a major role in the clearance of 

insulin from the systemic circulation . This is supposed to be largely 

accounted for by glomerular filtration, and in part by postglomerular 

peri tubular clearance [ 1] . Concerning a cellular mechanism of renal 

insulin degradation, Nielsen et al. [2] have suggested the existence 

of luminal and basolateral endocytosis of 125I-insulin in isolated, 

perfused proximal tubules by the use of electron microscope 

autoradiography. Recently, Yagil et al. [3] have first provided 

direct evidence for the receptor-mediated endocytosis (RME) of 125I

insulin from a luminal side of a cultured kidney cell line, in which a 

basolateral side has little or no direct exposure to the medium. 

Moreover, Dahl et al. [4] have shown that cultured epithelial cells 

exhibit a retroendocytotic pathway, i.e., exocytotic release of 

unchanged insulin after luminal endocytosis. 

Insulin receptors have been identified in renal basolateral and 

brush-border membranes [5]. Hammerman [6] proposed that physiological 

actions of insulin in the renal proximal tubular cells are effected by 

binding of the hormone to specific receptors present in the 

basolateral membrane, followed by phosphorylation of these receptors. 

Consequently, it appears physiologically and biochemically important 

to investigate the interaction of insulin with its receptors and 

subsequent cellular events which might occur in the peritubular 

circulation in the kidney. Whiteside et al. [ 7] recently 

characterized the in vivo postglomerular interaction between l25I

insulin and antiluminal surface of dog renal tubular cells by the use 

of a multiple indicator dilution (MID) technique. However, in their 

study, it was not clarified whether 125I-insulin was transferred into 
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the intracellular space after binding to its receptors, since the MID 

technique cannot provide adequate information on relatively slow 

processes, such as endocytosis. Although the basolateral endocytosis 

of insulin in the renal tubules has been suggested in vitro [2], the 

mechanism involved in the peritubular clearance of insulin is obscure, 

due to the lack 
125 . 1. of direct evidence that A1 4- I-1.nsu 1.n is 

transferred into the intracellular space via receptor-mediated or non

receptor-mediated endocytosis in the intact kidney· 

Therefore, in the present study, we have provided kinetic evidence 

for the receptor-mediated endocytosis (RME) of A14-125I-insulin in the 

peritubular circulation, using the acid-wash technique [8,9] to 

f bo d and l.·nternalized Al4-125I-discriminate between the sur ace- un 

insulin, in the nonfiltering perfused rat kidney. 
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MATERIALS AND METHODS 

Chemicals. Human insulin 125I-labeled at tyrosine-A1 4 (A14-125I-

insulin), with a specific activity of 2,000 Ci/mmol, was purchased 

from Amersham International Ltd. (Buckinghamshire, UK) and 3H-inulin, 

with a specific activity of 500-1,000 mCi/mmol, from New England 

Nuclear Corp. (Boston, MA). Phenylarsine oxide (PhAsO), crystalline 

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

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

acid (TCA) and trifluoroacetic acid (TFA) from Wako Pure Chemical 

Industries, Ltd. (Osaka, Japan). Bovine erythrocytes were kindly 

supplied from the Meat Inspection Center of Kanazawa City (Ishikawa, 

Japan). All other reagents were commercially available and of 

analytical grade. The monoiodinated insulin was dissolved in 

phosphate buffered saline (PBS) containing 0.1% BSA (designated as PBS 

solution) and stored at -2o•c until study. The labeled insulin used 

was at least 98% pure as assayed by both TCA-precipi tabili ty and 

HPLC. PhAsO was dissolved in dimethylsulfoxide (DMSO) and diluted 

1000-fold into perfusion media before use. Distilled, deionized water 

was used throughout the experiments. 

In Situ Kidney Perfusion. Adult male Wistar rats (Sankyo Laboratory 

Co., Ltd., Tokyo, Japan), weighing 280-350g and allowed free access to 

food and water, were anesthetized with intraperitoneal pentobarbital 

(50 mg/kg), and the right kidney was operated according to the method 

of Nishi tsutsuj i-Uwo et al. [ 10]. The perfusate consisted of 10% 

(vol/vol) washed bovine erythrocytes, 5% or 10% (wt/vol) BSA, 1 mg/ml 

glucose and a mixture of amino acids in Krebs-Henseleit bicarbonate 

(KHB) buffer (pH 7.4), as previously described [11]. Perfusate was 

continuously oxygenated by passage through a 7-m coil of Silastic 
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tubing (1.47 nun i.d., 1.96 nun o.d., Dow Corning Co., Midland, MI) 

contained in a glass box filled with 95% 02-5% C02. Perfusate flow 

was monitored by a microflowmeter, and perfusate pressure at the inlet 

was monitored through a mercury manometer. After cannulations were 

d "th rythrocyte-free KHB buffer in a completed, kidneys were perfuse w1 e 

f 5 · and perfused with 90 ml erythrocyte-single-pass system or m1n, 

for containing KHB buffer in a closed-circuit system 

stabilization until a tracer was added to the reservoir · 

20-min 

Unless 

otherwise mentioned, the kidneys were maintained at 37•c by a warm 

plate attached to a temperature-adjustable heater and by perfusate 

flow, of which temperature at the inlet of the organ had been set at 

37•c. Filtering kidneys were perfused with 5% BSA at an effective 

perfusion pressure of 98-105 mmHg and a constant flow rate of 

approximately 5.0 ml/min (including erythrocytes) 

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

using a peristaltic 

In order to assess 

the degradation of A14_125I-insulin in the peritubular circulation and 

to examine whether insulin enters the cell through the basolateral 

membrane, nonfiltering perfused kidneys were utilized . Nonfiltering 

perfused kidneys were achieved by ligating the ureter and perfusing 

with the same perfusate containing a high perfusate BSA concentration 

(10%) at a slightly reduced perfusion pressure of 68-72 mmHg and a 

constant flow rate of approximately 4.5 ml/min (including 

erythrocytes), based on the l"ethod described previously [12]. 

Clearances of A14 
125I-insulin and 3 H-inulin. For the 

determination of the renal clearances (C~) of A14- 125I-insulin and 

3H-inulin in the filtering or nonfiltering perfused kidneys, each 

labeled compound was added to the reservoir at a tracer dose, i . e., 
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approximately 0.30 pCi (1.7 pM in a final concentration) of A14-125I-

insulin or 1.0 pCi of 3H-inulin. Portions (500 pl) of the reservoir 

perfusate were sampled at appropriate times after the addition of a 

tracer, and centrifuged for l min in a microcentrifuge (Centrifuge 

5412, Eppendorf GmbH, West Germany). A14-125I-insulin in perfusate 

samples (without erythrocytes) was assayed by either 5% 

trichloroacetic acid ( TCA) -precipitability or HPLC as described later. 

The 3H-radioactivity was determined in a liquid scintillation counter 

(model LSC-700, Aloka Co., Tokyo, Japan) using an external standard 

method for quenching correction. 

In order to neglect differences in the dose of a tracer added to the 

perfusate, the concentrations of A14- 125I-insulin and 3H-inulin in the 

reservoir (Cp) were expressed as percentage of the initial perfusate 

concentration. In the case of A14- 125I-insulin, Cp was calculated as 

unchanged insulin concentration, of which percentage unchanged was 

estimated from both TeA-precipitability and HPLC analysis. Since our 

pilot study showed that the concentrations of A14- 125I-insulin and 3H

inulin in the perfusate fell exponentially with time, the renal 

clearance (CL) of a tracer was calculated as: 

CL = k Vp/KW (1) 

where k is the exponential slope of the percent of initial 

concentration vs. time curve; Vp is the average perfusate volume 

(excluding erythrocytes) during the perfusion experiment; and KW is 

the kidney weight in grams. 

Acid Wash Technique in the Nonfiltering Perfused Kidney. At 

designated times after the addition of A14- 125I-insulin at a dose of 

approximately 0 . 35 pCi (1.9 pM in a final concentration) into the 

reservoir, the kidneys were replaced in an open-circuit system and 
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briefly washe d for l min wit h 10 ml of ice-cold saline for removing 

the unbound 125I-radioactivity i n the extr acellular space and within 

the cannula. The kidneys were then perfused for 8 min with 40 ml of 

ice-cold KHB buffer, whic h had been adjusted to pH 3.0 by HCl 

(designated as acidic buffe r). Afte r four 10-ml fractions of acid-

washout solution (designated as acid samples ) containing acid-

extractable 125I-radioactivity were collected sequentially, whole 

· h d d homogenized in 4 ml of ice- cold 1 M kidneys were removed, we1g e an 

acetic acid containing 6 M urea. The tissue homogenates containing 

acid-res istant 125I-radioactivity were then centrifuged at 3, 000 rpm 

for 15 min in a centrifuge (model RL-500SP, Tomy Seiko Co., Ltd., 

as Tokyo, Japan) a t 4 •c, and the obtained supernatants (designated 

tissue samples) were transferred to separate tubes for the assay of 

A14_125I-insulin. The percentage of 125I-radioactivity recovered in 

the tissue samples was more than 90% . 

Effects of Phenylarsine Oxide and Unlabeled Insulin. In order to 

examine the mechanism by which insulin is transported to a certain 

acid-resistant compartment, the fo l lowing experiments were carried 

out . . h 125I . lin First, nonfiltering kidneys were perfused w1t A14- -1nsu 

plus unlabeled insulin ( 1 pM) after 20-min preperfusion. Second, 

nonfiltering kidneys were pretreated for 20 min with 0.25 mM of PhAsO, 

an endocytosis inhibitor of proteins and polypeptides [13-15], before 

the addition of A14- 125I-in&ulin. In both cases, acid-extractable and 

acid-resistant radioactivities of A14- 125I-insulin were determined by 

the above-mentioned acid-wash technique after 30-min perfusion . 

were Analytical Method s . TeA-preci pitation and HPLC analysis 

employed according to the methods described previously [ 16], in order 
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to estimate the int actn ess of A14- 1 25 I -insul i n i n the reservoir 

perfusates , acidic perfusates and tissue homogena tes. 

TeA-Precipitation . Perfusate samples (300 pl) were mixed well with 

an equal volume of 10% (wt/ vol) TCA solution, while acid samples (1 

ml) or tissue samples (1 ml) with a fifth volume o f 30% (vol / vol) TCA 

solution, to give a final TCA concentration of 5%. These mixtures we re 

kept standing at 4 • c for 30 min, centrifuged at 3, 000 x g for 15 mi n , 

and the supernatants were transferred into separate tubes b y 

aspiration. The 125I-radioactivi ty in the precipitates and 

supernatants was measured in a ¥-counter (model ARC-605, Aloka Co.) . 

The percentage of radioactivity precipitable by TCA was calc ulate d as 

(cpm in precipitate) / [(cpm in precipitate) + (cpm in supernat ant)] x 

100, and taken as the percentage of unchanged A14 - 1 25 I-insulin 

estimated by the TeA-precipitation method . 

HPLC Analysis. Perfusates (300 pl) and tissue samples (1 ml) were 

deproteinized by mixing vigorously with an equal volume of ethanol, 

and centrifuged at 10,000 x g for 5 min in a microcentrifuge (MR-15A , 

Tomy Seiko Co . ) . Ethanol-treated supernatants from the tissue 

samples, as well as the first 10- ml fraction of acid samples, were 

lyophilized and reconstituted in a mixture of acetonitrile and water 

(50:50, vol / vol) containing 0 . 1 % (vol / vol) TFA. The ethanol-treated 

supernatants of the perfusate samples and the reconstituted samples of 

tissue and acid samples were filtered through 0.45-pm millipore 

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

recovery of more than 80%, and resultant filtrates ( 100 pl) were 

loaded onto a reversed-phase HPLC column, p-Bondapak C18 (30 em x 3.9 

mm i.d., Waters Associates, Inc., Milford, MA). The solvent delivery 

system, LC-6A (Shimadzu Corp., Kyoto, Japan) was equipped with an 
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ultraviolet detector, SPO- 6A ( Shimadzu Corp. ) and a gradient 

programmer, SCL-6A (Shimadzu Corp.). A guard column, c18 CORASIL 

(Waters Associates, Inc. ) was placed between the injector and the 

analytical column. The mobile phase consisted of two solvents: 

solvent A was water containing 0.1% (vol/ vol) TFA; and solvent B a 

mixture of acetonitrile and water (50: 50, vol / vol) containing 0. 1% 

(vol / vol) TFA. After an !socratic run at 50% solvent B for 5 min, a 

Was run from 50% to 80% solvent B for 15 min, and 80% linear gradient 

solvent B was held for 10 min. The solvent flow rate was 1.0 ml/min, 

and the column and solvents were kept at room temperature. The column 

125I · l'n and used was standardized with 3-I-L-tyrosine, A14- -lnsu 1 

unlabeled porcine insulin. The eluents were collected automatically 

and the radioactivity in each fraction (0.8 ml) was counted using a ~

counter. The percentage of l25I-radioactivity associated with intact 

A14_125I-insulin was calculated by measuring the peak areas eluted 

from the column. The total radioactivity eluted from the column was 

almost 100% of the radioactivity loaded onto the column. 
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RESULTS 

In Situ Kidney Perfusion. Using the isolated basolateral membranes 

prepared from rat renal cortex [17] of which purity was described 

previously [18], the specific binding of A14- 125I-insulin to the 

basolateral membranes was determined to be 86.7% of the total binding, 

indicating that the use of this labeled peptide is adequate to 

analyze the interaction with its receptors in the peritubular 

circulation. A14-125I-insulin was perfused in the perfusion apparatus 

without the kidney and no loss of the 125I-radioactivity from the 

reservoir was observed, indicating that the clearance of A14- 125I

insulin from the reservoir was not due to adsorption of A14- 125I-

insulin to the perfusion apparatus, but to the clearance by the 

filtering or nonfiltering kidney. 

Table I summarizes the characteristics of the filtering and 

nonfiltering perfused rat kidneys employed in this study. Perfusate 

plasma flow rate was set close to in vivo renal plasma flow (RPF), and 

10% erythrocytes were added to the perfusate to avoid the renal 

ischemia. In the filtering kidney, the kidney function was shown to be 

normal and constant in terms of the perfusate flow rate, perfusion 

pressure, and urine flow rate, and GFR was consistent with that (0.44 

ml/min/kidney) reported previously [19]. In the nonfiltering 

perfused kidneys, GFR was sufficiently reduced, whereas the changes in 

the renal perfusate flow rate and perfusion pressure were minimal, and 

the metabolic integrity of the renal tissue was reportedly preserved 

[11]. 

Figures 1A and 1B show typical HPLC profiles of 125I-radioactivity 

collected from the reservoir perfusate after 0-min (panel A) and 60-

min (panel B) perfusion of A14- 125I-insulin in the recirculating mode 
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of the nonfiltering perfused kidneys. As can be clearly seen, 

approximately 85% of the 1251-radioactivity in the perfusate coeluted 

with A14_125I-insulin (retention time, 21 min) as a single sharp peak, 

and the peaks of A14_125I-insulin eluted from these samples are almost 

identical, indicating that the nonfiltering kidney could metabolize 

125 to a small extent during 1-hr perfusion. A14- !-insulin only This 

is consistent with a previous report by Duckworth et al. [20] that 

only 10.6% of the insulin-sized material was not intact insulin in 

1 i k 'dn A small peak eluting at 3-4 min perfusate from a nonfi ter ng l ey. 

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

identity of a small peak eluting at 16 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 various tissues, 

such as adipocytes [21] and hepatocytes [22]. 

Acid-Wash Technique in the Nonfiltering Perfused Kidney. When a 

kidney was washed with 10-ml of ice-cold saline and then with 40-ml of 

ice-cold acidic buffer at 4'C, two sharp peaks of 125 1-radioactivity 

were sequentially eluted from the kidney through the outflow cannula 

( results not shown) . The radioactivity in the cannulas after 

saline-wash and acid-wash was measured occasionally, and found to be 

in the background level . Therefore, the observed acid-extractable 

radioactivity could not be attributed to the adsorption of Al4- 125I

insulin or of its degradation products within the cannulas, but to the 
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release from an acid-sensitive compartment in the kidney. 

Figures 2A and 2B show typical HPLC profiles of the acid

extractable and acid-resistant 125r-radioactivity, respectively, after 

60-min perfusion of A14- 125r-insulin in the nonfiltering perfused 

kidneys. More than 60% of the 125r-radioactivity in these samples 

coeluted with A14-125I-insulin as a single sharp peak, suggesting that 

insulin transferred into the acid-resistant compartment was not so 

unstable at least for 60 min. Since the percentage of intact A14-

1251-insulin on HPLC was very close to TeA-precipitability in these 

samples, the TCA-precipi tation method was routinely employed 

thereafter. 

Figure 3 shows the time-dependent changes of the acid-extractable 

A14_125I-insulin, acid-resistant A14- 125r-insulin, and acid-resistant 

degradation products of A14- 125r-insulin, in the nonfiltering perfused 

kidneys. Obviously, the acid-extractable A14- 125r-insulin rapidly 

increased with time and reached pseudo-equilibrium with the perfusate 

. . A 1251 . 1 ' at approximately 10 min, whereas the acld-reslstant 14- -lnsu ln 

increased in a linear fashion over the time-interval examined. By 

125 . 1 ' . contrast, acid-resistant degradation products of A14- I-lnsu ln ln 

the kidney fell considerably less than the acid-resistant A14-125r-

insulin, with a slight increase with time. 

Internalization and degradation of A14 - 125r-insulin in the 

nonfiltering perfused kidney were analyzed according to the method 

previously employed for the RME of insulin [13] and epidermal growth 

factor (EGF) in hepatocytes [23]. As formulated in the Appendix, this 

kinetic analysis is based on differential equations describing the 

time-dependent changes in the amounts (cpm) of the surface-bound 

insulin (Xs), internalized insulin (Xinl and intracellular degradation 
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products of insulin ( Xdeg) · Since xs was almost constant and Xin 

increased linearly with time during 10-60 min (Fig· 3 l' the 

be 0.022 min-l endocytotic rate constant ( kend) was determined to 

using Eqn . (A5) as described in the Appendix. The obtained value of 

d k alues obtained in rat kend falls between the reporte end v 

hepatocytes (0.12 min- 1 ) [24] and myocytes (0.0018 min-
1

) [25], 

t Of e ndocytosis is closely related with suggesting that the ra e 

physiological significance of receptor internalization in various 

tissues (e.g., regulation of the responsiveness to the hormone, 

inactivation of the hormone, and intracellular signaling after RME). 

Effects of Phenylarsine Oxide and Unlabeled Insulin. As shown in 

Fig. 4, PhAsO (250 pM) inhibited significantly the acid-resistant Al4-

125r-insulin, with no change in the acid-extractable A14-125I-insulin. 

Moreover, as shown in Fig. 5, both the acid-extractable and acid-

resistant A14_125r-insulin were significantly decreased in the 

presence of unlabeled insulin ( 1 pM). 

- 229 -

DISCUSSION 

This study was designed to provide kinetic evidence for the RME of 

insulin in the nonfil tering perfused kidney. Most of the previous 

studies on renal handling of insulin using isolated kidneys have been 

performed using the perfusion flow rates 4-10 times higher than the 

physiological RPF, to supply enough oxygen to maintain the kidney 

function. However, the organ clearance is dependent upon the blood 

flow rate [26] and there might be some difference in the dependence of 

GFR and peritubular clearance of insulin on RPF. Therefore, in the 

present study, we included 10% bovine erythrocytes in the perfusate as 

an oxygen carrier at the perfusion flow rate ( 4. 4 ml / min/ g kidney) 

close to that of normal RPF in rats (3.7 ml/min/g kidney) [27], so 

that we could provide a better insight into the mechanism of renal 

peritubular clearance under the physiological condition without 

possible artificial factors. 

The protein binding of A14- 125r-insulin in the perfusate was 

examined by the polyethylene glycol precipitation method [28], and 

determined to be negligible in KHB buffer containing 5% or 10% BSA 

(results not shown) . Accordingly, provided that the sieving 

coefficient of unbound insulin is identical with that of inulin at the 

glomeruli, the peritubular clearance of A14- 125r-insulin can be 

calculated as simply a difference between the renal clearance of Al4-

125r-insulin and that of inulin in the filtering kidney (0.052 

ml/min/g kidney). Thus, the peritubular clearance accounts for 11% of 

the overall renal clearance of insulin. Moreover, the present study 

indicates that the insulin clearance by the nonfil tering kidney is 

approximately 30% of that by the filtering kidney (Table 1), and that 

the peritubular insulin clearance by the nonfiltering kidney is 
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slightly larger than that by the filtering kidney. This is consistent 

· GFR d peri tubular clearance of with the inverse correlat1on between an 

immunoreactive insulin, reported by Rabkin and Kitabchi [19], although 

the large difference in the renal perfusion flow rate between the 

present study (4.0-4.4 ml / min) and previous studies (25-50 ml/min) 

[12,19,29-31] makes it difficult to compare directly the insulin 

clearance values between this study and others. Moreover' our results 

on the peritubular insulin clearance are consistent with the report by 

Peterson et al. [12], who observed that the peritubular insulin 

clearance is 17% of the total renal clearance in the filtering kidney, 

and that the insulin clearance by the nonfiltering kidney is 47% of 

that by the nonfil tering kidney. Taken all together, our kidney 

to be a suitable model to investigate the perfusion system appears 

mechanism of peri tubular clearance of insulin. 

There have been controversial reports concerning the peri tubular 

insulin clearance by the nonfiltering kidney, the discrepancy being 

obscure. For example, Maude et al. [30] observed that the renal 

clearance of insulin was not changed when GFR is sufficiently reduced , 

and suggested that the peritubular insulin clearance increases 

considerably in order to compensate for the decrease in insulin 

delivery to the luminal face of the tubular cells. On the other hand, 

Schlatter et al. [31] observed that peritubular uptakes of pig- and 

rat-insulins accounted for ~3% and 31% of the total renal clearance, 

respectively, but that the nonfiltering kidney does not remove insulin 

from the peritubular circulation. They concluded that the filtration 

process seems to be necessary for the uptake of insulin at the 

peritubular site. We prefer the interpretation that the above-
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mentioned discrepancy is due to differences in the affinity of t he 

tracer and in assay methods, as well as differences in experimental 

conditions (e.g . , endogenous insulin level), which have made it 

difficult to comprehensively integrate much information on insulin 

pharmacokinetics reported previously from different laboratories. 

This is why we chose HPLC-purified A14- 125r-insulin as a tracer, which 

is known to be indistinguishable from native insulin in its recetor 

binding property and biological potency [32,33], and employed an HPLC 

analysis to evaluate the insulin-sized, intermediate degradation 

products of inuslin [16,20-22]. 

As also inspected from Figs. lA and lB, the 125r-radioactivity 

associated with intact A14-125r-insulin in the perfusate samples at 0 

min was not reduced after 1-hr perfusion, with no increase in the 

intermediate products. These results on HPLC are consistent with no 

change in TeA-precipitability in the same samples (i.e., 96% and 95%, 

before and after 1-hr perfusion, respectively). The negligible 

degradation of A14-125I-insulin in the perfusate from the nonfiltering 

125 . 1 ' . kidney suggests that the peritubular clearance of A14- I-1nsu 1n 1s 

not attributed to degradation but to uptake at some place facing the 

peritubular circulation. Interestingly, the slow degradation of 

insulin in the nonfiltering kidney is compatible with a proposal by 

Rabkin et al. [29] that peritubular uptake of insulin lacks the 

feature of a process involving lysosomal degradation, although the 

exact itinerary of insulin ~docytosed from this side is uncertain at 

present. The peritubular capillaries are closely juxtaposed to the 

basolateral membranes of the tubular cells. Thes e highly permeable 

fenestrated capillaries supply the tubular cells with not only 02 and 

small solutes (i.e., nutrients) but also large-molecular-weight 
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compounds < 6,000 dalton [34], in the size range of insulin. 

Moreover, Whiteside et al. [7] applied the MID method to investigate 

the kinetic behaviors of insulin in the peritubular circulation, and 

their computer-assisted model analysis suggested no saturable 

interaction of 125I-insulin with the "endothelium". Therefore, it is 

f f A 125I insulin into an reasonable to assume that the trans er o 14- -

acid-resistant compartment occurs at the basolateral face of 

peritubular circulation in the nonfiltering perfused kidney, i.e., at 

the basolateral side of renal tubular cells· Indeed, binding and 

degradation of insulin by the glomerular capillaries and peritubular 

vessels could account, in part, for insulin removal by the 

nonfiltering kidney, but it is likely that most of the insulin binds 

to receptors located on the peri tubular surface of the tubular cells· 

It is known that the binding of insulin with its receptor could be 

sufficiently dissociable at low pH [35]. Previous studies have 

confirmed the efficacy of the acid-wash technique in isolated 

hepatocytes [13]. In the present study, the time-dependent increase of 

the acid-resistant A14- 125I-insulin (Fig . 3), together with the 

effects of PhAsO and unlabeled insulin on the acid-resistant and acid

extractable A14- 125I-insulin (Figs. 4 and 5), suggest that the 

observed acid-resistant A14- 125I-insulin largely represents the 

intracellular A14- 125I-insulin taken up by a saturable endocytotic 

process, that is, RME. 

is RME is a process in which the receptor-ligand complex 

internalized into the intracellular space. The initial perfusate 

concentration of A14- 125I-insulin employed was so low (1.9 pM) that 

the receptor occupation in the tubular cells by insulin should be very 
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small. Thus, the number of surface receptors could not be affected by 

the internalization of receptors with the tracer concentration of Al4-

125I-insulin, resulting in the continuous, linear increase of acid

resistant A14- 125I-insulin. This is compatible with no change of the 

acid-extractable A14-125I-insulin in the presence of PhAsO, while the 

acid-resistant A14-125I-insulin was significantly decreased. Besides 

the internalization of receptors occupied by a ligand, it is also 

known that "unoccupied receptors" are spontaneously internalized at a 

slower rate [25,36]. However, the kend value obtained here represents 

the endocytotic rate constant of "occupied receptors", because the 

endocytotic process was measured with surface-bound and internalized 

A14- 125I-insulin, but not with receptor movement itself. 

Although Maratos-Flier et a~. [37] reported that there was no 

transport of insulin in either apical-to-basal or basal-to-apical 

direction in the Madin-Darby canine kidney (MDCK) cells, it does not 

necessarily mean that there was no endocytosis of insulin in either 

direction across the renal epithelial cells. In fact, there are some 

evidence for luminal endocytosis and apical-to-basal transcytosis of 

insulin provided using cultured epithelial cells or proximal tubules 

[2-4], whereas there is little direct evidence for basolateral 

endocytosis. In the present study, GFR was not completely diminished 

in the nonfiltering kidney (Table I), casting a doubt that the 

observed internalization of A14- 125I-insulin might be a consequence of 

luminal endocytosis rather than that of basolateral endocytosis. In 

contrast to the small degradation of A14- 125I-insulin observed in the 

nonfiltering kidney (Figs. 1 and 2), Herrman et a~. [38] have reported 

that approximately 85% of the radioactivity in the 1-hr perfusate was 

in the form of low-molecular-weight products in the filtering kidne y, 
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as assayed by gel filtration chromatography. Therefore, the 

internalized A14- 125I-insulin (Fig. 2B) should have been more 

extensively degraded, if A14- 125I-insulin was taken up more from the 

luminal side than from the basolateral side. 

Nielsen and Christensen [39] have shown that there is a small but 

significant basolateral endocytotic uptake of both cationized ferritin 

and horseradish peroxidase (HRP) in a preparation of perfused proximal 

tubules, in which erroneous interpretations due to luminal uptake were 

excluded. They have also suggested that proteins taken up from the 

peritubular side are transferred not only to lysosomes but also to 

mul tivesicular bodies. In this study, 80% inhibition of the 

endocytosis of A14- 125I-insulin was observed in the presence of 1 pM 

unlabeled insulin, but its inhibition was not complete (Fig. 5). 

Therefore, we cannot exclude the possibility that a nonselective 

endocytosis contributes, at least in part, to the internalization of 

insulin from the basolateral side of the renal tubular cells. Thus, 

further study should be focused on the specificity of the basolateral 

endocytosis and the intracellular itinerary of internalized insulin. 

In conclusion, we have provided kinetic evidence for the RME of 

A14 - 125I-insulin in the nonfiltering perfused rat kidney, which 

possibly occurs at the basolateral side of renal tubular cells. It 

was also suggested that the peritubular clearance of insulin is 

largely accounted for by thi;; mechanism. 

- 235 -

Acknowledgments 

This study was supported by a Grant-in-Aid for Scientific Research 

from the Ministry of Education, Science and Culture of Japan, Project 

Research Fund from the Graduate School of Natural Science and 

Technology, Kanazawa University, and grants from Takeda Science 

Foundation and Nakatomi Foundation. The authors thank Mr. Saburo 

Okabe, the Meat Inspection Center of Kanazawa City, for graciously 

providing us with fresh bovine erythrocytes. 



- 236 -

APPENDIX 

Kinetic Analysis for Receptor-Mediated Endocytosis (RME) of Insulin. 

The binding of a ligand to its cell surface receptor is the first step 

in RME. The pool of occupied surface receptors can thus be regarded 

as the substrate of endocytosis. Given the general case in which the 

internalization process is first order with respect to the occupied 

receptors, then the change in intracellular ligand (Xin) can be 

described as: 

dXin ( Al ) 
dt 

where Xs, kend and kdeg represent the amounts of surface-bound A14-

125r-insulin (cpm), endocytotic rate constant (min-1 ) for t he surface

bound ligand and degradation rate constant ( min- 1 ) for the 

intracellular ligand, respectively . Moreover, it is assumed that the 

increase of intracellular degradation products (Xdegl can be described 

as : 

(A2) 

where k rel r epresents the rel easing rate constant (min- 1 ) for 

intracellu lar degradation produ cts of the ligand, respectively. 

Summation of both side hands of Eqns . (Al) and (A2) yields: 

+ (A3) 
dt 

During the intracellular degradation products ( Xdeg) are not yet 

released substantially (i.e., Xs > Xdeg and kend > krel), Eqn. (A3) 

can be approximated to : 

(M) 
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Finite integration of Eqn. (A4) from t 

(i.e., Xs is constant) gives: 

Ll (X in + Xdeg) 

xs Lit 

t2 at steady-state 

(AS) 

Thus, kend can be estimated from the observed values of surface-bound 

ligand and internalized 125r-radioactivity. 
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TABLE 1. 

Characteristics of the filtering and nonfiltering perfused rat kidneysa 

Characteristics Filtering Nonfiltering 

Kidney weight (g) 1.28 ~ 0.04 (9) 1.39 ~ 0.02 (18) 

Hematocrit (%) 11.7 ~ 0.2 (9) 11.6 ~ 0.2 (18) 

Perfusion pressure (mmHg) 102.5 ~ 0.2 (9) 65.4 ~ 0.9 ( 6) 

Flow rate (ml/min)b 4.38 ~ 0.17 (9) 3.98 ~ 0.36 (6) 

Urine flow (pl/min) 17.2 + 1.0 (9) N.D.c 

GFR (ml/min/g kidney)b 0.428 + 0.019 (3) 0.0518 ~ 0.0073 (3) 

Insulin clearance (ml/min/g kidney)b 0.480 ~ 0.021 (3) 0.133 ~ 0.023*(3) 

a The data are expressed as the means ~ SEM. The numbers in parentheses 

represent the number of rats used for the determination of the 

characteristics of the perfused kidneys. 

b Expressed in terms of the erythrocyte-free perfusate. The GFR and 

insulin clearance were calculated by Eqn. (1). 

c Not determined . 

* P < 0 . 01, significantly different from the filtering kidney by Student's 

t-test . 
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FIGURE LEGENDS 

~· HPLC chromatograms of A1r 125I-insulin in the perfusate before 

(panel A) and after (panel B) 60-min perfusion of the nonfiltering rat 

kidneys. 

Open circles represent 125r-radioactivity (cpm) in 0.8-ml fractions 

eluting from p-Bondapak ~8 column (30 em x 3.9 mm i.d . , Waters) with 

the acetonitrile gradient shown by a broken line. Flow rate was set 

at 1 ml/min. 

~· HPLC chromatograms of acid-extractable (panel A) and acid

resistant (panel B) A14- 125z-insulin in the perfusate after 60-min 

perfusion of the nonfiltering rat kidneys. 

The HPLC conditions used are the same as in Fig. 1 . 

Fig. 3. Time dependence of acid-extractable ( o) and acid-resistant 

( • ) A
14

- 125r-insulin as well as acid-resistant degradation products 

of A14- 125r-insulin ( .t. ) in the nonfiltering rat kidneys, measured 

separately by the acid-wash technique and TeA- precipitation (for 

details see Materials and Methods section). 

~· Effects of phenylarsine oxide (250 ~) on the acid-extractable 

and acid-resistant A14- 125I-insulin after 60-min perfusion of the 

nonfiltering kidneys. 

Since phenylarsine oxide ·was dissolved in DMSO and used after 1000-

dilution, the same concentration (0.01%) of DMSO was also included in 

the perfusion media in control experiments. * Significantly different 

from control at p < 0.01 by Student's t-test. 

~. Effects of unlabeled insulin ( 1 ~) on the acid-extractable 
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and acid-resistant A14- 125I-insulin after 60-min perfusion of the 

nonfil tering kidneys. 

* . S1gnificantly different from control at p < 0.01 by Student's t-

test. 
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Fig . 3 
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