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A B S T RA CT Five patients with glucagonomas had
elevated plasma levels of total glucagon immuno-
reactivity. Gel filtrations of these plasma samples
on Bio-Gel P30 columns showed that most of the
immunoreactivity eluted in the 3,500-(true glucagon)
and 9,000-dalton fractions. After the administration of
alpha cell effectors, changes in total glucagon im-
munoreactivity were seen which were accounted for
primarily by the 3,500-dalton species, but there were
also changes in the 9,000-dalton moiety. Venous
effluent plasma from tumors of two subjects contained
elevated concentrations of glucagon immunoreactivity
in both fractions. When material from both the 3,500-
and 9,000-dalton peaks were serially diluted in a
glucagon immunoassay, parallel displacement curves
were found, suggesting that both have similar or
identical antigenic determinants. Thus, with con-
version to a neoplastic state, alpha cells of gluca-
gonomas, much like beta cells of insulinomas,
may secrete an increased amount of a larger, 9,000-
mol wt glucagon species which may be a prohormone.

INTRODUCTION

It has only recently been appreciated that patients
with glucagon-producing pancreatic tumors may have
a constellation of conditions which include a dermatitis
termed necrolytic migratory erythema, weight loss,
anemia, stomatitis, impaired glucose tolerance, hypo-
aminoacidemia, and elevated plasma glucagon levels
(1, 2). Patients with these conditions have been con-
sidered as having the glucagonoma syndrome (1). With
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the availability of the glucagon radioimmunoassay and
a growing awareness of this syndrome, increasing
numbers of patients with this disorder are being
found. Five patients with glucagon-producing tumors
have recently been evaluated by us, providing an op-
portunity to characterize the different forms of plasma
glucagon immunoreactivity and to determine whether
neoplastic alpha cells, like insulinomas (3), secrete in-
creased amounts of an immunoreactive moiety, larger
than the normal predominant secretory product.

METHODS

Patients
Patient J. D. A 40-yr-old male was admitted to the Massa-

chusetts General Hospital in November 1974, with a 2-yr
history of weight loss and a 7-mo history of a skin rash,
which was later considered typical of necrolytic migratory
erythema. In addition, he had an abnormal glucose tolerance
test (fasting plasma glucose, 95 mg/dl; 1 h, 211; and 2 h, 174),
stomatitis, anemia, and hepatomegaly. Hypoaminoacidemia
was present, and a fasting immunoreactive glucagon level
was 2,200 pg/ml. A needle biopsy of the liver showed small,
regular tumor cells, and glucagon was demonstrated in these
cells using the horseradish peroxidase technique with a
rabbit antiglucagon antibody. A selective celiac angiogram
revealed a focal area of hypervascularity in the body of the
pancreas and multiple discrete hepatic masses. This patient
has been described in greater detail as a clinicopathologi-
cal exercise (4).

Patient H. E. A 39-yr-old male was admitted to the Massa-
chusetts General Hospital with a 4-yr history of skin rash and
weight loss. He had been treated with large doses of systemic
and topical corticosteroids for the rash. Upon admission,
his rash was diagnosed as necrolytic migratory erythema. He
had hypoaminoacidemia, a fasting plasma glucagon of 800
pg/ml, and an abnormal glucose tolerance curve (fasting
plasma glucose, 93 mg/dl; 1 h, 253; and 2 h, 226). A selective
celiac angiogram revealed a vascular 4 x 6-cm mass in the
tail of the pancreas. The mass was removed by surgery and
histology showed small cells with invasive characteristics.
The concentration of glucagon immunoreactivity found in
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the tumor was 120 iLg/g tissue. Although no metastases
were discovered during his initial surgery, multiple hepatic
metastases were found a year later, which pathologically
resembled the primary tumor.

Patient F. L. A 53-yr-old female was admitted to the
Mary Fletcher Hospital, Burlington, Vt, in June 1975, with
a 1-yr history of weight loss, an 8-mo history of skin rash,
and an abnormal glucose tolerance test (fasting blood sugar,
96 mg/dl; lh, 242; and 2 h, 181), 2 mo before admission. The
rash was typical of necrolytic migratory erythema and a
fasting plasma glucagon was 790 pg/ml. Abdominal explora-
tion revealed an elipsoid mass in the tail of the pancreas
measuring approximately 10 cm in its long diameter. There
was no evidence of metastases. Histologically, the tumor
consisted of alpha cells without evidence of malignant change
and the concentration of glucagon immunoreactivity in the
tumor was 100 &g/g tissue.

Patient M. C. This 58-yr-old female was admitted to the
Mary Hitchock Memorial Hospital, Hanover, N. H., in March
1974, with a 1-mo history of skin rash, stomatitis, and a
10-pound weight loss. Multiple tumor nodules were seen on a
liver scan. Tissue from a liver biopsy was initially thought
to represent hepatoma, but later electron microscope
examination revealed alpha cell-like granules. Celiac angiog-
raphy showed highly vascular hepatic tumors with a probable
blush in the tail of the pancreas. In January 1976, her skin
rash was interpreted as necrolytic migratory erythema and
her oral glucose tolerance test was diabetic, with a fasting
blood glucose level of 180 mg/dl; 1 h, 412; and 2 h, 342. A
fasting glucagon level was 2,700 pg/ml.

Patient W. A. This 62-yr-old female was a patient at the
University of Chicago Hospital. She had a 5-yr history of
diabetes which had been poorly controlled on insulin with
recurrent episodes of nonketotic hyperglycemia requiring
hospitalization. On her final hospital admission, she was
comatose with marked nonketotic hyperglycemia (blood
glucose level 600 mg/dl), focal neurological signs, and
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pneumonia. She initially responded to an infusion of insulin,
but then developed focal motor seizures and expired.
Necropsy, 6 h after death, revealed cerebral thrombosis,
bronchopneumonia, myocardial infarction, and a 0.4-cm
nodule protruding from the body of the pancreas. This was a
well-differentiated islet cell carcinoma with distinct invasion
at the periphery of the lesion. The Grimelius silver strain
was positive, the tumor cells showing characteristic alpha
cell granules. Electron microscopy likewise showed alpha
cell-like granules. Large amounts of glucagon immuno-
reactivity were found in the tumor by immunofluorescence.
Serum withdrawn at necropsy from the subelavian vein
had an immunoreactive glucagon value of 1,400 pg/ml. To
rule out the possibility that this elevation was a postmortem
artifact, serum was obtained from seven postmortem control
cases. The necropsy interval varied between 6 and 24 h and
glucagon levels ranged between 23 and 191 pg/ml.

Collection of samples
100 g of glucose as Dexicola was given to patients F. L.
and H. E., and the samples used for the analysis in Table II
were drawn 30 min later. For patient F. L., an intravenous
infusion of glucose (100 mg/min) was begun 45 min after
the oral glucose and this was continued until 260 min. In
addition, 25 g glucose was given intravenously between 55
and 60 min. A sample for fractionation was drawn at 240 min.
Arginine was infused intravenously into patients F. L. and
M. C. at the rate of 12 mg/kg per min with samples drawn 30
min after the initiation of the infusion. During surgery, a
sample was obtained from the splenic vein of patient H. E.,
and 1 min before this, a peripheral venous specimen was
drawn. Similarly, at surgery, a sample was drawn from a vein
draining the tumor of patient F. L. and a sample from the
splenic artery was obtained as well. The blood samples were
collected in tubes containing 500 U Trasylol (Delbay
Pharmaceuticals, Bloomfield, N. J.) and either 1 mgof EDTA
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FIGURE 1 Gel filtration elution profiles of plasma from five patients with glucagonomas. Markers
used to calibrate the Bio-Gel P30 columns include 131I-proinsulin (PI), 125I-insulin (I), and 125I1
glucagon (G). V0 refers to the void volume.
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or 12 U of heparin/ml of blood. Written informed consent
for the studies was obtained from each patient.

Assay techniques
Immunoreactive glucagon levels on the plasma of subjects
H. E., J. D., F. L., and M. C. were measured by radioimmuno-
assay using dextran-charcoal separation and antiserum 30K
obtained from Dr. R. Unger (5). The plasma determination of
patient W. A. was determined by a double-antibody radio-
immunoassay also using antiserum 30K (6).

Gel filtration
Plasma samples from patients H. E., J. D., F. L., and M. C.,
with a volume ranging from 0.2 to 0.8 ml, were filtered on a

46 x 1-cm Bio-Gel-P30 column (Bio-Rad Laboratories,
Richmond, Calif.) at 4°C. The elution buffer was 0.2 M
glycine, pH 8.8, with 0.25% bovine serum albumin, 1%
lamb serum, and 0.5% merthiolate. 0.7-ml fractions were

collected and the glucagon immunoreactivity determined
by radioimmunoassay (5). The sample from patient W. A. was

filtered on a 50 x 1-cm Bio Gel-P30 column at room tempera-
ture, the eluent being 0.2 Mglycine buffer, pH 8.8, contain-
ing 0.25% human albumin, 1% lamb serum, and 500 U/ml
Trasylol. 1-ml fractions were collected and the total volume
measured by radioimmunoassay (6). Recovery of the eluted
immunoreactivity was approximately 80%1o. It was assumed
that the distribution of immunoreactivity in peaks A, B, and
C in the collected fractions was identical to their distribu-
tion in plasma samples. Accordingly, the amount of immuno-
reactivity in various fractions (Tables I-III) was calculated
by multiplying the relative amounts of material in each peak
(expressed as percent of total immunoreactivity of all the
fractions) by the concentration of total plasma glucagon im-
munoreactivity as determined by radioimmunoassay.
Columns were calibrated with blue dextran, 1311-proinsulin,
125I-insulin, and 1251-glucagon.

RESULTS

Fasting plasma samples from five patients with gluca-
gonomas were chromatographed on Bio-Gel P30 and
the elution profiles are depicted in Fig. 1, with the
distribution of immunoreactivity in peaks A, B, and C
noted in Table I. The most noteworthy finding is that
there is a large amount of immunoreactive material in
peak B, the 9,000-mol wt region. This contrasts
markedly with the either absent or minimal amounts
of this component found in normal subjects (7, 8).
The relative amount of peak B material in patient
W. A. is extremely high (97.5%), but this plasma was

obtained 6 h postmortem, and it is possible that some

peak C material was degraded. The amount of peak A
or void volume immunoreactivity in these subjects
must be interpreted with caution because there was

usually poor discrimination between the small peak
A and the larger peak B.

The tumors were responsive to stimulation or sup-

pression as indicated (Table II) by the increases in
total glucagon immunoreactivity during the infusion
of arginine and 30 min after oral glucose, and the de-

TABLE I
Fractionation of Fasting Plasma

Total
glucagon
immuno- Peak A Peak B Peak C

Patient reactivity (void) (9,000 mol wt) (3,500 mol wt)

pglmI* %t % %

J. D. 2,200 14.5 (319)5 46.9 (1,032) 38.6 (849)
H. E. 760 7.0 (53) 31.6 (240) 61.4 (467)
F. L. 900 11.4 (103) 49.1 (442) 39.5 (355)
M. C. 2,700 2.3 (62) 24.0 (648) 73.7 (1,990)
W. A." 1,400 1.0 (14) 97.5 (1,365) 1.5 (21)

* Concentrations obtained by immunoassay of plasma
samples.
t Percentage values refer to the amount of glucagon immuno-
reactivity in each peak as a percentage of the total im-
munoreactivity of all fractions.
§ Concentration in picograms per milliliter of each peak
calculated from the total plasma glucagon immunoreactivity.
"Sample obtained 6 h postmortem.

crease after intravenous glucose. When the various
fractions were analyzed, it is apparent that most of the
change in total immunoreactivity can be accounted for
by peak C, 3,500-mol wt glucagon. There are also
definite changes in the 9,000-mol wt peak B. Peak A
(void volume) values are difficult to interpret for
the reasons indicated above and the changes were
relatively small.

TABLE II
Fractionation of Plasma after Administration

of Alpha Cell Effectors*

Total
glucagon Peak B Peak C
immuno- Peak A (9,000 (3,500

Patient Test reactivity (void) mol wt) mol wt)

pg/ml % % %

F. L. Fasting 900 11.4 (103) 49.1 (442) 39.5 (355)

P.O. Glucose 1,580 8.7 (137) 46.7 (738) 44.6 (705)
-30 min

I.V. Glucose 535 14.6 (78) 51.0 (273) 34.4 (184)
-240 min

Fasting 840 9.7 (81) 47.5 (399) 42.8 (360)

Arginine 1,500 4.3 (65) 38.1 (572) 57.6 (863)
-30 min

H. E. Fasting 760 7.0 (53) 31.6 (240) 61.4 (467)

P.O. Glucose 1,520 3.7 (56) 23.2 (353) 73.1 (1,111)
-30 min

M. C. Fasting 2,700 2.3 (62) 24.0 (648) 73.7 (1,990)

Arginine 5,200 2.1 (109) 18.7 (972) 79.2 (4,118)
-30 min

* Concentrations and percentages determined as in Table I.
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TABLE III
Fractionation of Plasma from Venous

Effluent of Glucagonomas*

Total
glucagon Peak B Peak C
immuno- Peak A (9,000 (3,500

Patient Source reactivity (void) mol wt) mol wt)

pg/ml % % %

H. E. Peripheral 790 8.5 (67) 22.7 (179) 68.8 (544)
vein

Venous 10,000 3.7 (370) 19.0 (1,900) 77.3 (7,730)
effluent

F. L. Arterial 2,295 7.6 (174) 31.8 (730) 60.6 (1,391)

Venous 12,000 3.1 (372) 19.4 (2,328) 77.5 (9,300)
effluent

* Concentrations and percentages determined as in Table I.

Before surgical removal, samples were obtained
from veins draining the tumors of two patients. When
compared with a peripheral venous sample in one
patient and an arterial sample in the other, a marked
increment of total glucagon immunoreactivity was
seen in the venous effluent (Table III). As with the
secretory changes described above, most of the in-
crease was accounted for by peak C material. In
addition, however, there was a clear increment in the
9,000-mol wt, peak B, which was particularly obvious
in patient H. E. Peak A immunoreactivity also appeared
to be increased. Thus, tumor drainage studies indicate
that these two glucagonomas secrete primarily 3,500-
mol wt glucagon and relatively smaller amounts of the
9,000-mol wt moiety.

Tumor tissue from patients H. E. and F. L. was
extracted in 2 N acetic acid, diluted in glycine buffer
and chromatographed in Biogel-P30. The elution profile
of the tumor tissue of patient H. E. is depicted in the
lower panel of Fig. 2, where a dominant peak in the
3,500-mol wt region is seen. Additional immunoreac-
tive material extends from the void volume to the
glucagon peak, but it is difficult to appreciate any
clearly defined peaks which correspond to the specific
plasma components. In the upper panel are two elu-
tion profiles of different amounts of tumor extract from
patient F. L. As indicated by the solid line, a large
peak is seen in the glucagon region, but only small
amounts of higher molecular weight material are
present. When larger amounts of extract were chromat-
ographed (depicted by the dashed line), higher
molecular weight immunoreactivity can be seen, but
definite peaks were not detected.

Further studies were performed to compare the
immunoreactive characteristics of peaks B and C with
glucagon standard. Plasma from two patients was
chromatographed and fractions of peak B and C were
separately pooled (patient H. E., 24-31, and 42-46;

patient J. D., 23-28, and 41-42). When different
volumes from each pool were assayed, parallel dis-
placement curves were found, indicating similar im-
munologic reactivity of these components with anti-
serum 30K (Fig. 3).

DISCUSSION

In recent years the heterogeneity of glucagon immuno-
reactivity in human plasma has become increasingly
complex, and at least five forms have thus far been
described. Total plasma glucagon immunoreactivity
in fasting normal man is found to be approximately
100 pg/ml in most laboratories. The majority of this
glucagon immunoreactivity, although there is con-
siderable individual variation, is accounted for by a
moiety with an estimated mol wt of 160,000 which
has been termed the interference factor (5, 9), big
plasma glucagon (7), or perhaps more accurately,
big plasma glucagon immunoreactivity. This fraction
makes up about 55% of the total glucagon immuno-
reactivity (7-9). Most of the remaining glucagon
immunoreactivity, approximately 35%, is accounted
for by a 3,500-mol wt glucagon (7-9). An additional
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FIGURE 2 Gel filtration of elution profiles of extracts from
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component, which has a mol wt of 9,000 (7, 8), may be
a precursor form of glucagon and is perhaps identical to
material with a similar molecular size called large
glucagon immunoreactivity which has been identified
in pancreatic tissue extracts (10). This is not usually
found in the plasma of normal subjects but is consis-
tently seen in patients with renal failure (8). A
10,000-20,000-mol wt form has recently been de-
scribed in a family with increased levels of total gluca-
gon immunoreactivity (11) and Valverde et al. (7) have
found a smaller 2,000-mol wt form which is present in
very small amounts.

Patients with glucagonomas have an increased level
of total glucagon immunoreactivity as would be ex-
pected from their large alpha cell mass, and after
fractionation much of this material elutes as 3,500
mol wt, "true" glucagon. In addition, the concentra-
tion of the 9,000-dalton form is markedly increased,
both in terms of absolute amount and also in a rela-
tive sense when compared with the quantity of true
glucagon. After the administration of various alpha
cell effectors, such as glucose given orally or intra-
venously, or intravenous arginine, there are significant
changes in total glucagon immunoreactivity which pre-
sumably reflect changes in alpha cell secretion. The
increase of glucagon after oral glucose in two of our
patients contrasts with the depression found in normal
subjects (12), but has previously been reported (13).
Most of the increase after glucose or arginine adminis-
tration can be accounted for by the 3,500-mol wt gluca-
gon, but there is also a contribution from the 9,000-mol
wt form. Further evidence that this larger form is a
secretory product of the neoplastic alpha cells is pro-
vided by the finding of increased levels of the 9,000-
dalton species in the venous effluent from two tumors.
It is not clear whether impaired clearance mechanisms
may also have contributed to the increased glucagon
levels because specific clearance studies were not
performed. However, renal function as assessed by
blood urea nitrogen and creatinine was normal in
four of the patients.

The size of peak A material, which is greater than
9,000 daltons, has not be.n determined accurately
in this study, but it may represent big plasma gluca-
gon immunoreactivity which has previously been
found to have an approximate mol wt of 160,000
daltons (7, 8). The suggestion that this void volume
material is secreted (Table III) must be interpreted
with caution. The relatively small peak A is difficult
to discriminate from the larger peak B, and at present
there is no definitive evidence that big plasma gluca-
gon immunoreactivity is secreted by either normal or
abnormal alpha cells.

The identity of the 9,000-mol wt material with gluca-
gon immunoreactivity has not yet been clarified. Even
though the existence of a glucagon biosynthetic pre-
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fractions of peaks B and C (from patients J. D. and H. E.) in
the glucagon radioimmunoassay. Porcine glucagon was used
for the standard curve.

cursor has not been conclusively proven, there is
persuasive evidence that a larger molecule (or mole-
cules) is sequentially cleaved to glucagon (14). Studies
in islet tissue from a number of species including
humans (14-17) indicate that [3H]tryptophane is in-
corporated into a peptide of about 9,000 daltons. In
addition, material of this weight with glucagon
immunoreactivity has been found in pancreatic extracts
from several species (10). It thus seems likely that one
of what might be several glucagon precursor forms has
a mol wt of about 9,000. With the present data indicat-
ing that the 9,000-dalton species of glucagonoma
patients is an alpha cell secretory product, it is reason-
able to postulate that this material represents a bio-
synthetic precursor of glucagon. It may be significant
that the immunologic displacement curve of peak B
material is parallel to the curves of glucagon standard
and peak C. This suggests that the 9,000-mol wt species
and true glucagon have common antigenic deter-
minants. Despite this immunologic similarity, the
9,000-dalton material found in pancreatic tissue, which
may be identical to the plasma component of the same
size, is devoid of glycogenolygic activity (10).

Valverde et al. (18) have chromatographed plasma
from a patient with a suspected glucagonoma and
have found an elution profile of glucagon immuno-
reactivity very similar to those reported in the present
study. In addition, Danforth et al. (19) have found
evidence for an immunoreactive species of about 9,000
daltons in a patient with an alpha cell tumor. Although
large forms of several hormones have been found in
plasma (20-26), only proinsulin has been convincingly
shown to be preferentially secreted by neoplastic tissue
(3). Therefore neoplasia of both alpha and beta cells
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apparently leads to abnormal secretion of larger, pre-
sumably precursor, peptides. The mechanisms
responsible for these changes have not yet been fully
elucidated nor has the potential clinical usefulness of
assisting with diagnosis or following the progress of
treatment been explored in detail.
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