
Introduction
Proglucagon is synthesized in the α cells of the pancreas
and is processed to bioactive glucagon, glicentin-relat-
ed polypeptide (GRPP), intervening peptide 1 (IP-1),
and the major proglucagon fragment (MPGF), with the
formation of only minimal amounts of glucagon-like
peptide 1 (GLP-1) (1–3). The processing of proglucagon
in the α cell of the pancreas differs from that of the 
L cell of the intestine due to different levels of the pro-
hormone convertases, PC1 and PC2. In the α cell of the
pancreas, the major hormonal product is glucagon with
only trace amounts of GLP-1 formed, due to the exclu-
sive presence of PC2 in that cell (4, 5). On the other
hand, higher levels of PC1 (but not PC2) in the L cells of
the intestine leads to GLP-1 biosynthesis (6). Glucagon
acts to raise plasma glucose levels by stimulating hepat-
ic glycogenesis and gluconeogenesis (7), whereas the
bioactive form of GLP-1, GLP-17–36 amide, lowers plasma
glucose levels by stimulating insulin release (8).

Insulin is exclusively synthesized in the β cells of the
pancreas as proinsulin. The processing of proinsulin
to insulin is mediated by PC1 and PC2 (9–12). Some
patients with type 2 diabetes have elevated serum lev-
els of glucagon (13) and GLP-1 (14) and an increased
ratio of proinsulin and proinsulin conversion inter-
mediates to insulin in the circulation and in the pan-
creas (15–20). The physiological significance of these
altered levels and the enzymes responsible for their
generation in diabetes are unknown. Additionally, the
regulation of the proglucagon and proinsulin con-
verting enzymes, PC1 and PC2, in diabetic patients has
not been examined.

Insights into the role of the prohormone convertases
in the biosynthesis of insulin and glucagon have been
elucidated from the study of mice lacking PC2 and in a
patient with defective PC1. Mice with a knockout of
PC2 had a diminution of β cells and elevated proinsulin
and des-31,32-proinsulin levels with reduced (but still
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The pancreatic processing enzymes, PC1 and PC2, convert proinsulin to insulin and convert
proglucagon to glucagon and glucagon-like peptide 1 (GLP-1). We examined the effect of streptozo-
tocin (STZ) treatment on the regulation of these enzymes and the production of insulin, glucagon, and
GLP-1 in the rat. Pancreatic PC1 and PC2 mRNA increased >2-fold and >4-fold, respectively, in rats
receiving intraperitoneal STZ (50 mg/kg) daily for 5 days. Immunocytochemistry revealed that,
although pancreatic islet cells in the STZ-treated rats were sparse and atrophic PC1, PC2, glucagon, and
GLP-1 immunoreactivity increased dramatically in the remaining islet cells. Heightened PC1 and PC2
expression was seen in cells expressing glucagon but not in insulin-expressing cells. Furthermore, in
STZ-treated rats, bioactive GLP-17–36 amide accumulated in pancreatic extracts and serum 3- and 2.5-fold,
respectively, over control animals. This treatment also caused a 2-fold increase in the ratio of amidated
forms of GLP-1 immunoreactivity to total glucagon immunoreactivity in the pancreas but did not affect
the ratio of proinsulin to insulin. We conclude that hyperglycemic rats have an increased expression of
prohormone converting enzymes in islet α cells, leading to an increase in amidated GLP-1, which can
then exert an insulinotropic effect on the remaining β cells.
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some) mature insulin (21, 22). Additionally, these mice
also had hyperplasia of pancreatic α cells with impaired
proglucagon processing without mature glucagon for-
mation. GLP-1 levels were low. The authors postulated
that the low circulating glucagon levels resulted in fast-
ing hypoglycemia and a reduced rise in blood glucose
after a glucose tolerance test (22). Recently, a patient
with obesity and postprandial hypoglycemia with ele-
vated glucose, proinsulin, and des-64,65-proinsulin lev-
els, but no detectable insulin after an oral glucose toler-
ance test, was described (23). This patient was found to
have mutations in both alleles of PC1, resulting in com-
plete absence of active enzyme (24). These observations
suggest that PC1 is required for proinsulin processing
but that PC2 also contributes significantly to the pro-
cessing. On the other hand, PC2 appears to be required
for proglucagon processing to glucagon in the α cell.

We hypothesized that in an organism (rodent or nor-
mal patient) with normal glucose homeostasis, hyper-
glycemia would cause an upregulation in the pancreas
of the enzymes capable of converting proinsulin to
insulin. This would allow the organism to increase the
amount of bioactive insulin in an attempt to reduce
plasma glucose levels. We also wanted to examine
whether PC1 and/or PC2 would be upregulated in the
α cell in an attempt to increase the synthesis of
glucagon and GLP-1, which are elevated in hyper-
glycemic states. To test these hypotheses, we made rats
diabetic by treating them with daily low-dose intraperi-
toneal streptozotocin (STZ), which damages but does
not entirely eliminate the islet β cells of the pancreas
(25). In rats, daily low-dose STZ produces hyper-
glycemia without the insulitis seen in mice (25). We
elected to use an animal model of diabetes that is char-
acterized by β-cell insufficiency rather than other mod-
els of diabetes in which insulin resistance is prominent,
such as the ob/ob mouse or the Zucker rat.

Methods
Animal treatments and RNA isolation. Male Wistar rats (200
g; 7–8 weeks) received a daily intraperitoneal injection of
STZ (Sigma Chemical Co., St. Louis, Missouri, USA) (50
mg/kg in 0.1 M citrate buffer [pH 4.5]) for 5 days. Dia-
betes was observed clinically by weight loss, polydipsia,
polyphagia, and polyuria in all rats. Control rats received
daily injection of the vehicle. Animals were fasted
overnight on the fifth day. In the morning of the sixth
day, all rats were euthanized by CO2 narcosis and the tis-
sues were immediately removed from animal and frozen
in liquid nitrogen. Glucose concentration was deter-
mined using blood taken from the neck veins at the time
of euthanasia and measured using an Accu-Chek Advan-
tage glucose monitor (Boehringer-Mannheim, Indi-
anapolis, Indiana, USA).

To prepare RNA from the pancreas, extreme care was
used to prevent activation of RNases. The frozen tissue was
homogenized in denaturing solution (4 M guanidinium
thiocyanate, 25 mM sodium citrate [pH 7]; 0.5 sarcosyl, 0.1
M 2-mercaptoethanol) according to the method of Chom-

czynski and Sacchi (26). After phenol-chloroform extrac-
tion and isopropanol precipitation, the RNA was washed
with 75% ethanol and dissolved in 0.5% SDS.

In vitro transcription of riboprobes. Rat PC1 and PC2
cDNA fragments subcloned into pBluescript II SK-vec-
tor (Stratagene, La Jolla, California, USA) were obtained
from R. Mains (Johns Hopkins University, Baltimore,
Maryland, USA). PC1 was linearized with Pst1 and treat-
ed with Klenow (GIBCO BRL, Gaithersburg, Maryland,
USA) to generate a 306-nucleotide (nt) fragment
(243–548 of rat PC1). PC2 was linearized with Eag1 and
treated with Klenow to generate a 361-nt fragment
(353–713 of rat PC2). After linearization, the cDNA frag-
ment was purified by phenol/chloroform extraction and
ethanol precipitation. In vitro transcription was carried
out according to the protocol described in Riboprobe in
vitro transcription systems (Promega Corp., Madison,
Wisconsin, USA) manual. Briefly, linearized cDNA (1 µg)
was transcribed with 20 U of either T3 (PC1) or T7 (PC2)
RNA polymerase and 32P-UTP. All probes were gel puri-
fied on TBE mini-gels (Novex, San Diego, California,
USA), stored at –20°C and used within 3 days.

RNase protection assay. Pancreatic PC1 and PC2 mRNA
levels were measured by ribonuclease protection assay
(RPA) according to the protocol described in the RPAII
Kit (Ambion Inc., Austin, Texas, USA) using 40 µg of
total RNA per protection assay. For each 32P-labeled
probe, a control tube with yeast tRNA instead of tissue
RNA and a probe-only tube were used. Samples were
hybridized at 55°C for 16 hours and then treated with
1:100 RNase A/RNase T1 mixture for 30 minutes at
37°C and electrophoresed on a 6% denaturing poly-
acrylamide gel at 60 W for 2 hours. After electrophore-
sis, the gel was dried and exposed to x-ray film at –80°C.
The probe and protected sizes for PC1 were 360 and 305
bp, respectively. The probe and protected sizes for PC2
were 375 and 360 bp, respectively. The probe was seen
in protection assays without RNA and RNase, but
absent when tissue mRNA and RNase were added. The
protected bands of PC1, PC2, and β-actin were absent
when yeast tRNA (10 µg) was used instead of tissue
RNA. The PC1 and PC2 mRNA levels were quantitated
on an AlphaImager 2000 densitometry (Alpha Innotech
Corp., San Leandro, California, USA) using β-actin as
an internal control. The intensity of the signal was
found to be linear with the amount of RNA. Four to 6
animals per treatment were studied.

Histology and immunohistochemistry. Formalin-fixed and
paraffin-embedded tissues were used for histology and
immunohistochemistry of PC1 and PC2. Paraffin-
embedded tissue was cut into 4-µm sections, deparaf-
finized in xylene, rehydrated in PBS, and stained with
hematoxylin and eosin. For immunohistochemistry,
deparaffinized sections were preincubated with 2% non-
fat milk to prevent nonspecific binding and then incu-
bated overnight at 4°C with anti-PC1– or anti-PC2–spe-
cific polyclonal antisera (both raised in rabbits against
either a PC1-glutathione fusion protein or a PC2-glu-
tathione fusion protein; ref. 27) at a 50-fold dilution. The
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slides were subsequently incubated with anti-rabbit IgG
antibody conjugated with alkaline phosphatase (DAKO
Corp., Carpinteria, California, USA) at a 500-fold dilu-
tion followed by visualization with 5-bromo-4-chloro-3-
indolyl phosphate and nitroblue tetrazolium chloride
(BCIP/NBT) (DAKO Corp.). Control slides were per-
formed by incubation with only the secondary antibody,
without added primary antibody and did not show any
staining. The slides were scanned using the Adobe Pho-
toshop 4.0.1 program (Adobe Systems Inc., Mountain
View, California, USA) and semiquantitation of staining
levels for PC1 and PC2 of the scanned image was per-
formed using the NIH Image program (version 1.61;
National Institutes of Health, Bethesda, Maryland,
USA). Four to 8 sections from 4 animals for each treat-
ment were examined.

To clarify the distribution of PC1 and PC2 in pancre-
atic islets, double immunohistochemistry of PC1 and
PC2 with insulin or glucagon was performed. The pri-
mary antibody for the first immunohistochemical reac-
tion was PC1 or PC2 antiserum detected by alkaline-
phosphatase (as described above). After visualization of
the first staining (some sections were photographed at
this time), slices were washed with 0.1 N hydrochloride-
buffered glycine (pH 2.2) to remove initial primary and
secondary antibodies. Primary antibodies for insulin
and glucagon were anti-human insulin mAb (Nichirei,
Tokyo, Japan) at a concentration of 10 µg/mL and anti-
human glucagon polyclonal antibody (DAKO Corp.) at
a 75-fold dilution. These antisera recognize rat insulin
and glucagon and are expected to cross-react with
proinsulin and proglucagon, respectively, although the
amount of cross-reactivity with the prohormone was
not provided by the manufacturers. The second
immunohistochemical reactions for insulin and
glucagon were visualized using peroxidase labeled-sec-
ondary antibody (DAKO Corp.) with diaminobenzi-
dine (DAB) colorization. Positive cells were defined as
percentage of each type of islet cell that stained positive
for each PC. Control slides were performed in the dou-
ble immunohistochemistry experiments by incubation
with only the secondary antibody, without added pri-
mary antibody during the second immunohistochem-
ical procedure, and did not show any staining in the
second reaction.

We also stained pancreatic and intestinal sections with
an antiserum for human GLP-17–37 (Phoenix Pharma-
ceuticals, Mountain View, California, USA) at a concen-
tration of 1/500. The second antibody was a biotinylat-
ed goat anti-rabbit immunoglobulin, and the signal was
detected using the Vectastain ABC kit (Vector Laborato-
ries, Burlingame, California, USA) with DAB as a sub-
strate. The section was counterstained with methyl
green. The GLP-1 antiserum cross-reacts with rat GLP-
11–37 and GLP-17–37, but not with GLP-11–36 amide, GLP-
17–36 amide, GLP-2, or glucagon; it is expected to cross-react
to a certain degree with the proglucagon precursor and
the MPGF intermediate, although the amount of cross-
reactivity was not provided by the manufacturer.

GLP-1–related peptides determined by RIA and reversed-
phase HPLC followed by RIA. Pancreata from control and
STZ-treated rats were placed in 5 mL of extraction medi-
um (1 N HCl containing 5% formic acid, 1% trifluo-
roacetic acid [TFA], and 1% NaCl), minced in a Polytron
(Brinkmann Instruments, Westbury, New York, USA),
homogenized, and centrifuged. The supernatant was
saved, and the pellet was reextracted in 5 mL of extrac-
tion buffer. The 2 supernatants were combined and
passed twice through a C18 silica cartridge (Waters
Corp., Milford, Massachusetts, USA). The peptides were
eluted with 4 mL 80% isopropanol/0.1% TFA and
lyophilized. Similarly, blood was collected from the neck
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Figure 1
RPA of PC1 mRNA in the pancreas of STZ- and vehicle-treated rats.
Antisense riboprobes (32P-labeled) for PC1 and β-actin were
hybridized to 40 µg total RNA from pancreata of animals treated
with STZ (50 mg/kg intraperitoneally daily for 5 days) or vehicle and
then digested with RNase as described in Methods. The probe sizes
for PC1 and β-actin were 360 and 188 bp, respectively, which were
seen in protection assays without RNA and RNase but were absent
when tissue mRNA and RNase were added. The protected band sizes
for PC1 and β-actin were 305 and 126 bp, respectively, and were
absent when yeast tRNA (10 µg) was used instead of tissue RNA. (a)
Representative RPA. (b) Densitometric measurement of pancreatic
PC1 mRNA levels normalized by β-actin from STZ-treated rats and
expressed as percentage (mean ± SEM) of vehicle-treated animals
(4–6 animals per group). AP < 0.05.



veins of control and STZ-treated rats and placed in a
tube containing a 10% solution of aprotinin (3.5
TIU/mL)/EDTA (32 mM)/diprotin A (0.1 mM). After
centrifugation, the plasma was acidified by addition of
2 volumes 1% TFA (pH adjusted to 2.5 with diethy-
lamine), passed twice through a C18 silica cartridge, elut-
ed with 4 mL 80% isopropanol/0.1% TFA, and
lyophilized as already described here. The recovery of
proglucagon-derived peptides using these method is
greater than 88% (28, 29).

To determine the identity of GLP-1 immunoreactivity,
pancreatic and plasma extracts were separated by
reversed-phase HPLC (RP-HPLC) using a Waters Corp.
Liquid Chromatography System and a C18 µBondapak
column (Waters Corp.) as described previously (1, 30, 31).
Extracts were separated using a 30-minute linear gradi-
ent of 45–68% solvent B (solvent A: 0.1% phosphoric acid,
0.3% triethylamine, buffered with NaOH to pH 7.0; sol-
vent B: 60% acetonitrile, 40% solvent A) at a flow rate of
1.0 mL/min. This gradient was followed by a 10-minute

isocratic run at 99% solvent B. HPLC fractions were
lyophilized before RIA. COOH-terminally amidated
forms of GLP-1 (GLP-11–36 amide and GLP-17–36 amide) were
measured in pancreatic and plasma extracts and HPLC
fractions using a GLP-17–36 amide antiserum (Affinity
Research, Nottingham, United Kingdom) as reported
previously (1, 30, 31). Antiserum K4023, which recognizes
the midsequence of glucagon, thus detecting all peptides
containing glucagon, and antiserum 04A, which recog-
nizes the free COOH-terminal end of glucagon and is
specific for glucagon, were also used on pancreatic
extracts as described previously (1, 30, 31).

Insulin and proinsulin determination by reversed-phase
HPLC followed by RIA. Frozen rat pancreatic tissue were
extracted in 2M acetic acid containing 0.25% BSA using
the modified method described previously (32). The tis-
sue extracts were concentrated through Centricon con-
centrators (Amicon, Inc., Beverly, Massachusetts, USA)
and then analyzed by RP-HPLC; this HPLC system sep-
arates insulin I and II as well as proinsulin I and II (33,
34). Collected fractions were analyzed for insulin
immunoreactivity by an insulin RIA (35) using a poly-
clonal guinea pig anti-insulin antiserum raised at Vrije
University. The following standards were injected to
determine retention times: insulin I, 54 minutes; insulin
II, 62 minutes; proinsulin I, 84 minutes; and proinsulin
II, 91 minutes. Insulin immunoreactivity was summed
for both insulin I and II and proinsulin I and II, and
proinsulin/insulin ratios were calculated for both con-
trol and STZ-treated pancreata. The fractions eluting at
the elution positions of proinsulin I and II showed
insulin immunoreactivity; however, exact quantifica-
tion of proinsulin content is not possible because of the
unknown cross-reactivity of the anti-insulin antibody
with proinsulin.

Statistical analyses. Statistical analysis for comparing 2
groups was performed using the Student’s t test. Owing
to heteroscedasticity of variance, densitometric meas-
urements from the RPA were subjected to logarithmic
transformation before analysis.

Results
Characterization of STZ-treated rats. STZ-treated rats lost
32 ± 11 g (mean ± SD) in the 6 days while receiving STZ,
whereas vehicle-treated rats gained 20 ± 8 g. At the time
of sacrifice (day 6), STZ-treated rats had plasma glu-
cose levels of 19.1 ± 1.2 mmol/L (mean ± SEM; range
16.3–23.3 mmol/L), whereas vehicle-treated rats had
plasma glucose levels of 5.2 ± 0.7 mmol/L (range
4.6–6.2 mmol/L; P < 0.0001).

Effect of STZ on PC1 and PC2 mRNA levels in the pancreas.
We hypothesized that under conditions of hyper-
glycemia, the rat would attempt to increase its PC1 and
PC2 levels to convert more proinsulin to insulin. We
used a quantitative RPA to measure PC1 and PC2
mRNA in rats that received STZ compared with control
rats. STZ increased PC1 mRNA levels (corrected by β-
actin) in the pancreas 2.2 ± 0.06–fold (P < 0.05) com-
pared with rats that received vehicle (Figure 1). Pancre-
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Figure 2
RPA of PC2 mRNA in the pancreas of STZ- and vehicle-treated rats.
Forty micrograms total RNA from pancreata of animals treated with
STZ (50 mg/kg intraperitoneally daily for 5 days) or vehicle was
hybridized with probes for PC2 and β-actin. The probe and protect-
ed sizes for PC2 were 375 and 360 bp, respectively. The probe was
seen in protection assays without RNA and RNase but was absent
when tissue mRNA and RNase was added. The protected band of
PC2 was absent when yeast tRNA (10 µg) was used instead of tissue
RNA. (a) Representative RPA. (b) Densitometric measurement of
pancreatic PC2 mRNA levels normalized by β-actin from STZ-treat-
ed rats and expressed as percentage (mean ± SEM) of vehicle-treat-
ed animals (4–6 animals per group). AP < 0.05.



atic PC2 levels were also increased after STZ 4.35 ±
0.07–fold (P < 0.05) compared with rats that received
vehicle (Figure 2).

Immunohistochemistry and immunocytochemistry of islet
cell PC1 and PC2. We expected that a 5-day course of
intraperitoneal STZ would damage the pancreatic islet
cells. Thus, the fact that PC1 and PC2 mRNA were
increased in the pancreata of STZ-treated rats was even
more noteworthy, as the rats would likely have less islet
cell mass. Hematoxylin and eosin staining demon-
strated that STZ-treated islets were atrophic and
sparse, whereas control islets appeared healthy and
nonatrophic (data not shown).

We performed immunocytochemistry on pancreatic
slices to study the intra-islet regulation of insulin and
glucagon along with PC1 and PC2 in the STZ-treated
rats. Using antiserum specific for insulin and glucagon,
we found that in pancreas slices from control rats, insulin
staining (β cells) (Figure 3a) was ubiquitously distributed
throughout the islet, whereas glucagon staining (α cells)
(Figure 3b) was on the periphery of the islet. In the STZ-
treated pancreas, there was a dramatic increase in stain-
ing for glucagon (Figure 3d) but a decrease in staining for
insulin (Figure 3c). Although there were many fewer
insulin-staining cells in the STZ-treated pancreatic slices,
those few remaining insulin-positive cells appeared to
have more intense staining for insulin (Figure 3c) than
did control-treated slices (Figure 3a). Using antiserum
specific for PC1 and PC2, immunocytochemistry demon-
strated that in control animals, PC1 immunoreactivity
(Figure 4a) was distributed throughout the islets in a pat-
tern similar to that of β cells, whereas PC2 immunoreac-
tivity (Figure 5a) was in lower abundance. In STZ-treated
rats, on the other hand, the remaining islet cells had

much higher levels of PC1 (Figure 4b) and PC2 (Figure
5b) immunoreactivity compared with vehicle-treated rats
(Figure 4a and Figure 5a, respectively). Semiquantitation
of the mean staining intensity of PC1 and PC2 per islet
showed that PC1 increased from 68.4 ± 4.4 (mean ± SEM)
pixels per islet in control pancreata to 125 ± 1.8 pixels per
islet in the STZ-treated pancreata (P < 0.0005), whereas
PC2 increased from 56.6 ± 2.0 pixels per islet in control
pancreata to 90.0 ± 9.6 pixels per islet in the STZ-treated
pancreata (P < 0.05).

We then performed double immunocytochemistry on
islet cells to determine colocalization of PC1 and PC2
with insulin and glucagon. The percentage of insulin-
and glucagon-staining cells that are positive for PC1
and PC2 in both control and STZ-treated pancreata is
shown in Table 1. In control islets, PC1 immunoreac-
tivity was primarily colocalized with insulin-producing
cells (85.4%) (Figure 4c), but occasionally with
glucagon-producing cells (9.2%) (Figure 4d). On the
other hand, in diabetic islets, PC1 expression was
observed in both insulin-producing cells (71.7%) (Fig-
ure 4e) and glucagon-producing cells (95.4%) (Figure
4f). The percentage of PC1 in β cells decreased in STZ-
treated islets compared with control islets (P < 0.05),
whereas the percentage of α cells staining for PC1 sub-
stantially increased in STZ-treated islets compared with
control islets (P < 0.005). Because the same islet section
is stained for PC1 alone (Figure 4b) followed by PC1 and
glucagon (Figure 4f), the costaining of PC1 and
glucagon in α cells in STZ rats can be readily seen. In
control islets, PC2 immunoreactivity was positive in
both insulin-producing cells (81.3%) (Figure 5c) and
glucagon-producing cells (35.1%) (Figure 5d). In dia-
betic islets, PC2 expression was observed in both
insulin-producing cells (62.1%) (Figure 5e) and
glucagon-producing cells (88.4%) (Figure 5f). The per-
centage positivity of PC2 went up dramatically in α cells
(P < 0.0005), whereas it went down slightly in β cells (P
< 0.05). Again, because the same islet section is stained
for PC2 alone (Figure 5b) followed by PC2 and glucagon
(Figure 5f), the costaining of PC2 and glucagon in α
cells in STZ rats can be readily seen. Thus, in the STZ-
treated rats, both PC1 and PC2 increased in the α cells.
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Figure 3
Immunohistochemistry (peroxidase method with DAB colorization) for
insulin (10 µg/mL) (a and c) and glucagon (1/75 dilution) (b and d) in
pancreata from vehicle-treated (a and b) or STZ-treated (c and d) rats.
In control pancreata, insulin immunoreactivity (a) is ubiquitously dis-
tributed in islets, whereas glucagon immunoreactivity (b) is distributed
in the marginal zone of the islets. In contrast, STZ-treated pancreata
showed much more abundant and ubiquitous immunostaining for
glucagon (d) than insulin (c). Scale bar = 20 µm; 4 animals per group.

Table 1
PC1 and PC2 percentage positivity in pancreatic islet cells

Staining Condition Percent positive

PC1 in β cells Control 85.4 ± 2.9
PC1 in β cells STZ-treated 71.7A ± 1.7
PC2 in β cells Control 81.3 ± 2.1
PC2 in β cells STZ-treated 62.1A ± 2.8
PC1 in α cells Control 9.2 ± 1.2
PC1 in α cells STZ-treated 95.1B ± 2.3
PC2 in α cells Control 35.1 ± 0.9
PC2 in α cells STZ-treated 88.4C ± 1.1

β cells are defined as cells staining for insulin; α cells are defined as cells stain-
ing for glucagon. Data are expressed as percentage of islet cell that stained
positive for each PC and represent mean ± SEM of 3 pancreata per condition.
AP < 0.05; BP < 0.005; CP < 0.0005.



Immunocytochemistry of islet cell GLP-1. Our finding of
large amounts of immunoreactive PC1 in the α cells of
STZ-treated rats (Figure 4f), coupled with the idea that
PC1 is responsible for the biosynthesis of bioactive
GLP-1, led us to perform immunocytochemistry for
GLP-1 in islets of STZ- and vehicle-treated islets. We
used a GLP-17–37 antiserum recommended for
immunocytochemistry that detects GLP-17–37 and
GLP-11–37 and may also detect the proglucagon pre-
cursor and the MPGF intermediate. As shown in Fig-
ure 6a, GLP-1 immunoreactivity was faint in control
islets and localized along the periphery of the islets 
(α cells). On the other hand, GLP-1 immunoreactivity
was strong and localized throughout the islets (likely
in α cells) in STZ-treated animals (Figure 6b). This
antiserum also showed localized positive staining in L
cells of the small and large intestine (data not shown).

GLP-1–related peptide levels in the pancreata and plasma of
control and STZ-treated rats. The finding of increased GLP-

1 and PC1 immunoreactivity in the pancreata of STZ-
treated rats led us to postulate that bioactive GLP-17–36

amide would be formed. To quantitate the amidated forms
of GLP-1 (GLP-11-36 amide and GLP-17-36 amide), we meas-
ured pancreatic and plasma extracts by RIA using an
antiserum specific for the COOH-terminally amidated
forms of GLP-1. As shown in Figure 7, pancreatic con-
tent (Figure 7a) of the amidated forms of GLP-1 was
increased 3-fold in the STZ-treated rat (P < 0.005), and
the ratio of amidated GLP-1 to total glucagon
immunoreactivity increased 2-fold (P < 0.01). In contrast,
the ratio of glucagon to total glucagon immunoreactiv-
ity was similar in the control (0.65 ± 0.02) compared with
the STZ-treated (0.58 ± 0.05) pancreatic extract (P = NS).
It is noteworthy that the majority of proglucagon is
processed to glucagon (58–65%), while even in the STZ-
treated pancreata, amidated forms of GLP-1 represent
less than 1% of total glucagon immunoreactivity.

We also found that plasma content (Figure 7b) of the
amidated forms of GLP-1 was increased 2.5-fold (P <
0.05) in the STZ-treated rats compared with the vehicle-
treated rats. 

To identify which amidated forms of GLP-1 are pro-
duced in the pancreata and plasma of STZ-treated and
control rats, we subjected the pancreatic pancreata and
plasma extracts to HPLC/RIA analysis using an anti-
serum specific for the amidated forms of GLP-1. As
shown in a representative HPLC profile (Figure 7c) using
pancreatic extracts, the majority of amidated GLP-1
immunoreactivity coeluted with GLP-17–36 amide (fractions
20–21) in the pancreata of the STZ-treated and control
rats. The smaller peak at position 23 may represent GLP-
19–36 amide, which is generated from GLP-17–36 amide by the
action of dipeptidyl-peptidase IV (36, 37). Similarly, the
majority of amidated GLP-1 in the plasma of STZ-treat-
ed and control rats coeluted with GLP-17–36 amide (Figure
7d). Higher levels of amidated GLP-1 immunoreactivity
were found in the HPLC/RIA determinations of both the
pancreatic and plasma extracts of the STZ-treated com-
pared with the control rat.

Pancreatic proinsulin and insulin levels in the pancreata of
control and STZ-treated rats. We initially hypothesized that
hyperglycemia caused by STZ injection would provide a
signal to the β cell to increase the proinsulin processing
enzymes, PC1 and PC2. This hypothesis was confirmed
in our RPAs that showed an upregulation of PC1 and
PC2 mRNA levels in whole pancreata from STZ-treated
rats (Figures 1 and 2). However, double immunocyto-
chemistry showed that the increase in PC1 and PC2 was
in the α cells without a major effect in the β cell. To
determine whether there was a change in PC1 and PC2
activity in the β cell capable of altering the ratio of
proinsulin to insulin, we separated pancreatic extracts
of STZ- and vehicle-treated rats by HPLC and analyzed
each fraction for insulin immunoreactivity using an
antiserum that recognizes both proinsulin I and II and
insulin I and II. Pancreatic proinsulin and insulin con-
tent and proinsulin to insulin ratio in control and STZ-
treated pancreata are shown in Table 2. Pancreatic
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Figure 4
Immunohistochemistry (alkaline phosphatase method with
NBT/BCIP colorization) for PC1 (1/50 dilution) in pancreata from
vehicle-treated (a) or STZ-treated (b) rats and double immunohisto-
chemistry staining for PC1 (1/50 dilution) (alkaline phosphatase
method with NBT/BCIP colorization; purple) and insulin (10 µg/mL)
(peroxidase method with DAB colorization; rust) (c and e) or
glucagon (1/75 dilution) (peroxidase method with DAB colorization;
rust) in pancreata from vehicle-treated (c and d) or STZ-treated (e
and f) rats. PC1 was much more intense in diabetic islets (b) than in
control islets (a) and was mainly colocalized with insulin-producing
cells (c) but occasionally with glucagon-producing cells (d) in control
islets. On the other hand, PC1 immunoreactivity was observed in both
insulin-producing cells (e) and glucagon-producing cells (f) in diabetic
islets. The increase in PC1 immunoreactivity appears confined to the
glucagon-staining cells. Scale bar = 50 µm; 4 animals per group.



insulin levels (both insulin I and II) were higher in con-
trol rats than in STZ-treated rats (Table 2), with low lev-
els of proinsulin in both groups. The ratio of proinsulin
to insulin was similar in both control and STZ-treated
pancreata. This demonstrates that proinsulin to insulin
conversion is not effected by STZ treatment and con-
curs with our immunocytochemical findings that the
increase in PC1/PC2 with STZ is limited to the α cells.

Discussion
The present results demonstrate that a 5-day treatment
with STZ increased PC1 and PC2 mRNA levels in the
pancreas (Figures 1 and 2). This increase in mRNA lev-
els may be due to either increased transcription or
increased stability of the mRNA and leads to increased
PC1 and PC2 protein levels in the remaining islet cells
as demonstrated by immunocytochemistry (Figures 4
and 5). Most unexpectedly, the increase in both PC1 and

PC2 protein was confined to the α cells, without an
increase in the β cells. Thus, in the diabetic pancreas
there is abundant expression of both PC1 and PC2 in
the α cells (Figures 4f and 5f), whereas in euglycemia, α
cells contain PC2 (Figure 5d) with only low levels of PC1
(Figure 4d). This finding of low PC1 in normal α cells
replicates that of other groups (38, 39), who found
either no PC1 or trace amounts of PC1 in rat α cells,
respectively. The increased PC1 and PC2 in the α cells is
likely to have profound effects on proglucagon pro-
cessing. We found increased glucagon immunoreactiv-
ity in STZ-treated α cells (Figure 3); however, the ratio
of glucagon to total glucagon immunoreactivity was
unchanged, indicating that the increase in glucagon
immunoreactivity likely represents increase in the levels
of proglucagon mRNA and that the increase in PC2
likely represents an attempt of the α cell to have a coor-
dinated increase in substrate and processing enzyme.
This is similar to the coordinated increase in pituitary
pro-opiomelanocortin (POMC) and PC1 seen with
cytokine treatment (40) and that in POMC, PC2, and
carboxypeptidase H seen with dopamine treatment (41).
Another, more novel ramification is that because PC1
has been shown to generate the insulinotropic hor-
mone, GLP-17–37, from proglucagon in intestinal L cells
(1, 42, 43), the induction of PC1 in the diabetic α cell
would generate more GLP-17–37 (and its amidated deriv-
ative, GLP-17–36 amide), which may act in a paracrine man-
ner on neighboring β cells to stimulate insulin and ulti-
mately to reduce glucose levels. This is confirmed by
both our GLP-1 immunoreactivity studies (Figure 6)
and our HPLC/RIA studies (Figure 7). GLP-1
immunoreactivity was found in low abundance in the
periphery of the control islets (Figure 6a), a finding that
agrees with that of previous studies, in which small
amounts of GLP-17–37 and GLP-17–36 amide were found in
mouse pancreatic extracts (44) and small amounts of
GLP-1 immunoreactivity were found in rat islets (45). In
contrast, we found a large increase in GLP-1 immunore-
activity in diabetic islets (Figure 6b) accompanied by an
increase in bioactive GLP-17–36 amide in both the pancreas
and the serum of diabetic rats (Figure 7). The increased
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Figure 5
Immunohistochemistry (alkaline phosphatase method with
NBT/BCIP colorization) for PC2 (1/50 dilution) in pancreata from
vehicle-treated (a) or STZ-treated (b) rats and double immunohis-
tochemistry staining for PC2 (1/50 dilution) (alkaline phosphatase
method with NBT/BCIP colorization; purple) and insulin (10 µg/mL)
(peroxidase method with DAB colorization; rust) (c and e) or
glucagon (1/75 dilution) (peroxidase method with DAB colorization;
rust) in pancreata from vehicle-treated (c and d) or STZ-treated (e
and f) rats. PC2 was much more intense in diabetic islets (b) than in
control islets (a). PC2 immunoreactivity was mainly colocalized with
insulin-producing cells (c) but also with glucagon-producing cells (d)
in control islets, whereas PC2 immunoreactivity was strong in both
insulin-producing cells (e) and glucagon-producing cells (f) in dia-
betic islets. The increase in PC2 immunoreactivity occurred in the
glucagon-staining cells. Scale bar = 50 µm; 4 animals per group.

Figure 6
Immunohistochemistry (peroxidase method with DAB colorization)
for GLP-1 (1/500 dilution) in pancreata from vehicle-treated (a) or
STZ-treated (c and d) rats. This antiserum recognizes GLP-17-37 and
GLP-11-37) and may recognize proglucagon and MPGF, but not ami-
dated forms of GLP-1 or glucagon. A large increase in GLP-1
immunoreactivity is seen in the STZ-treated islets corresponding to
cells that stain for glucagon. Scale bar = 50 µm; 2 animals per group.



ratio of amidated GLP-1 to total glucagon immunore-
activity also indicates that the increase in amidated
forms of GLP-1 is not merely due to an increase in
proglucagon, but represents an alteration in processing
of the proglucagon precursor. The increased levels GLP-
17–36 amide will likely have insulinotropic effects on the
remaining islets (46–48). Thus, whether the induction
of PC1 and PC2 in the α cell alleviates or exacerbates
diabetes would depend on the ratio of glucagon (expect-
ed to raise plasma glucose) to GLP-17–36 amide (expected
to lower plasma glucose) produced by the α cell, which
would be influenced by many factors including the lev-
els of PC1 and PC2 in the secretory granule of the α
cells. The proposed processing of proglucagon to GLP-
1 and glucagon is summarized in Figure 8.

It is well known that hyperglucagonemia and α-cell
hypertrophy occur both in animal models of diabetes (49,
50) and in patients with diabetes (13) in spite of the
hyperglycemia that on first glance would be expected to
reduce glucagon levels. This increase in glucagon pro-
duction is probably caused by low insulin levels in dia-
betes (7, 49), and there is evidence that the glucagon gene
is negatively regulated by insulin (51). Another intriguing
explanation is that the increase in glucagon in diabetes

occurs as a side product of the increase in proglucagon
mRNA, with the primary purpose of this increase being
to increase insulinotropic GLP-1 production. It was pre-
viously thought that the source of the increased GLP-1
seen in diabetes was the L cells of the intestine (14),
although our results demonstrate that the formation of
GLP-17–36 amide is increased in the α cells of the STZ-treat-
ed rat. The increase in amidated GLP-1 immunoreactivi-
ty in the plasma of the STZ-treated rats (Figure 7d) may
be derived from either the α cells or the L cells, although
the contribution by the former is likely to be small.

In contrast to the increase in glucagon-staining cells,
PC1 and PC2 did not increase in the insulin-staining
cells in pancreata from STZ-treated rats, and, in fact,
the percentage of insulin staining cells positive for PC1
and PC2 decreased in the STZ-treated rat (Table 2).
This was accompanied by HPLC/RIA studies that
demonstrated that the ratio of proinsulin to insulin
did not change in STZ-treated pancreata. Our data do
not support the hypothesis that β-cell PC1 and/or PC2
would be upregulated in an attempt to increase proin-
sulin processing to maintain glucose homeostasis. We
interpret the discrepancy between these results and our
hypothesis by suggesting 1 of 2 possibilities. One is that
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Figure 7
(a) Total content of amidated forms of GLP-1 in pancreatic extracts and ratio of amidated GLP-1 (using an antiserum that recognizes the ami-
dated forms of GLP-1 [GLP-11–36 amide and GLP-17–36 amide]) to total glucagon immunoreactivity (using an antiserum that recognizes all glucagon-
containing peptides). Six animals per group. (b) Total content of amidated forms of GLP-1 in plasma extracts. Three to 4 animals per group.
Representative RP-HPLC/RIA profiles of amidated forms of GLP-1 immunoreactivity in pancreatic extracts (c) and plasma extracts (d) from
control and STZ-treated rats. GLP-11–36 amide had a retention time of 19 minutes, and GLP-17–36 amide had a retention of 21 minutes. Two
HPLC/RIA profiles (that were similar) were obtained for each treatment for both plasma and pancreatic extracts. AP < 0.005, BP < 0.01.



STZ, by damaging the β cells, does not allow the nor-
mal upregulation of PC1/PC2, which would occur in
healthy β cells. The other possibility is that different
intracellular transcription factors are present in the α
cell compared with the β cell, which allow the
insulin/glucose regulation of PC1 and PC2 in the for-
mer cell. Different models of hyperglycemia would be
helpful in elucidating the glucose and insulin regula-
tion of these processing enzymes.

The islet cell (especially the α cell) changes in PC1
and PC2 content could be due to hyperglycemia,
hypoinsulinemia, or the STZ administration. STZ
treatment is reported to be specific for β cells, as they
contain the high-affinity Glut-2 transporter, whereas
α cells, which lack this transporter, are spared (52). In
fact, the loss of ordered morphology of the STZ-treat-
ed islet (α cells throughout the islet, instead of on the
periphery) is likely due to selective damage of the β
cells. Thus, we do not suspect that the STZ itself is
causing the increase in PC1 and PC2 in the α cells. In
β cells, insulin decreases intracellular cAMP (53) and
glucose increases cAMP (54, 55), whereas in α cells,
the insulin and glucose regulation of cAMP has not
been studied. Both the low insulin and high glucose
in the STZ-treated islet would be expected to increase
PC1 and PC2 promoter activity, as the promoter of
these 2 genes has cAMP-response elements (CREs)
(56–59). In other experiments, we found that glucose
stimulates PC1 and PC2 promoter activity in the
insulin-secreting RIN 1046-38 cell line and the
glucagon-secreting αTC1-6 cell line, and that for PC1,
this stimulation required intact CREs on the PC1
promoter (Q.-L. Li et al., in preparation). Thus, we

postulate that the regulation of glucose in vivo seen
in this current study is at the level of transcription
and involves a cAMP-mediated pathway.

Other laboratories have studied the glucose regula-
tion of the PCs. In very short-term (less than 1 hour)
experiments studying the regulation of glucose on the
PCs in normal rat islets, glucose stimulated the biosyn-
thesis of PC1 but not PC2 (60). This regulation was at
the level of translation. In islets from ob/ob (leptin-defi-
cient) mice that contain a higher ratio of β cells to α
cells, glucose stimulated PC2 and PC1 7.5- to 10-fold
(61). A more recent study examined the longer-term
(6–48 hours) regulation of PC1 and PC2 by glucose in
insulin-producing βTC3 cells (62). Glucose stimulated
PC1, PC2, and proinsulin mRNA levels by increasing
gene transcription. Similarly, the insulin-producing
MIN6 cell line also had an increase in proinsulin, PC1,
and PC2 biosynthesis when exposed to high glucose lev-
els (63). In contrast, in rats made hyperglycemic by a 48-
hour infusion of 50% glucose, there was an increase in
PC1 mRNA and PC1 biosynthesis, but a decrease in
immunoreactive PC1 and PC2 levels (64). Our experi-
mental paradigm of daily STZ injection for 5 days led to
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Figure 8
Diagram of postulated processing of proglucagon to glucagon- and GLP-1–related peptides in normal and STZ-treated α cells. Antibodies
used in this study: Filled squares, K4023; open squares, 04A; open circles, GLP-1 (used for immunocytochemistry); (dark gray bars) GLP-1
amide. A small amount of GLP-17–36 amide is generated in normal α cells, whereas a large amount of proglucagon or MPGF is present in both
control and STZ-treated α cells. 

Table 2
Pancreatic insulin and proinsulin content

Condition Insulin Proinsulin Proinsulin/Insulin

µg/g tissue µg/g tissue µg/µg

Control 107 ± 15 3.16 ± 0.41 0.030 ± 0.002
STZ-treated 6A ± 1 0.20A ± 0.03 0.034 ± 0.003

Data represent mean ± SEM of 4 pancreata per condition. AP < 0.05.



an animal that is hyperglycemic and insulinopenic and
is different from the other experimental paradigms
already described here. We chose to examine an acute
model of β-cell insufficiency resulting in hyperglycemia
as induced by low-dose STZ treatment (25).

In conclusion, this study demonstrates that the STZ
treatment results in the upregulation of PC1 and PC2
in the α cells. This may result in an increase in glucagon
production that would exacerbate hyperglycemia. How-
ever, we also found an increase in serum and pancreatic
bioactive GLP-17–36 amide that would help alleviate hyper-
glycemia, if sufficient β cells are present. These results
demonstrate that regulation of PC1 and PC2 may have
an important role in glucose homeostasis and that
abnormal regulation of these enzymes may play a role
in both type 1 and type 2 diabetes. Further studies are
needed to explore the role of these enzymes in patients
with diabetes and in animal models of diabetes.
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