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Sympatholytic dopamine agonist treatment utilizing bromocriptine and SKF38393 (BC/SKF) significantly lowers basal plasma

insulin levels and normalizes basal and glucose-induced insulin secretion of the pancreatic b cell in ob/ob mice. While BC/SKF

has no significant effect on pancreatic islet cells directly, drug action is mediated via alterations in the hypothalamic-

neuroendocrine axis, which drives metabolic changes in peripheral tissues leading to a marked reduction in hyperglycemia

and hyperlipidemia and corrects autonomic control of islet function. To elucidate the nature of the functional response of

islets to systemic BC/SKF treatment in ob/ob mice, we investigated the relative changes in the levels of functionally

important b-cell proteins in situ, as well as differences in the b-cell turnover rate, following a 2-week drug treatment. Isolated

islets from treated mice exhibit a 3.5-fold increase in insulin content (P < .01) that correlated with a 51% reduction in basal

plasma insulin levels (P < .01) compared with vehicle-treated controls. Using quantitative immunofluorescence microscopy

on pancreatic tissue sections, insulin and GLUT2 immunoreactivity of islet b cells of BC/SKF-treated mice were significantly

increased (' 2.3-fold and ' 4.4-fold, respectively; P < .002) to the levels observed in islets of their lean littermates.

Glucokinase (GK) immunoreactivity was greatly (75%) reduced in b cells from ob/ob versus lean mice (P < .0001). A modest

increase in GK immunoreactivity in b cells of drug-treated mice was observed (' 1.6-fold; P < .05). Isolated islets from

BC/SKF-treated mice exhibit a 42% reduction in DNA content compared with vehicle-treated controls (P < .01) to levels

observed in lean mice, but without notable differences in islet size. In situ assays for mitosis and apoptosis, using 5-bro-

modeoxyuridine (BrdU) and terminal deoxyribotransferase (TdT)-UTP nick end labeling (TUNEL) staining techniques, respec-

tively, were performed in pancreas of these mice to determine if b cells show a reduction in hyperplasia following BC/SKF

treatment. Accordingly, a pronounced decrease in replicating, BrdU-positive b cells in the drug-treated mice compared with

the control group was observed, but without differences in their TUNEL-staining patterns. Collectively, these data suggest

that systemic sympatholytic dopaminergic therapy that attenuates hyperglycemia and hyperlipidemia improves islet function

in ob/ob mice by improving aberrations in the b cell’s glucose-sensing apparatus, enhancing insulin storage and/or retention,

and stabilizing hyperplasia, thus reducing basal insulin levels.

Copyright © 2001 by W.B. Saunders Company

I SLET b-CELL dysfunction associated with the obese, insu-
lin-resistant state is characterized by an increased basal

insulin secretory rate and a blunted glucose-stimulated insulin
secretory response.1-3 The increased basal secretory rate is, in
part, due to insulin resistance-inducedb-cell compensatory
hyperplasia and hypertrophy.4,5 Also, increasedb-cell hexoki-
nase activity and cyclic adenosine monophosphate (cAMP)
content may contribute to this enhanced basal secretory activity
of islets from obese, insulin-resistant animals.1,4,6 In a variety
of obese, insulin-resistant or diabetic animal models, the atten-
uation of glucose-stimulated insulin release is coupled to de-
creases inb-cell levels of insulin and the glucose transporter,
GLUT2.5,7-9 Furthermore, studies of animals with mutant or
knock-out genes forb-cell glucokinase (GK), an integral mod-
ulator of glucose-stimulated insulin release,10 and/or GLUT2
indicate that low levels of either may abrogate the normal
insulin secretory response to glucose.10-14

Evidence from several laboratories suggests that increased
levels of circulating free fatty acids (FFA) and glucose may
induce these classic features ofb-cell dysfunction, namely
hyperplasia and decreased GK, GLUT2, and insulin lev-
els.1,3-5,10,15-16The mechanism of this lipotoxicity and glu-
cotoxicity to theb cell is complex, but appears to involve the
regulation of several transcripiton factors and anaplerotic
pathways modulating insulin secretion.9,17-19

We have previously demonstrated that systemic treatment of
ob/ob and db/db mice with the sympatholytic dopamine D1
plus D2 agonists, SKF38393 (SKF) plus bromocriptine (BC),
respectively, normalizes basal insulin secretory rate and glu-

cose-stimulated insulin release from isolated islets.1,20 Such
systemic treatment also markedly attenuates or normalizes the
hyperglycemia and increased plasma FFA levels in these ani-
mal models.21,22 Furthermore, the metabolic responses to do-
pamine agonist treatment may be elicited by intracerebroven-
tricular administration,23 and the islet effects cannot be
manifested by direct application of agonists to isolated islet
preparations.20 Several lines of evidence indicate that the
sympatholytic dopamine agonist effect to normalize islet
dysfunction is via the hypothalamic-neuroendocrine-metabolic
axis.24-28

The mechanism by which BC/SKF treatment improves islet
function in the obese diabetic condition may involve influences
on b-cell hyperplasia, as well as GLUT2, insulin, and GK
levels. However, the effect of such treatment on the above-
described cellular biochemical hallmarks of islet dysfunction
has never been investigated. Therefore, this study examined the
possible influence of systemic SKF/BC treatment ofob/obmice
on isletb-cell proliferation status as well as insulin, GK, and
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GLUT2 immunoreactive levels via in situ immunohistochem-
istry.

MATERIALS AND METHODS

Experimental Design

Five- to six-week-old female C57BL/6J obese (ob/ob) and lean (1/?)
mice (body weight [BW], 35.76 1.0 and 18.56 0.3, respectively)
utilized in this study were maintained from birth on 12-hour daily
photoperiods and allowed to feed and drink ad libitum. Mice were
divided into 3 groups: (1) lean controls, (2) obese animals receiving
daily BC (13 mg/kg/d) and SKF (10 mg/kg/d) injection (intraperitoneal
[IP]) at 1 hour after light onset, and (3) vehicle (0.005% ethanol)-
injected obese controls. Following 14 days of such treatment, animals
were killed at 3 to 4 hours after light onset (ie, at 26 to 27 hours after
final injection) to assess islet physiology. Mice were utilized for either
(1) islet isolation and plasma studies to determine islet DNA and
insulin contents and plasma insulin levels, respectively (n5 7 to
10/group) or (2) islet fluorescence microscopy studies to evaluate islet
cell peptide hormone distributions, GLUT2 and GK levels, and mitotic/
apoptotic rate (n5 4/lean and 7/each obese group).

Islet Isolation Studies

Determination of plasma insulin and islet DNA and insulin contents.
Plasma insulin level was measured by RIA (Linco Research, St.
Charles, MO) as previously described1 from blood isolated via tail vein
bleeds prior to sacrifice. Pancreatic islets were isolated from mice by
collagenase digestion followed by Ficoll gradient centrifugation.20 A
sample of 20 islets was collected and stored at –80°C until measure-
ments of DNA and insulin content were performed. Islet insulin content
was extracted in acid-ethanol1,20 and quantified by RIA (Linco). The
DNA content in islet tissue was determined using a fluorometric
method using a DyNA Quant 200 Fluorometer (Hoefer Pharmacia
Biotech, San Francisco, CA).29

Islet Fluorescence Microscopy Studies

Histology and tissue processing for immunofluorescence.Pancreas
and liver were quickly removed from mice euthanized at 4 hours after
light onset on the day following their final treatment and immersion-
fixed in 4.0% paraformaldehyde in 0.1 mol/L phosphate-buffered saline
(PBS, 0.1 mol/L phosphate salts1 144 mmol/L NaCl, pH 7.4) over-
night at 4°C. Following washing in several changes of 0.1 mol/L PBS
over 2 hours at 4°C, tissues were dehydrated in ascending ethanol
concentrations and infiltrated and embedded in Paraplast-X-tra (Fisher
Scientific, Pittsburgh, PA). Five-micron sections were sliced and
mounted onto charged micro-slides (Charge-Plus, Fisher Scientific).
Routine hematoxylin and eosin (H&E) staining was performed on all
tissue blocks for histologic evaluation. Micrographs of H&E-stained
pancreas sections were recorded on Ektachrome 400 film (Eastman
Kodak, Rochester, NY), digitized in a Polaroid Slide Scanner (Po-
laroid, Cambridge, MA), and formatted and processed on a Power
Macintosh computer (Apple Computer, Cupertino, CA) running Adobe
Photoshop v. 4.0.

Multiple-labeling immunofluorescence for islet peptide hormones.
For qualitative and semiquantitative analyses of islet peptide hormone
expression in islet tissue sections, a multiple-labeling protocol was
adopted, modified from a previous method.30 Hydrated sections from
each group were simultaneously equilibrated in PBS (10 mmol/L
phosphate salts1 144 mmol/L NaCl), then blocked for 1 hour in
PBS1 5% normal donkey serum1 1% bovine serum albumin (BSA).
Sections from each group were then simultaneously incubated for 12
hours at 4°C in a mixture of primary antisera: guinea pig anti-insulin,
1:2,000, rabbit antiglucagon, 1:1,000 (both from Linco Research), and
sheep antisomatostatin, 1:2,000 (Cortex Laboratories, San Leandro,

CA) diluted in PBS1 0.1% Triton X-1001 1% BSA. Following
washing in PBS1 0.1% Triton, sections were incubated with a mixture
of secondary antibodies: donkey antiguinea pig-amino methyl couma-
rin (AMCA) (1:500), donkey antirabbit-CY2 (1:250), and donkey
antisheep-CY3 (1:2,000) (all from Jackson ImmunoResearch, West
Grove, PA). Following washing, the sections were rinsed in distilled
water and mounted in Aqua-Polymount (Polysciences, Warrington,
PA). All controls for antibody specificity were performed and have
been detailed previously.30

GK and GLUT2 immunofluorescence.Both GK and GLUT2 im-
munofluorescent staining were performed simultaneously on 5mm
pancreas sections from all groups of animals as specified previously.31

The antibodies used were a rabbit antirat C-terminal GK antiserum
used at 1:1,000 (gift of M. Tal, Albert Einstein College of Medicine,
Bronx, NY) and a rabbit antimouse C-terminal GLUT2 antiserum used
at 1:2,000 (gift of B. Thorens, University of Lausanne, Lausanne,
Switzerland). Specificity of antisera was confirmed on Western blots of
whole cell homogenates of liver (not shown). The secondary antibody
consisted of donkey antirabbit-CY3 (1:2,000). Sections were counter-
stained with the Hoechst 33342 bisbenzamide nuclear marker (0.5
mg/mL, Molecular Probes, Eugene, OR).

Islet mitosis/apoptosis analyses.Tissue 5-bromodeoxyuridine
(BrdU)-labeling was used to mark cells in the S phase of the cell cycle
(thereby indicating active mitosis). Mice were injected IP with BrdU
(Zymed Laboratories, South San Francisco, CA; 50 mg/kg BW) 3
hours before sacrifice. A segment of duodenum was processed in
parallel with pancreas and liver to serve as a positive control for both
zonal BrdU incorporation and apoptosis (see below). A modified im-
munolabeling protocol for BrdU incorporation was devised to fluores-
cently label cycling islet cells. Sections from all groups were simulta-
neously treated following the manufacturer’s directions in the BrdU
Staining Kit (Zymed Laboratories), except that strepatavidin-CY3 (1:
2,000, Jackson ImmunoResearch) was substituted for avidin-peroxi-
dase in the final labeling step. Sections were counterstained with
anti-insulin (using CY2 or AMCA as detailed above) and Hoechst to
mark nuclei. Sections of duodenum served as positive controls for
BrdU incorporation in the crypt zones.

For determination of islet cell apoptotic activity, a modified TUNEL
(terminal deoxyribotransferase {TdT}-UTP nick end labeling) staining
protocol was devised to fluorescently mark potentially apoptotic islet
cells with fragmented DNA strands. A FragEL-Klenow DNA Frag-
mentation Kit was used (Oncogene Research Products, Boston, MA)
with the initial steps of the protocol followed by the vendor’s sugges-
tions. Modification of the kit (Klenow-enzyme based end-labeling with
biotin-UTP as the labeled nucleotide) included incubation with
strepatavidin-CY3 (1:2,000, Jackson ImmunoResearch) instead of avi-
din-peroxidase in the final labeling step. Sections were counterstained
as detailed above and mounted in Aqua-Polymount. As in the BrdU
staining experiments, duodenum served as a positive control, with
TUNEL-positive apoptotic cells sited at the tips of villi.

Digital micrography and semiquantitative image analysis.Digital
capture of images of multiple-labeled fluorescent-stained sections was
conducted using a Nikon Diaphot 300 inverted microscope (Nikon,
Japan) with a PlanApo 60x objective lens and a xenon arc lamp with
appropriate filter cubes for ultraviolet (UV) (AMCA/Hoechst), fluores-
cein, and CY3 excitation/emission. The microscope was equipped with
an MTI 72S CCD camera coupled to a Ludl filter changer/shutter
control system and a framegrabber card interfaced with a Windows-
based PC running IP-Lab (Scanalytics, Fairfax, VA) image acquisition
software with the Multi-Probe extension for multiple channel overlay
analyses.

Pancreatic sections for comparative BrdU, TUNEL, glucagon, so-
matostatin, insulin, GK, or GLUT2 immunostaining were completed in
parallel such that lean,ob/ob control, and BC/SKF-treated samples
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were processed identically in the same batch of staining reagents. All
sections for either insulin, GK, or GLUT2 were imaged on the same
day to minimize potential technical variations. A total of 5 to 7 different
islets/animal were imaged in the gray-scale mode using IP Lab soft-
ware with identical camera sensitivity settings for each marker. CY3
was chosen as the optimal fluorophore to indirectly immunomark islet
proteins due to its brightness and photostability. For each islet field
imaged (area' 220 3 165 mm), the microscope was adjusted to
maximize the number of cells with their nucleus in focus (typically
more than 95%). Grayscale images (6403 480 pixel resolution upon
digitization) were then analyzed using ScionImage software v. 1.0
(Scanolytics) with the approximateb-cell mass/islet outlined (as de-
termined by insulin counterstaining in GK and GLUT2 experiments)
and measured as the mean pixel intensity within the outlined area (in
256 gray scale units). Three nonoverlapping nonislet areas/image were
also measured to calculate the average background intensity/micro-
scopic field. Background values were then subtracted from the values
obtained from the circumscribedb-cell mass, which was then ex-
pressed at the corrected mean pixel intensity/islet section. Values were
transferred to Microsoft Excel (Microsoft, Redmond, WA) for statisti-
cal analyses, which included calculation of the mean fluorescence
intensity/group/islet protein6 SEM.

Digitally merged red-blue-green images were acquired with IP Lab/
Multi-Probe on the imaging workstation, then transferred to and pro-
cessed on a Power Macintosh computer running Adobe Photoshop v.
4.0, and finally formatted using Adobe Illustrator v. 7.0.

Statistics. Significant differences among treatment groups in islet
insulin and DNA contents, as well as in immunofluorescent insulin,
GK, and GLUT2 levels were determined by Student’st test.

RESULTS

Effect of BC/SKF Treatment on Plasma Insulin and Islet
DNA and Insulin Content

Relative to lean controls,ob/ob mice exhibited a 30-fold
increase in plasma insulin level, 62% decrease in islet insulin
content, and over a 2-fold increase in islet DNA content (P ,
.01). Following a 14-day treatment with BC/SKF, plasma in-
sulin levels ofob/ob mice were reduced by 51% relative to
vehicle-treated ob/ob controls (from 456 9 to 226 6 ng/mL;
P , .05), but still much greater than in lean controls (1.46 0.4
ng/mL). Insulin content of isolated islets from treatedob/ob
mice was over 3.5-fold greater (P , .01) than in theob/ob
control group and similar to the level observed in lean mice.
DNA content of isolated islets of BC/SKF-treated mice was
reduced by 43% (P , .01) relative toob/obcontrols to levels
observed in lean mice (Table 1).

Islet Morphology

Islets from lean and obese control and drug-treated mice
were histologically examined in situ to establish potential
changes in islet morphology and cytoarchitecture. Islets from
ob/obcontrol and BC/SKF-treated mice were generally much
larger than those of their lean (1/2) littermates, primarily as a
result ofb-cell hypertrophy.32,33 No differences in islet histol-
ogy were discernible betweenob/ob control and BC/SKF-
treated mice (Fig 1A through C). Drug treatment had no ap-
parent effect on the number or distribution of the major non-b
islet cells (Fig 1D and E).

Islet Hormone Content

Quantitative image analysis of islet glucagon and somatosta-
tin immunoreactivity at the level of individuala and d cells,
respectively, showed no significant differences among the 3
groups in the relative levels of these hormones (results not
shown). However, notable increases in insulin immunoreactiv-
ity were observed among islets from BC/SKF-treatedob/ob
mice relative toob/ob controls (Fig 1E and F). Correspond-
ingly, quantitative image analysis of insulin immunoreactivity
in islet sections showed a significant 2.3-fold increase of insulin
immunoreactivity in islets of drug-treated versus controlob/ob
mice (P , .002) to levels observed in lean mice thus corrob-
orating the results from the RIA insulin content measurements
from isolated islets (Table 1).

GLUT2 Expression

GLUT2 immunofluorescence analysis of islet sections
showed low levels of cytoplasmic signal inb cells fromob/ob
versus lean mice (80% decrease;P , .0001), as established in
a variety of diabetic animal models.7-9 Surface-oriented
GLUT2 was not detected inb cells in the untreated ob/ob mice.
However, an increase was observed inb-cell GLUT2 immu-
noreactivity in the drug-treatedob/obgroup (' 5-fold relative
to ob/ob control,P , .0002) (Fig 2D through F), approaching
the mean value of the lean mouse islets (Fig 2C). No differ-
ences in GLUT2 staining intensity within hepatocytes of liver
sections were observed between any groups (not shown).

GK Expression

Comparative immunofluorescent staining of GK in pancreas
sections showed low to undetectable levels in islets of vehicle-
treatedob/obmice versus much (5-fold) higher levels in lean
mice (P , .0001). However, an enhancement in GK immuno-
reactivity among BC/SKF-treatedob/obmice relative toob/ob
controls was observed. Islet GK immunoreactivity was in-
creased by 50% inob/ob-treated versusob/ob control mice
(P , .05).

Cell Proliferation and Apoptosis in ob/ob Islets

To determine the cellular processes accounting for the dra-
matic BC/SKF-induced reduction (normalization) in islet DNA

Table 1. Comparison of Islet DNA and Insulin Content From Lean,

ob/ob-Vehicle and ob/ob-BC/SKF-Treated Groups

Day 0 Day 14

DNA content (ng/islet)
Lean Not determined 20 6 3*

ob/ob Vehicle 39 6 3 43 6 5
ob/ob BC/SKF (before grouping) 25 6 2*

Insulin content (fmol/ng DNA)
Lean Not determined 267 6 59*

ob/ob Vehicle 111 6 12 100 6 20
ob/ob BC/SKF (before grouping) 344 6 49*

NOTE. Values 6 SEM of pooled pancreatic islets from each of 7 to
10 animals per group.

*Denotes a significant difference from the ob/ob vehicle group; P ,

.01.
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Fig 1. Histologic and immunohistochemical comparison of islets

from lean (ob/?) (A and D), ob/ob control (B and E), and BC/SKF-

treated (C and F) mice. (A through C) Hematoxylin and eosin-stained.

Although islets from ob/ob mice are generally much larger than

those of lean littermates, no notable histologic differences were

found between control and drug-treated ob/ob islets. (D through F)

Multiple-labeling immunofluorescence for insulin (blue), glucagon

(green), and somatostatin (red). Although there are striking differ-

ences in insulin staining between islets from ob/ob control and

treated groups, no detectable differences were found in the number

of a or d cells or in the relative intensity of immunostaining for

glucagon and somatostatin, respectively. BC/SKF treatment normal-

ized insulin immunoreactivity in ob/ob islets. Scale bars represent 50

mm.

Fig 2. GK and GLUT2 immu-

nofluorescence in islets from

lean (ob/?) (A and D) ob/ob con-

trol (B and E), and BC/SKF-treated

(C and F) mice. (A through C) Rep-

resentative GK immunostaining

(red) with Hoechst nuclear coun-

terstaining (blue). Drug-treated

ob/ob mice exhibit islets with

enhanced GK immunoreactivity

compared with the vehicle-

treated control mice. (D through

F) GLUT2 immunostaining (red)

with Hoechst nuclear counter-

staining (blue). Similarly, islet

GLUT2 levels become signifi-

cantly restored following 14

days BC/SKF treatment. No dif-

ferences in hepatocyte GLUT2

immunoreactivity were observed

among the mouse groups. Scale

bars represent 50 mm.

Fig 3. In situ cell proliferation and apoptosis assays in ob/ob

islets. (A and C) ob/ob control. (B and D) BC/SKF-treated. (A and B)

Representative BrdU immunolabeling (red) with insulin (green) and

Hoechst nuclear counterstaining (blue). (A) Islets from ob/ob control

mice characteristically display b cells with a high proliferation rate as

evidenced by BrdU-positivity (arrows). (B) Islets from BC/SKF-

treated mice exhibit islets with very few or no BrdU-positive b cells,

similar to those from lean control animals (not shown). (C and D)

TUNEL labeling for fragmented DNA (red), suggestive of apoptotic

cells, shows no differences in labeling patterns in islets from control

and drug-treated groups. TUNEL-positive b cells were extremely rare

in all groups, and the few positive islet cells encountered were non-b

cells (arrow). Insulin (green) and Hoechst nuclear counterstaining

(blue). Scale bars represent 50 mm.
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content ofob/obmice, we performed in situ cell proliferation
assays using BrdU incorporation and subsequent immunolabel-
ing, as well as TUNEL assays for marking probable apoptotic
cells in pancreas sections. Not surprisingly, most islets exam-
ined fromob/obcontrol mice exhibited several BrdU-positive
b-cell nuclei after a 2-hour pulse, indicating mitotically-active
cells (Fig 3A). The number of mitotically-active cells was
roughly proportional to the size of the islet. In contrast, islets
from BC/SKF-treatedob/obmice routinely displayed very few
or no BrdU-positive nuclei in islet cells (Fig 3B) similar to the
BrdU labeling pattern observed in islets from lean mice (data
not shown). This BC/SKF effect was demonstrable after only 7
days of treatment (not shown) suggesting that cellular prolif-
eration had been modified within 1 week of treatment.

The TUNEL labeling patterns in islets of 7- (not shown) or
14-day–treatedob/ob mice were not different from that of
respectiveob/ob controls (Fig 3C and D). In fact, double-
labeling immunofluorescence showed that TUNEL-positiveb
cells were rare in islets from all animal groups (lean,ob/ob, and
ob/ob–treated) in these studies.

Mean levels of islet insulin, GK, and GLUT2 immunoreac-
tivity for all groups of mice, as determined by semiquantitative
image analysis, are depicted in Fig 4.

DISCUSSION

We previously established that BC/SKF treatment ofob/ob
mice reversed the abnormally increased basal and decreased
glucose-stimulated insulin release from isolated islets.1 This
study investigated influences of BC/SKF treatment ofob/ob
mice on aspects of islet physiology known to participate in the
regulation of b-cell insulin secretion. BC/SKF treatment of
ob/obmice reversed the decreased expression ofb-cell GLUT2
protein and insulin to levels approaching those observed in lean
mice. Furthermore, such treatment markedly attenuated the
hyperproliferative activity of isletb cells to levels typical of
lean mice. Interestingly, this BC/SKF treatment does not alter
extractable GK activity,1 but does marginally increase GK
immunoreactivity towards that found in lean mice. Collec-
tively, these islet biochemical and physiologic responses to
BC/SKF treatment may, in part, explain the BC/SKF effect to
normalize islet insulin secretion in these mice.

The mechanism by which BC/SKF treatment induces the
herein described corrections in classicb-cell pathology asso-
ciated with the obese diabetic state is not elucidated by the
present study and remains to be fully delineated. However, the
existing fund of knowledge regarding BC/SKF effects on me-
tabolism implicates 2 possible scenarios for such a dopamine
agonist influence as described herein via (1) reductions in
circulating FFA and glucose levels and (2) normalization of
hypothalamic activities regulating islet function. A short review
of BC/SKF influences on metabolism may provide a better
understanding of its actions onb-cell pathology of type 2
diabetes as follows.

First, direct administration of BC/SKF to isolated islets does
not produce the effect of its systemic administration in vivo to
normalizeb-cell insulin secretory activity inob/ob or db/db
mice.1,20 Second, the hypothalamus is a main target of sympa-
tholytic, dopamine agonist action to improve peripheral meta-

bolic, autonomic, and neuroendocrine functions in obese type 2
diabetic models includingob/ob mice23-28 that, in turn, may
regulateb-cell function. For instance, sympatholytic dopamine
agonist administration normalizes both the increased ventrome-
dial hypothalamic (VMH) release of norepinephrine and the
VMH postsynaptic hypersensitivity to norepinephrine in obese
type 2 diabetic models.23,25 Increased VMH noradrenergic
drive induces the obese, glucose intolerant, hyperinsulinemic.
hyperlipidemic (including elevated plasma FFA level) state, as
well as a loss of normalb-cell function.26,27,34Furthermore, we

Fig 4. Comparison of islet protein immunoreactivity in situ from

lean, ob/ob control, and BC/SKF-treated mice as determined by

semiquantitative image analysis. Histologic sections of pancreas in-

cluding 5 to 7 islets/animal were immunofluorescently stained for

insulin (A), GK (B), and GLUT2 (C) and subsequently digitally ana-

lyzed. Values represent the mean corrected fluorescence intensity 6

SEM of 5 to 7 pancreatic islet sections from each of 7 animals/each

ob/ob group and from each of 4 animals/lean group. (See Materials

and Methods section for details). Asterisks denote significant differ-

ences from vehicle-treated ob/ob controls; *P < .05, **P < .001.
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have recently demonstrated that increased peripheral norepi-
nephrine levels, which can be induced by VMH noradrenergic
stimulation,26,35actually increase insulin release inob/obmice,
likely via stimulation of glucagon release and increased islet
insulin secretory responsiveness to glucagon.36 This peripheral
norepinephrine effect is blocked by BC/SKF.36 In essence,
increased VMH norepinephrine activity in vivo desensitizes
islets to the direct inhibitory effects of peripheral norepineph-
rine on insulin secretion.27 Also, VMH norepinephrine stimu-
lates increased insulin secretion via activation of vagal affer-
ents to the islets.37,38Moreover, BC/SKF treatment substantially
reduces elevated hypothalamic neuropeptide Y (NPY) levels and
paraventricular-dorsomedial tract coticotropin-releasing hor-
mone immunoreactivity in ob/ob mice.28 This action, in effect,
will reduce abnormal elevations in parasympathetic stimulation
of insulin secretion and sympathetic stimulation of hepatic
glucose output (and hyperglycemia) and adipose lipolysis (and
hyperalipacidemia), respectively.29,39,40 Consequently, BC/SKF-
induced normalization of islet hypersecretion of insulin and
glucose-stimulated insulin secretory dysfunction ofob/obmice
may be a function of its hypothalamic impact to normalize
hyperglycemia, elevated plasma FFA levels, and autonomic
control of insulin secretion.1,20-28Such BC/SKF treatment also
reduces islet triglyceride level,1 which may induce islet insulin
secretory dysfunction.5,18

Islet b-cell hyperplasia is, in part, an adaptive response to
insulin resistance and the excess fuel loads of hyperglycemia
and elevated ambient FFA levels4,5,10 that are all corrected by
BC/SKF administration. The effect of BC/SKF to normalize
hyperplasia inob/obb cells appears to be a function of reduc-
ing proliferation activity to rates observed in lean mice while
minimally influencing apoptosis. However, because apoptotic
b cells may be rapidly engulfed by nearby phagocytes, the
possibility exists that detection of TUNEL-positiveb cells in
this study may have been hindered by an acelerated rate of
phagocytosis. Similarly, the decline of islet insulin levels in
ob/obmice may be, in part, a function of increased fuel load.
For example, fatty acids inhibit glucose-induced proinsulin
biosynthesis inb cells4 while enhancing basal insulin re-
lease.5,41 In the type 2 diabeticb cell, insulin secretory rate
exceeds the biosynthetic rate leading to a progressive depletion
in insulin stores.5 Therefore, BC/SKF-induced reduction of fuel
load to theb cell, as described above, may account for its effect
to normalizeb-cell hyperplasia and reduce insulin level. A
further study in these mice comparing the islet effects of
BC/SKF versus those of another antihyperglycemic, antihyper-
lipidemic agent may be useful in helping to delineate those islet
responses to BC/SKF that are specific to BC/SKF compared
with those associated with reducing hyperglycemia and hyper-
lipidemia per se.

The BC/SKF-induced improvement ofb-cell GLUT2 level
is more complicated. Although islet GLUT2 levels are reduced
in vivo in hyperglycemic-hyperlipidemic states,5,7-9 neither
normalization of hyperglycemia nor induction of hyperlipaci-
demia affect GLUT2 levels (reviewed in Unger,5 Orci et al,42

and Chen et al43). It has been suggested18 and we have dem-
onstrated1 that elevated glucose plus FFA levels synergize to
induce islet glucose sensing dysfunction (termed glucoli-
poxia18) and such a circumstance may apply to GLUT2 regu-

lation as well. Therefore, conceivably, the simultaneous nor-
malization of hyperglycemia and hyperlipacidemia via BC/
SKF may, in part, also potentiate normalization of islet GLUT2
levels. Although the reduction ofb-cell GLUT2 levels, char-
acteristic of type 2 diabetes, may not necessarily be a primary
factor contributing to impaired insulin secretion,44,45 its re-
duced expression is a marker forb-cell transformation to the
diabetic state.7-9,17,46Also, GLUT2 may be required for glucose
responsiveness via mechanisms other than glucose transport
(reviewed in Unger5). In several models of diabetes,b-cell loss
of GLUT2 transporter protein precedes the loss of immunore-
active insulin,8,46 and recent evidence suggests that the 2 pro-
teins may be regulated by similar transcription factors, IDX-1
(IPF-1, STF-1, PDX-1).9,47 Inasmuch as reduced GLUT2 and
insulin islet levels ofob/obmice were restored to near normal
or normal with BC/SKF treatment, it may be possible that this
neuroendocrine modulator may regulate IDX-1 and/or other
transcription factors, and further studies along these lines are
warranted. For instance, it has been shown that pdx-1, encoding
the homeoprotein PDX-1 (IDX-1 in rat), is repressed by fatty
acid,48 elevated plasma levels of which, in turn, are normalized
by BC/SKF.21,22

An increased fuel load on theb cell may also influence GK
activity.10 Increased ambient FFA levels inhibitb-cell GK
activity.16 In this regard, the GK findings of this study are
curious and worthy of specific discussion. First of all, we have
previously demonstrated that extractable GK activity is in-
creased inob/ob versus lean mice,1 and several other studies
have likewise demonstrated increased GK activity in other
obese type 2 diabetic models.49-52 However, islet GK immu-
nohistochemical reactivity was markedly reduced inob/ob
compared with lean mice (present study). This seeming para-
dox may well be explained by the finding that GK is reported
to translocate from a localized perinuclear compartment to a
more diffuse cytoplasmic distribution in response to high am-
bient glucose levels.53 Such glucose-activated translocation
may be associated with the release of GK from an intracellular
binding site of protein character that confers inhibition of GK
activity.54 The greater fraction of cellular GK inob/ob mice
may be in the inhibited bound form that is increased in absolute
level relative to lean mice due to chronic hyperlipacidemia and
hyperglycemia5,10,48and thus undetected by immunohistochem-
istry utilizing an antibody to the C-terminal region of GK.
Therefore, the reduced immunoreactive levels of GK protein
observed inob/obmice may reflect the reduced free cytoplas-
mic active fraction,54 however, GK activity following its islet
extraction, which may release GK from its inhibitory protein
modulator, is increased inob/obmice1 and other obese type 2
diabetic models.49-52 In this scenario, the BC/SKF-induced
normalization of hyperglycemia and hyperlipacidemia associ-
ated with an increase in GK immunoreactivity may represent an
increase in the free active form of the enzyme. BC/SKF treat-
ment fully restores the loss in glucose-stimulated insulin re-
lease inob/ob mice,1 a function tightly correlated with GK
activity.55 Although our immunohistochemistry analysis of GK
was not sufficiently sensitive to determine subcellular distribu-
tion differences in immunoreactive protein, only a moderate
increase was observed in GK protein immunoreactivity of
ob/obmice following BC/SKF treatment. The lack of complete
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normalization of GK enzymatic activity and immunoreactive
protein level coupled to a restoration of glucose-stimulated
insulin secretion in ob/ob mice following BC/SKF treatment is
intriguing and may somehow relate to the lack of leptin in these
mice, a known modulator of islet insulin secretion.56,57It is also
conceivable that a longer treatment with BC/SKF may have
produced greater effects on GK immunoreactivity.

Previous studies have demonstrated that BC/SKF treatment
normalizes basal and glucose-stimulated insulin secretion from

isolated islets of ob/ob and db/db mice.1,20 This study indicates
that such BC/SKF effects may be mediated by its influences on
islet b-cell hyperplasia and GLUT2, insulin, and GK contents.
Available evidence suggests that BC/SKF effects to normalize
hyperglycemia and elevated plasma FFA levels in ob/ob mice
may support these observed BC/SKF effects on isletb-cell
pathology. Further research of these central sympatholytic do-
pamine agonist activities may lead to novel approaches for the
treatment of type 2 diabetes.
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