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IATPIKH.— Metahbolism of exogenous insulin into high molecular
weight forms in vivo, by Harry N. Antoniades, James D. Si-
mon and Dimitri Stathakos®*. °Avexovddy Uno tod “Anadnuaixod
%x. B. Maldpov.

It has been suggested that endogenous insulin is metabolized in
extrapancreatic sites (1) into a high molecular weight form which was
called bound insulin or insulin complex (2, 3). The in vivo and in vitro
biologic activities of partially purified blood serum bound insulin pre-
parations of various species were shown to be similar to those of cry-
stalline insulin (3). However, bound insulin was shown to be unreactive
with insulin antisera as judged by in vitro radioimmunoassay techniques.

The present studies were undertaken in order to investigate whe-
ther exogenous insulin injected into rats is metabolized into a high
molecular weight form in vivo.

MATERIALS AND METHODS

Porcine ['*’I] insulin (specific activity: 45.8 to 58.1 mCi/mg insulin)
was purchased from Abbott Laboratories. Crystalline porcine insulin (25
units/mg, lot PJ-5682) was obtained from Eli Lilly and Company and
guinea pig anti-insulin antiserum (GPAS) from Peter Wright (Indiana-
polis) ; neutralizing potency was 1.1 units porcine insulin per ml antise-
rum. Rabbit anti-guinea pig antisera were purchased from Sylvana Cor-
poration. The guinea pig anti-insulin antiserum was diluted 220-fold
with 5°/, bovine serum albumin in borate buffer, pH 8.0. The neutra-
lizing capacity of the diluted GPAS was about 500 microunits insulin
per o.1 ml. The diluted preparations were stored at -15'C and were used
for the immunoprecipitation studies of ['*'I] insulin described below.

Dithiothreitol (Cleland’s reagent) was obtained from Calbiochem ;
coomassie brilliant blue R-250, bovine serum albumin, ovalbumin, chy-
motrypsinogen A (beef pancreas)and cytochrome C from Schwartz-Mann;
- galactosidase from Boehringer-Mannheim ; sodium dodecyl sulfate from
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Matheson ; pyronin Y from Fisher, N, N, N, N’ -tetramethylethylendia-
mine from Canalco; Acrylamide and N, N’ - methylenebisacrylamide from
Eastman. The mixture of acrylamide-bisacrylamide used for gel electro-
phoresis was deionized on a column of Rexyn-300 (Fisher).

Gel Filtration. Sephadex G-100 or Biogel P-150 (100- 200
mesh) was swollen in borate buffer (pH 8.0) or in 8 M urea-l M acetic
acid (pH 2.4). Sephadex G-100 was poured into a 4.4 cm X go cm glass
column with a wet bed volume of 930 ml and Biogel intoa 1 cm X 60 cm
plastic column with a wet bed volume of 34 ml 10 ml fractions were
collected from the Sephadex column and 1.2 ml from the Biogel. Gel
filtration was performed at 2°- 5° C with the exception of runs with 8 M
urea-1 M acetic acid which were performed at room temperature. 0.25 ml
serum samples were applied on the Biogel column and 7.0 ml serum
samples on the Sephadex column. In studies with 8 M urea-1 M acetic
acid the samples were incubated for 24 hours at room temperature before
chromatography.

Immunoprecipitation of the ['*I] insulin fractions
collected in borate buffer during gel filtration was performed as follows :
0,5 ml of each fraction were added to glass rimmed tubes (13 X 100 mm)
containing 0.4 ml 5°/, bovine serum albumin (BSA) in borate buffer
(pH 8.0). o.rml of diluted GPAS was added to each tube and stored at
2"-5°C for 48 hours. Following the incubation with GPAS, 0.2 ml of
undiluted rabbit anti-guinea pig antiserum was added followed by the
addition of o.1 ml normal guinea pig serum diluted 1 : 50 with 5°/, BSA
in borate buffer (pH 8.0). The tubes were incubated for 72 hours at
2" -5°C and then centrifuged at 2°C. The supernatant fluid was decanted
into rimmed glass tubes (13 X 100 mm) and both supernatant fluids and
precipitates were counted for five minutes each in a Nuclear Chicago
well-type scintillation counter. The radioactivity in the precipitate is
referred to as the immunoprecipitable radioactivity and that in the
supernatant fluid as the nonimmunoprecipitable radioactivity.

Insulin Radioimmunoassay. Insulin radioimmunoassays
were carried out by the double antibody technique of Morgan and La-
zarow (4) as modified by Soeldner and Slone (5).

Polyacrylamide Gel Electrophoresis in So-
dium Dodecyl Sulfate (SDS). The procedure used in these
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studies is that described by Fairbanks et al (6) with the following modi-
fications :

Each sample was incubated for 30 minutes at 95°C with an equal
volume of a mixture containing 5°/, SDS, 20 mM Tris-HCl (pH 7.9),
4 mM EDTA, 20°/, sucrose and 50 ug/ml Pyronin Y. For the reduction
of disulfide bonds dithiothreitol was added prior to incubation to a
final concentration of 25 mM; f -galactosidase, albumin, ovalbumin,
chymotrypsinogen A and cytochrome C, used as markers, were incubated
in the presence of the reductant. After cooling to 15°C, the samples
were applied on 8/, polyacrylamide gels containing 2°/, SDS and electro-
phoresis was conducted with a voltage gradient of 7V/cm and a current
of 6 mA per tube. When tracking dye (Pyronin Y) had covered a distance
of 80 mm (approximately 3h) the gels were fixed and stained or, alter-
natively, sectioned in 2 mm intervals; the slices were suspended in
o.5 ml H,O for counting.

Fixation of the gels at 4°C in 15/, trichloracetic acid-25°/, iso-
prypyl alcohol was followed by staining for 4 hours at 37°C with 0.5/,
coomassie blue in 25°/, isopropyl alcohol- 10"/, acetic acid. Destaining
was carried out overnight in 10%, acetic acid in the presence of acti-
vated charcoal. The mobilites of the molecular-weight markers in Fig. 4
were corrected (7) for the elongation of the gels after staining.

In Vivo Studies. Groups of four Charles River Laborato-
ries male CD fed rats (120 - 130 g) were injected into the jugular vein
with 0.5 ml o.15 M NaCl containing 6 milliunits porcine ['”’I] insulin.
The animals were mnarcotized lightly during injection with 50°/,
CO,:50°,0,. Blood samples (0 2 ml) were obtained from the jugular
vein of each rat at 5, 10, 60, 240 and 360 minutes after injection. The
sera were separated by centrifugation and pooled. 0.25 ml pooled serum
samples obtained at the various intervals after injection were subjected
to filtration on Biogel P-150. 7.0 ml pooled serum was collected from
rats 6o minutes after the injection of porcine ['*’I] insulin and was also
subjected to filtration on Sephadex G-100. All fractions were examined
for the presence of immunoprecipitable and nonimmunoprecipitable
radioactivity as described above.

In other studies, crystalline insulin (1o mU/rat) was injected into
groups of 4 rats and 60 minutes later the animals were bled, the serum
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separated by centrifugation and pooled. 7.0 ml of the pooled serum was
subjected to Sephadex G-100 chromatography. Fractions corresponding
to various molecular sizes were pooled, lyophilized, dissolved in 10 ml
distilled water and dialyzed at 2°C against 3 liters 0.15 M NaCl for 48
hours with three changes. Duplicate 0.5 ml samples from each fraction
were immunossayed for insulin.

Seperation of High Molecular Weight [™]]
Insulin Metabolites. Ratsera obtained five minutes after the
injection of porcine ['**] insulin were subjected to Biogel P-150 filtration
in borate buffer, pH 8.0 as described above. The tubes of the high mo-
lecular weight front fraction were pooled and dialyzed for 24 hours
against 1 liter cold o,15 M NaCl at 2°-5"C. The dialyzed preparations
from several runs were pooled, 0.25 ml aliquots were placed in plastic
tubes and stored at-15° C.

RESULTS

Metabolism of Porcine [*'I] Insulin in Rats
Figure 1 shows the metabolism of porcine ['*I] insulin in rats. Within
5 minutes of injection most of the radioactivity appeared in the high
molecular weight front fraction, comprising about 59°/, of the total
immunoprecipitable and 61 °, of the total nonimmunoprecipitable radioa-
ctivity. The immuunoprecipitable radioactivity remained predominantly
in the high molecular weight front fraction in subsequent blood samples
obtained at 10, 60, 240, and 360 minutes after injection (Fig. 1). With
progression of time multiple immunoprecipitable fractions appeared
between the front and the insulin fraction. Nonimmunoprecipitable radio-
activity in the small molecular weigh region following the insulin fra-
ction may represent degradation products of [*’I] insulin.

Figure 2 shows the distribution of radioactivity in fractions obtai-
ned by Sephadex G-100 chromatography of a serum sample obtained 60
minutes after the injection of ['*I] insulin. There are at least two major
high molecular weight fractions of immunoprecipitable radioactivity,
corresponding to molecular weights of about 70,000 (b) and to greater
than 100,000 (a). These two high molecular weight fractions comprise
over 50°/, of the total immunoprecipitable radioactivity of the serum
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sample. The immunoprecipitable radioactivity of the insulin fraction (c)

appeared at about the 12.000 molecular weight region as indicated by
the presence of cytochrome C in that region. Under these conditions of

gel filtration insulin appears as a dimer.
Immunoreactivity of ['"] Insulin Fractions.
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Fig. 1. Distribution of immunoprecipitable (0—o0) and nonimmunoprecipi-

table (o----0) radioactivity in Biogel P-150 fractions of rat sera obtained at
various intervals after the injection of porcine insulin-1251 insulin in rats.
Control insulin-125] was chromatographed in the presence of 0,25 ml rat serum.

The radioactivity associated with the insulin fraction (Figs. 1 and 2c)
was largely immunoprecipitable with guinea pig anti-insulin antisera.
Over 9o’ of the radioactivity of this fraction was recovered in the
immunoprecipitate. The high molecular weight fractions exhibited redu-
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ced immunoreactivity compared to insulin. Only 50 to 65°/, of the radio-
activity of these fractions was recovered in the immunoprecipitate.
Metabolism of Nonradioactive Crystalline
Porcine Insulin. Sephadex G-100 fractions corresponding to
fractions a, b, b-¢, ¢, and ¢, as shown in Fig. 2, were obtained from
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Fig. 2. Distribution of immunoprecipitable (0—o) and nonimmunoprecipi-
table (o----0) radioactivity in Sephadex G-100 fractions of rat sera obtained
6o minutes after the injection of porcine [1?5]] insulin in rats.

filtration of pooled rat sera collected 60 minutes after the administration
of crystalline porcine insulin. The various fractions were subjected to
insulin radioimmunoassay and the results are shown in Table 1. Most of
the insulin was recovered in the front fraction, indicating that nonra-

dioactive insulin is also metabolized in vivo into a high molecular
weight form.
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TABLE 1.

Distribution of immunoreactive iusulin in Sephadex
G-100 fractions of pooled blood sera 60 minutes after
intravenous administration of porcine crystalline insulin.

Sephadex } Molecular 'Insulir}

. ? . Microunits
Fractions * Size (approx.) per ml serum

a > 100,000 120
b 70,000 20
b to ¢ 12,000 - 70,000 10
c 12,000 50
£ < 12,000 o
| |

* As indicated in Figure 2.

Effect of Urea and SDS on the High Mole-
cular Weight ["I] Insulin. The high molecular weight ['*']]
insulin metabolite was not affected by rechromatography on Biogel P-150
in borate buffer, pH 8.0 (Fig. 3A) and in 8 M urea-1 M acetic acid
(Fig. 3B) and remained in the high molecular weight region. In the stu-
dies presented in Fig. 3, control porcine ['**I] insulin, used in the in vivo
studies, was also subjected to gel filtration either alone or after incuba-
tion with 0.25 ml rat serum. The in vitro incubation of the control ['**I]
insulin with rat serum did not affect its molecular weight. However, as
shown in Fig. 3A, commercial preparations of porcine ['*’I] insulin con-
tain about 10°/, of high molecular weight radioactivity which is dimi-
nished following treatment with 8 M urea-1M acetic acid (Fig. 3B).
This contaminant, which has been assumed to represent «damaged» insu-
lin, is reactive with guinea pig anti-insulin antisera.

Polyacrylamide gel electrophoresis in SDS produced a shift of 45°/,
of the radioactivity into a low molecular weight fraction (Fig. 4) while
the rest of the radioactivity remained in the high molecular weight
region. A combination of SDS treatment and reduction of the disulfide
bonds with dithiothreitol produced a complete transformation of the high
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Fig. 3. Rechromatography of the high molecular weight [t?5]] insulin meta-

bolite (0—o0) on Biogel P-150 in borate buffer, pH 8.0 and in 8 M urea -1 M

acetic acid. Control porcine [125]] insulin (o----0) was chromatographed under
the same conditions.
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Fig. 4. Polyacrylamide gel electrophoresis of control [12]] insulin and the
high molecular weight [23I] insulin metabolite in sodium dodecyl sulfate
(SDS) alone (o----0) and in SDS plus dithiothreitol (0o—o).
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molecular weight fraction into a low molecular weight fraction, similar
to that obtained with control ['*’I] insulin (Fig. 4).

DISCUSSION

The present studies demonstrate that exogenous insulin injected in
rats is rapidly transformed into high molecular weight metabolites.
These insulin metabolites remained predominant for at least four hours
after injection (Fig. 1). They were shown to be reactive with guinea pig
anti-insulin antisera although their immunoreactivity was diminished
compared to that of single component insulin. Their molecular weight
was unaffected by rechromatography in borate buffer, pH 8.0, and in
8 M urea-1 M acetic acid, indicating that they do not represent the pro-
duct of nonspecific adsorption of insulin by proteins. The high molecular
weight insulin metabolites are apparently formed in vivo, since in vitro
addition of ['”I] insulin to rat serum did not yield high molecular weight
forms of insulin.

The in vivo studies presented in Figures 1 and 2 indicate the appea-
rance of multiple high molecular weight ['”’I] insulin metabolites follo-
wing injection of ['"’I] insulin. The presence of these multiple forms
becomes more apparent with the progression of time following the admi-

125

nistration of ["*’I] insulin (Fig. 1).

SDS studies with and without disulfide cleavage (Fig. 4) produced
the tollowing : about 45°, of the high molecular weight radioactivity
shifted to a low molecular weight region with SDS treatment alone, indi-
cating that this portion of the radioactivity was bound noncovalently, and
without the involvement of disulfide bonds. T'he remaining 55°/, of the
radioactivity shifted to a low molecular weight region only after redu-
ction of the disulfide bonds. This indicated that binding of this portion
of radioactivity involves disulfide bonding, either among insulin mole-
cules or between insulin and other macromolecules. Unlike SDS, 8 M
urea -1 M acetic acid did not produce dissociation of the high molecular
weight fraction (Fig. 3).

Table 1 shows the formation of high molecular weight immuno-
reactive insulin metabolites in rats following injection of nonradioactive
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porcine crystalline insulin (Table 1). The presence of high molecular
weight endogenous immunoreactive insulin in patients with insulinoma
has been reported recently by Yalow and Berson (8). The major compo-
nent of immunoreactive insulin in the sera of these patients exhibited a
molecular weight greater than that of albumin. Konijnendijk and Bou-
man (9) have reported the presence of endogenous immunoreactive insu-
lin (IRI) in high molecular weight fractions obtained by gel filtration
from peripheral bovine sera. Small amounts of IRI in gel-filtered serum
fractions have also been reported by Kajinuma et al (10). Bouman (11)
reported the generation of considerable quantities of high molecular
weight immunoreactive insulin by incubating normal serum with cry-
stalline insulin in the presence of small amounts of liver homogenates
at 37" C, an effect significantly reduced in the absence of serum. Produ-
ction of a substance similar to that of bound insulin from crystalline
insulin has been reported by Gershoff et al (12) during perfusion of cry-
stalline insulin in isolated rat liver. However, like serum bound insulin,
this material obtained from liver perfusion was unreactive with anti-insu-
lin antisera although it exhibited potent insulin-like biologic activities
in vivo.

The present studies were initiated from our proposal that endoge-
nous insulin in blood circulates primarily as a biologically inactive high
molecular weight metabolite termed bound insulin (1-3). Both endoge-
nous bound insulin and the insulin metabolites produced from the injec-
tion of exogenous radioactive insulin in rats exhibited multiple high
molecular weight fractions. Like the radioactive metabolites, bound insu-
lin was not generated in vitro by the addition of insulin to blood serum,
and its molecular weight was not affected by treatment with 7 M urea
or 5 M acetic acid (3). However, the important difference between bound
insulin and the insulin metabolites formed from exogenous insulin is the
lack of immunoreactivity of bound insulin with anti-insulin antisera as
judged by in vitro radioimmunoassay although recent studies have shown
that its in vivo biologic activity in rats can be neutralized by potent anti-
sera (13). Whether this difference in in vitro immunoreactivity reflects
a difference between metabolites formed from endogenous and exoge-
nous insulin or unrelated substances remains to be shown.
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Xotperog npvotahhint ivoovkivy, netd 1) dvev padievegyol ompdvoeme, Evie-
uévn eig Enlpvag petaforiferar meodg peyatopogaxdag noppds. Katedeiydn Ot ol
gv Moyo uetaBolitar dviidpolv pnetd dvirivoovlvirdvy dvtiogp®dv Ov xal magov-
owdlovy petmpévny dpactixdtnta 8v ovyxplogl meog ivooviivny. Ilévte Aemra peta
v vdogphéfuov Eveoty T - ivoovhivng, 6 dpedg BmePAndn eic Ndnoyomuutoyeu-
@lav xoata )y 6notav mhéov tod HO '/, TV ceonuacuévov TewTEivdY, TOV TOQE-
yovomv Cnuatvoavtidoacty, &vepavicdn elc thv mepropyy WymAdy  pograxdv
Bagdv. ‘Ouola einwv magemondn uéyol »al tiig Extng doag amo tiig évéoewe.

Ta pograxa fdoy t@v uetafolirdv tijg tvoovhivig d¢v dhhototvrar xatd thv
avayoouaroyedenelv twv éni Biogel P - 150 évtog Popixol gudmiotinod ovot-
natog (pH 80) # &vtdg ovotiuatrog 8 M ovolag — 1 M dEwxol 6Eog. Katdmuy
grwdoemg xal NAexteogoecews wagovsie dwdexviodeuxod varolov (SDS), noco-
otov 45 °/, t@v oeonuacuévov uetafoltdv Evepaviodn el Tiyv megLoxv KaunAdy
pograx®v Pagdv. *Ag’ Etégov, 1 dvwtéow Enwaoctg magovsie SDS, cvvdvacdeion
UETG oVYXE6voU Avaywylig t@v dtcovAqdindv Seoudv, Enégeoev OAxnv petatd-

mow tilg eadieveQyol onudvoewg mEOg TNV TEQLOYNY XAUNA®dV pogaxdv Pagdv.
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