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Uncoupling Protein 2-Driven Oxidative Stress and Ameliorates
Pancreatic Islet 3-Cell Function in Young Type 2 Diabetic Mice
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ABSTRACT

We recently identified a local pancreatic islet renin-angiotensin system (RAS), and demonstrated that it is up-
regulated in an animal model of obesity-induced type 2 diabetes mellitus (T2DM). Moreover, angiotensin II
type 1 receptor (AT1R) antagonism improves 3-cell function and glucose tolerance in young T2DM mice and
delays the onset of diabetes. Meanwhile, obesity-induced T2DM results in oxidative stress—mediated activa-
tion of uncoupling protein 2 (UCP2), a negative regulator of islet function. In the present study, we postulated
that some of the protective effects of AT1R antagonism might be mediated through interference with this
pathway and tested this hypothesis in a T2DM animal model. Losartan, an AT1R antagonist, was given to
4-week-old obese db/db mice for a period of 8 weeks. UCP2-driven oxidative damage and apoptosis were then
analyzed in isolated islets. Losartan selectively inhibited oxidative stress via downregulation of NADPH
oxidase; this in turn suppressed UCP2 expression, thus improving (-cell insulin secretion and decreasing
apoptosis-induced (3-cell mass loss in db/db mouse islets. These data indicate that islet AT1R activation in
young diabetic mice can generate progressive islet 3-cell failure through UCP-driven oxidative damage.
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‘ : IVEN THAT TYPE 2 diabetes mellitus (T2DM) accounts for

>90% of cases of diabetes and its financial drain on
healthcare resources, we are in great need of alternative ap-
proaches to its prevention and treatment. Between 60% and
90% of T2DM cases appear to be associated with obesity (1). In
this context, obesity-associated increased insulin resistance and
progressive pancreatic [3-cell failure can be considered a key
process in the development of T2DM (28, 31). Nevertheless, it
is increasingly being recognized that T2DM develops in insulin-
resistant subjects only after the onset of (-cell dysfunction. In
view of this, continued dysfunction of the 8 cells and loss of 3-cell
mass contribute to disease progression (4) and, as such, repre-
sent novel therapeutic targets. In this regard, antihypertensive
treatment via pharmacologic blockade of the renin—angiotensin
system (RAS) may delay or protect (or both) against the devel-
opment of T2DM in high-risk patients with hypertension (35).
The therapeutic benefits of systemic RAS blockade in T2DM

prevention and treatment may depend primarily on inhibition of
a recently identified local pancreatic islet RAS (19). This local
islet RAS plays a key role in pancreatic physiology through the
angiotensin II type 1 receptor (AT1R); it regulates pancreatic
islet (pro)insulin biosynthesis and local blood flow, and thus
glucose-stimulated insulin secretion (5, 18).

The local pancreatic RAS may also play a role in pancre-
atic pathophysiology and its treatment: it has been shown to
be upregulated in an animal model of obesity-induced T2DM,
whereas treatment with the AT1R antagonist losartan can im-
prove B-cell function and glucose tolerance, partly due to en-
hanced islet (pro)insulin biosynthesis and blood flow (8). In
addition, blockade of the islet RAS has been shown to benefit
B-cell structure and function, probably through a decrease in
islet fibrosis, apoptosis, and oxidative stress (38). Notwith-
standing the involvement of an islet RAS in T2DM, how such
protective effects are mediated remains to be elucidated.
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NADPH oxidase is a major source of reactive oxygen
species (ROS), which impair B-cell structure and function in
T2DM (11, 13, 32, 33). RAS-mediated ROS production may
thus play a role in promoting B-cell failure in the diabetic
pancreas. The observation that ATIR antagonism decreases
oxidative stress by reducing NADPH oxidase activity in
pancreatic acinar cells provides strong support for this hy-
pothesis (39). Meanwhile, uncoupling protein 2 (UCP2), a
regulator of ROS generation, is upregulated in obesity-induced
diabetic animal models and thus has been directly implicated
in islet dysfunction and T2DM (6, 7, 26, 41). Such UCP2-
induced oxidative damage would be physiologically signifi-
cant in pancreatic B cells because of their low antioxidant
reserve (12, 37). Paradoxically, enhanced UCP2 expression
can be protective against oxidative damage and apoptosis in
other cell types (3, 9).

In light of these previous findings, we hypothesize that the
protective effects of AT1R antagonism may be mediated
through a diminution of NADPH oxidase—induced oxidative
stress that results in reduced UCP2-mediated islet B-cell dys-
function and apoptosis. We tested this hypothesis in young
db/db mice, which develop progressive (3-cell destruction asso-
ciated with obesity that arises in the early weeks of life and ul-
timately develop full-blown T2DM.

MATERIALS AND METHODS

Animal model of T2DM

Genetically diabetic C57BL/KSJ +db/+db (db/db) mice
and their age-matched nondiabetic littermates CS7BL/KSJ
m+/+db (m+/db) were used for the experiments. The animals
were obtained from the Laboratory Animal Services Centre
of the Chinese University of Hong Kong. The experimental
procedures were approved by the Animal Experimentation
Ethics Committee of the Chinese University of Hong Kong
(Ref. No. 05/031/ERG).

Prolonged treatment with losartan

Four-week-old obese db/db mice were randomly assigned
to groups: treated db/db mice or nontreated db/db mice. The
treated db/db mice then received losartan (10 mg/kg/day)
dissolved in drinking water for 8§ weeks, of which the concen-
tration was selected based on our previous study (8). Non-
treated db/db mice received only plain drinking water, and the
age-matched control mice (m+/db mice) received drinking
water only as the normal control group. An additional group of
m+/db mice were given the losartan treatment.

Pancreatic islet isolation

Pancreatic islets were isolated as described previously (18).
In brief, treated or nontreated db/db and the control m+/db
mice were killed at 12 weeks of age, and the pancreata were
dissected out. The pancreata were then placed in cold Hanks’
solution (HS) (Sigma Aldrich, St. Louis, MO) and were cut
into small pieces of ~1 mm3. These pieces were transferred to
vials containing collagenase solution (Roche Molecular
Biochemicals, Mannheim, Germany) and allowed to digest for
6 min. The digest was then washed 3 times by filling the vial
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with HS. The islets were then examined under a light
microscope.

Immunohistochemistry

Pancreas specimens were fixed in 4% (vol/vol) chilled
paraformaldehyde and embedded in paraffin. Sections (5 pwm
thick) were mounted on glass slides, deparaffinized, and
processed for indirect immunofluorescent double labeling or im-
munoperoxidase staining (8, 18). For immunofluorescent label-
ing, it was used to determine the specific localization of the
NADPH oxidase subunit p22°P'** and the oxidative stress marker
nitrotyrosine in islets. Each section was incubated with 4%
(wt/vol) normal donkey serum (Jackson ImmunoResearch, West
Grove, PA) for 1 h at 37°C to block nonspecific antibody bind-
ing. Sections were then incubated overnight at 4°C with anti-
p22Phx rabbit polyclonal antibody (1:100) (Santa Cruz Biotech,
Santa Cruz, CA) or anti-nitrotyrosine mouse monoclonal anti-
body (1:100) (Zymed, San Francisco, CA) together with anti-
insulin goat polyclonal antibody (1:100) (Santa Cruz Biotech).
After three washes with phosphate-buffered saline (PBS), the
primary antibodies were detected by using a Cy3-conjugated
anti-rabbit antibody (p22P"¥) or a Cy3-conjugated anti-mouse
antibody (nitrotyrosine), and a FITC-conjugated anti-goat anti-
body (insulin) (Jackson ImmunoResearch) at room temperature
for 1 h. Omission of primary antibodies was used as negative
controls. p22Ph°* (red), nitrotyrosine (red), and insulin (green)
immunolabeling were detected with a fluorescent microscope
equipped with a DC 200 digital camera (Leica Microsystems).
B-Cell mass measurements were done in sections incubated with
anti-insulin rabbit primary antibody (1:100) (Santa Cruz
Biotech) and AMCA-conjugated anti-rabbit secondary antibody
(Jackson ImmunoResearch). At least 10 islets per mouse pan-
creas and five mice per group were randomly chosen for analy-
sis. Islet B-cell mass was assessed by determining the proportion
of area occupied by blue fluorescence within each islet (40X ob-
jective) using Leica Qwin image-analysis software (Leica
Microsystem), as described previously (8).

For immunoperoxidase staining, the ABC staining tech-
nique was applied to illustrate the specific localization of
UCP2 in the islet cells. Tissue sections were incubated in
0.3% H,0, for 15 min to quench endogenous peroxidase ac-
tivity and then submerged in 4% (wt/vol) normal donkey
serum for 1 h at room temperature to block nonspecific bind-
ing. Excess blocking solution was poured off, and the section
was incubated overnight at 4°C with anti-UCP2 rabbit poly-
clonal antibody (1:100) (Alpha Diagnostic, San Antonio, TX)
or anti-insulin rabbit polyclonal antibody (1:100) (Santa Cruz
Biotech). After three washes with PBS, the primary antibod-
ies were detected with the biotinylated secondary antibody
from the Vectastain Elite ABC Kit (rabbit IgG) (Vector Labo-
ratories, Burlingame, CA) at room temperature for 1 h. After
another three washes with PBS, the sections were incubated
with the Vectastain Elite ABC Reagent for 1 h at room tem-
perature. The sections were than washed 3 times in PBS and
incubated in peroxidase substrate solution (Vector Laborato-
ries) for 2 min for brown color development. After rinsing in
nanopure water, sections were counterstained with hema-
toxylin. The positive brown staining was detected under a
light microscope equipped with a DC 200 digital camera
(Leica Microsystems).
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Real-time RT-PCR analysis

Real-time quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) was performed by using an ABI
PRISM 7700 Sequence Detection System (PE Applied Biosys-
tems, Foster City, CA), as described previously (8, 18). In brief,
total RNA was extracted from pooled islets extracted from con-
trol or T2DM mice (groups of eight to 10 mice) by using the
Absolutely RNA Microprep Kit (Stratagene, Kirkland, WA) ac-
cording to the manufacturer’s instructions. Total RNA was used
as the template in one-step TagMan amplification reactions.
TaqMan primers and probes for p22P', p67°"*, and UCP2 were
designed from mouse cDNA sequence by using Primer Express
Software purchased from Applied Biosystems Perkin-Elmer.
The primers and probes used were as follows: p22Phx, 5'-TG-
GACGTTTCA-CACAGTGGTATT-3" (sense/forward primer),
5'-TGGACCCCTTTTTCCTCTTTC-3" (antisense/ reverse
primer) and FAM-CCTACTCTATCGCTGCAGGTGTGCT-
CATC-TAMRA (TagMan probe); p67°'*, 5'-CGCTCTCGCCA-
GAACACA-3' (sense/forward primer), 5'-AGAGTCAGCAG-
TAGTTTTTCACTTG-3' (antisense/ reverse primer) and FAM-
TAAACTGAGCTACCGGCGTCGGGA-TAMRA (TagMan
probe); UCP2, 5'-GCATTG-CAGATCTCATCACTTTCC-3’
(sense/forward primer), 5'-AGCCCTTGACTCTCCCCTTG-3’
(antisense/reverse primer), and FAM-TCTGGATACCGCCAA-
GGTCCGGCT-TAMRA (TagMan Probe). 18S rRNA was used
as an internal control. TagMan reactions were set up in a reac-
tion volume of 25 .l with TagMan PCR reagents. Each reaction
consisted of 12.5 pl PCR master mix, 0.3 wM of each amplifi-
cation primer, 0.2 wM corresponding TagMan probe, and 30 ng
RNA template. Each sample was run in duplicate with an initial
30-min period at 48°C and a 10-min period at 95°C to enable
reverse transcription, followed by 40 cycles at 95°C for 15 sec
and a final 60°C step for 1 min. Amplification data were col-
lected by the 7700 Sequence Detector and analyzed with
Sequence Detection System software. The RNA concentration
was determined from the threshold cycle (C,) at which fluores-
cence was first detected, the cycle number being inversely re-
lated to RNA concentration. The fold changes in p22°Phox, p67phox,
and UCP2 in db/db islets were calculated by using the 2744¢T
method, as described in the statistical data-analysis section.

Western blot analysis

Islets were isolated from control, treated diabetic, or non-
treated diabetic mice and processed for Western blotting, as
described previously (8, 18). Total protein of 300 islets was
extracted by using the CytoBuster Protein Extraction Reagent
(Novagen, Darmstadt, Germany). The protein content of the
lysates was determined by a Bio-Rad protein-assay kit
(Bio-Rad, Munich, Germany). Western blot analysis of UCP2
was performed. In brief, proteins (10 ng/lane) were subjected
to electrophoresis on 12% (wt/vol) polyacrylamide gels. The
blotted protein was saturated with 5% (wt/vol) skimmed milk
in PBS (pH 7.4) and 0.1% (vol/vol) of Tween 20 for 1 h at
room temperature. The membrane was sequentially incubated
in rabbit anti-UCP2 antibody (1:1,000) (Alpha Diagnostic,
San Antonio, TX) or rabbit anti-caspase 3 antibody (1:1,000)
(Santa Cruz Biotech), overnight at 4°C and a peroxidase-
labeled anti-rabbit IgG antibody (1:1,500) (Amersham, Little
Chalfont Buckinghamshire, UK) for 1 h at room temperature.
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Labeled protein bands were revealed by application of ECL
Plus Western blotting detection reagents and autoradiography
film (Amersham). The chemiluminescence intensity of the
bands was quantified by using an image analyzer (Molecular
Dynamics Image Quant, Sunnyvale, CA).

Measurement of islet apoptosis

Islet cell death was assessed by the Cell Death Detection
ELISAplus assay (Roche) according to the procedures recom-
mended by the manufacturer (23). One hundred islets of com-
parable size were incubated for 30 min with a lysis buffer at
room temperature and then centrifuged at 200 g for 10 min at
4°C. Aliquots of the supernatant (20 wl) were placed into
streptavidin-coated microtiter plate wells, and 80-pl aliquots
of a mixture containing anti-histone-biotin and anti-DNA-
POD antibodies were then added and incubated for 2 h at
room temperature. The preparations were then washed, and
200 w1 of a solution containing ABTS (the substrate for POD)
was added. At the end of a 15-min incubation, absorbance of
samples was read spectrophotometrically at 405 nm.

Measurements of islet insulin release

Islet insulin release was measured by enzyme-link im-
munosorbent assay (ELISA) in groups of 10, as described
previously (8, 18). In brief, samples were transferred in dupli-
cate to Falcon 24-well culture plates containing 0.25 ml
Krebs-Ringer bicarbonate buffer (KRBB) supplemented with
10 mM HEPES and 2 mg/ml of bovine serum albumin (BSA).
Islets were incubated for 1 h at 37°C (0,/CO,, 95:5) in
medium containing 1.7 mM glucose, and then incubated for
an additional hour in 0.25 ml of KRBB containing 16.7 mM
glucose. After the incubation, media were collected for mea-
surement of insulin release by using a Mouse Insulin ELISA
Kit (Mercodia, Uppsala, Sweden).

Statistical data analysis

Results are expressed as means =+ standard errors (SEM)
for all groups. Multiple comparisons between groups were
performed by using an analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test, or, when comparisons were
made only relative to controls, by Dunnett’s test. When only
two groups were compared, probabilities (p) of chance differ-
ences between the experimental groups were calculated with
student’s unpaired two-tailed t test. For all comparisons, p <
0.05 was considered statistically significant. For real-time
RT-PCR, relative expression was normalized as a percentage
of 18S rRNA and calculated by using the comparative C
method of 2724€T_ag described previously (8, 18).

RESULTS

Effects of losartan on oxidative stress production

Blood glucose levels of the m+/db mice were unaffected by
losartan when compared with those in the nontreated m+/db
mice, as evidenced by previous and present studies (data not
shown); thus, the losartan-treated m+/db group was eliminated
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FIG. 1. Expression of NADPH oxidase subunits, p22P"* and p67°hex,

(A, B) Relative mRNA expression levels of p22P"* and

p67°™* in control (m+/H,0), diabetic (db/H,0), and losartan-treated diabetic mice (db/Los). (C—E) Double-immunofluorescent
localization of p22°P"* (red) and insulin (green) in the mouse pancreatic islets. Relative expression was normalized as a percentage
of 18S rRNA calculated by using the comparative C method of 24T, All data are expressed as mean + SEM (n = 6). *p < 0.05,
*4p < 0.01 vs. m+ /H,0. 7T p < 0.01 vs. db/H,O mice. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www.liebertonline.com/ars)

for subsequent experiments in this study. Real-time PCR and
double immunolabeling were applied to determine the NADPH
oxidase level in the islets (Fig. 1). The PCR experiments re-
vealed that that mRNA expression of the NADPH oxidase sub-
units p22Phe* and p67Phe* were increased fourfold and twofold,
respectively, in the nontreated db/db mice islet (p22P"*: 4.23 +
0.53; p67°": 2.23 + 0.24; n = 5) relative to normal control
mice (p22Pr%: 1.00 £ 0.01; p67°"<: 1.00 + 0.03; p < 0.01; n =
5). Meanwhile, 8-week losartan treatment (10 mg/kg/day) sup-
pressed NADPH oxidase subunit mRNA expression relative to
that of the nontreated db/db mice (p22Pr°*: 0.60 + 0.07; p <
0.001; p67°h°x: 1.40 + 0.12; p < 0.01; n = 6) (Fig. 1A and B).
The double immunofluorescent labeling results were consistent
with the real-time PCR findings. Basal expression of p22pho
(red) in the normal islet in different cell types, including pan-
creatic (cells, is shown in Fig. 1C. In the nontreated db/db
mouse islets, p22P"°* was highly upregulated, and a larger pro-
portion of B cells was positively labeled with the p22rhex
(Fig. 1D). Although losartan treatment could not reduce p22Pho
expression back to basal level (Fig. 1C), losartan significantly
reduced the number of p22P"* immunoreactive cells compared

with nontreated islets (Fig. 1D) and essentially all of the
remaining labeled cells were non-@3 cells (Fig. 1E).

To confirm the oxidative stress level in the islets, nitrotyro-
sine, the oxidative stress marker commonly used previously
(2, 22, 38), was detected by double immunofluorescent label-
ing. Whereas little positive nitrotyrosine labeling (red) could
be seen in normal control islets (Fig. 2A), nitrotyrosine label-
ing was obviously increased in both B cells and non—f3 cells
in the nontreated db/db mice (Fig. 2B). Again, losartan effec-
tively reduced the oxidative stress level, as evidenced by the
reduction in nitrotyrosine immunoreactivity (Fig. 2C).

Effects of losartan on UCP2 expression

The UCP2 expression levels in the pancreatic islets of all
groups of mice are shown in Fig. 3. Real-time quantitative
RT-PCR analysis (Fig. 3A) revealed that the mean UCP2
mRNA level in the nontreated db/db mouse islets (5.01 +
0.59; p <0.0001; n = 13) was about fivefold higher than that
of the normal control (1.00 + 0.01; » = 3). RAS blockade with
losartan downregulated UCP2 mRNA expression in db/db
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FIG. 2. Immunohistochemical localization of nitrotyrosine (red) and insulin (green) in (A) control (m+/H,0), (B) diabetic

(db/H,0), and (C) losartan-treated diabetic (db/Los) mouse pancreatic islets.
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mouse islets by ~50% (2.44 + 0.31; p < 0.05; n = 10).
Immunoperoxidase staining was performed to validate fur-
ther the presence and expression levels of UCP2 in the islets
of the different groups of mice. The normal control mice (n = 4)
showed a positive light-brown color throughout the islets,
which served as a reference for basal expression of UCP2
(Fig. 3C). Extensive UCP2 staining with greater intensity was
observed throughout the islets of db/db mice (n = 5)
(Fig. 3E). However, losartan-treated db/db mouse islets (n = 5)
demonstrated a clear reduction in UPC2 immunoreactive area
(Fig. 3G), compared with the nontreated db/db mouse islets
(Fig. 3E); although some immunoreactivity persisted in the
peripheral regions (Fig. 3G). More quantitatively to compare
UCP2 expression in losartan-treated and nontreated pancreatic
islets, Western blot analysis was carried out (Fig. 3H and I). An
~32-kDA protein, consistent with UCP2, was detected in the
mice pancreatic islet samples. Losartan treatment reduced
UCP2 protein expression by 50% (n = 6) relative to non-
treated db/db mouse islets (n = 10). These results clearly indi-
cated that the islets isolated from losartan-treated db/db mice
expressed significantly less UCP2 protein than islets isolated
from nontreated diabetic mice.

Effects of losartan on apoptosis

The protein expression levels of the apoptotic cell marker
caspase 3 were assessed in the islets from losartan-treated
and nontreated mice by Western blot analysis (Fig. 4A).
Caspase 3 expression was normalized relative to [-actin
(Fig. 4B). Whereas normal islets showed a low basal expres-
sion of caspase 3, expression of this protein was increased
threefold in nontreated diabetic islets. Meanwhile, losartan
treatment reduced caspase 3 expression by >50% in diabetic
islets. Enzyme-linked immunosorbent assay (ELISA) studies
were conducted to substantiate the degree of programmed
cell death (Fig. 5). Comparing 100 islets of similar size in
each group, the normal control (0.95 + 0.33; n = 6) showed
much less apoptosis than the diabetic group (12.72 + 0.93;
p < 0.001; n = 4). Losartan significantly reduced this level
compared with that of the nontreated diabetic group (5.31 +
1.23; p < 0.001; n = 6), although a greater level of apoptosis
was present than in normal controls. Our fluorescent im-
munohistochemistry results (Fig. 6) revealed that the major

proportions of normal islets were made up of 3 cells (blue)
(Fig. 6A—C). The diabetic islet, however, exhibited a sharply
reduced B-cell mass, and this deficit was ameliorated by
losartan treatment (Fig. 6D). The various approaches we ap-
plied displayed a consistent pattern, indicating that {3-cell
apoptosis was involved in obesity-induced T2DM and that
this apoptosis can be ameliorated by losartan treatment.

Effects of losartan on insulin secretion

B-Cell function was assessed by measuring the insulin se-
cretory ability of the islets (Fig. 7). Although all groups of islets
responded to the high-glucose challenge, the diabetic group ex-
hibited the lowest magnitude of the insulin response to high-
glucose stimulation (1.13 + 0.42 pgf/islet’h; p < 0.001; n = 5).
Meanwhile, the normal control and the losartan-treated groups
demonstrated much greater responses (4.1 + 0.56 and 3.45 +
0.65 p.g/islet/h respectively; p < 0.05 for losartan-treated group;
n=15). Thus, AT1R blockade appears to improve effectively the
glucose-stimulated insulin secretion in the diabetic mice.

DISCUSSION

Apart from its hemodynamic action, the RAS has multi-
ple cellular roles influencing, for instance, proliferation,
apoptosis, and ROS formation at the levels of tissues and or-
gans (27). Of great interest in this context is the recently
identified pancreatic islet RAS, which may have novel roles
in islet function and diabetes (19). In the in vitro studies of
acute RAS, blockade has been shown to exert positive ef-
fects on islet (pro)insulin biosynthesis and glucose-stimu-
lated insulin secretion in isolated pancreatic islets (18, 22).
Meanwhile, other studies have found that briefly exposing
isolated islets to angiotensin II can cause a rapid and tran-
sient surge in insulin secretion through a calcium-mediated
regulatory mechanism (30). We have recently shown that
pancreatic islet RAS is upregulated in obese db/db mice.
Moreover, we demonstrated in an in vivo study that chronic
AT1R blockade in 4-week-old db/db mice for an 8-week pe-
riod improved B-cell function and glucose tolerance, and
that these effects results in a delay in the onset of T2DM in
these young diabetic mice; some of these protective effects
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FIG. 3. Expression of UCP-2. (A) Relative mRNA expression level was normalized as a percentage of 18S rRNA calculated by
using the comparative C, method of 2-44°T. (B-G) Immunoperoxidase localization, and (H) protein expression level of UCP-2 in
control (m+/H,0), diabetic (db/H,0), and losartan-treated diabetic mice (db/Los). (I) The relative expression was normalized as a
percentage of the actin signal. All data are expressed as mean + SEM (n = 6). **p < 0.01 vs. m+/H,O. ¥§p <0.01 vs. db/H,O mice.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at

www.liebertonline.com/ars)

were attributable to AT1R-mediated alterations in islet
(pro)insulin biosynthesis and blood flow (8). Consistent
with our findings, Tikellis et al. (38) showed that chronic
(10 weeks) RAS inhibition starting at the age of 10 weeks

attenuated disordered islet architecture in Zucker diabetic
fatty (ZDF) rats; these beneficial effects were partly attributed
to increased intraislet fibrosis, apoptosis, and oxidative stress
(38). However, RAS inhibition did not influence long-term
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glycemic control or protect against the onset of diabetes in
the ZDF animal model.

In the present study, we focused on ATIR activation—
mediated NADPH oxidase—dependent generation of ROS
and its interaction with UCP2 in the regulation of pancreatic
B-cell function and apoptosis. In fact, angiotensin II is well
known to stimulate the PKC-NADPH oxidase pathway, thus
initiating ROS production in cardiomyocytes and vascular
smooth muscle cells (15, 42). However, the signaling path-
way(s) in the pancreatic B cell triggered by angiotensin II
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FIG. 5. Apoptotic level in islets from nontreated diabetic,
treated diabetic, and control mice. All data are expressed
as mean + SEM (n = 5). *p < 0.05 vs. m+ control. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article at
www.liebertonline.com/ars)
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through AT1R remain to be elucidated. In this study, we
found that an earlier ATIR intervention (beginning at
4 weeks of age) selectively inhibited oxidative stress by
downregulation of NADPH oxidase; this in turn suppressed
UCP2 expression, improved 3-cell insulin secretion, and de-
creased apoptosis-induced B-cell mass loss in these young
obese db/db mice. RAS activation has been suggested to be a key
stimulator of NADPH oxidase, which increases ROS generation
within different cell types such as vascular muscle cells (14),
pancreatic acinar cells (39) and islet 3 cells (25). In the pres-
ent study, and in keeping with recent findings, we verified
that chronic AT1R antagonism decreases NADPH oxidase—
induced oxidative stress (24, 34). Although activation of
NADPH oxidase by the RAS was demonstrated to reduce
insulin secretion from islets, the novel involvement of poten-
tial mechanistic pathway(s) by which activation of the
AT1R-NADPH oxidase-UCP2 pathway achieves oxidative
damage have yet to be elucidated. Herein, we have demon-
strated that such actions may be mediated, at least in part,
through interference in UCP2 expression. Although UCP2
has previously been suggested to be a negative regulator of
insulin secretion (7, 41), the present study is the first to
report evidence indicating that the local RAS is a potential
upstream activator of UCP2 in islets.

The mechanisms of B-cell failure in T2DM are diverse and
complicated. The genetic and acquired defects include, but
are not limited to, mitochondrial dysfunction, oxidative
stress, endoplasmic reticulum stress, dysfunctional triglyc-
eride/free fatty acid cycling, and glucotoxicity, as well as
lipotoxicity (29). Among these, mitochondrial dysfunction
accompanied with excess ROS production plays a critical
role in T2DM (21). In this regard, superoxide-mediated acti-
vation of UCP2 by obesity and hyperglycemia causes (3-cell
dysfunction (16). Hyperlipidemia and hyperglycemia, as ob-
served in T2DM, can induce UCP2 expression in pancreatic
B cells (17). UCP2 activation acts to dissipate safely the
elevated mitochondrial membrane potential at the expense of
ATP synthesis and consequently glucose-stimulated insulin
secretion; in other words, uncoupling of oxidative phospho-
rylation results in impaired insulin secretory capacity while
reducing ROS generation (6, 21). Interestingly, UCP2 and its
family members can also act as a regulator of oxidative
stress, protecting the cell against ROS and preventing
glucose-induced apoptosis (20, 40). Thus, suppression of
UCP2 could be a detrimental process in provoking -cell
apoptosis, because the [ cell is vulnerable to oxidative
stress damage owing to its low endogenous antioxidant
activity (12, 37).

Although insufficient evidence exists to date to prove a di-
rect RAS—UCP?2 interaction, if there were a reduction in UCP2
expression without oxidative stress inhibition after ATIR
blockade, we expect that this reduction would probably exert a
negative effect on B-cell survival. To examine the validity of
this causal relation, we quantified B-cell apoptosis in the pres-
ent study. B-Cell apoptosis and UCP2 expression were signifi-
cantly reduced by prolonged losartan treatment, suggesting
that a direct action of ATIR agonism on UCP2 expression is
not likely. Instead, ATIR could exert its action on UCP2
through NADPH oxidase activation. Thus, two possible mecha-
nisms exist whereby insulin secretion could be enhanced by
ATIR blockade: (a) AT1R antagonism may suppress NADPH
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FIG. 6. Effect of losartan on B-cell mass in (A) control (m+/db), (B) nontreated diabetic (db/H,0), and (C) losartan-

treated diabetic (db/Los) mouse islets.

Magnification, 40 X. Bar, 40 wm. D, Relative labeled areas are plotted. Each value rep-

resents the mean + SEM (n = 11). ***p < 0.001 vs. m+ control. Tp < 0.05 vs. db/H,O group. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars)

oxidase, which results in UCP2 reduction and consequently
enhances insulin secretion; (b) alternatively, a decrease in
NADPH oxidase—induced oxidative stress may rescue {3 cells
from apoptosis, which increases -cell mass within the islet,
and ultimately augments insulin secretion.
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FIG. 7. Comparison of insulin release from control
(m+/H,0), nontreated diabetic (db/H,0) and treated diabetic
(db/Los) mouse islets, in the presence of 1.7 (low; L. Glu) or
16.7 mM (high; H. Glu) glucose. **p <0.01 vs. m+/H,0O islets
exposed to 16.7 mM glucose only. Tp < 0.05 vs. db/H,O islets ex-
posed to 16.7 mM glucose only. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com/ars)

In the present study, we chose to administer losartan to db/db
mice starting from the age of 4 weeks, a time when T2DM has
not yet fully developed, so that we could better study protection
against progression in this disease. Our observations that (3-
cell apoptosis could not be restored fully back to the basal level
by the losartan treatment, suggest that AT 1R activation is a par-
tial cause of B-cell apoptosis. Whereas several causal factors
exist, most of them involved in inflammatory processes, that
have implicated in regulating -cell secretory function and cell
turnover (10), the RAS has been known to be a key mediator of
inflammation (36). Moreover, we have also shown UCP2 to be

ATIR Blockade
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Oxidative Stress ‘

N
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FIG. 8. Proposed pathways for AT1IR blockade-mediated
oxidative stress and UCP2 axis in on pancreatic [3-cell
apoptosis and secretion.
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AT1R MEDIATES UCP2-DRIVEN OXIDATIVE STRESS IN T2DM

a new candidate affected by RAS activation and involved in de-
pressed insulin secretion. Elucidating the role and the down-
stream mediator(s) or pathway(s) of UCP2 activation in insulin
secretion will require further investigation.

In conclusion, the present study in an animal model of obesity-
induced diabetes indicates that ATIR antagonism attenuates
NADPH oxidase—induced oxidative stress; this in turn results in a
downregulation of UCP2 expression, which was associated with
improved (-cell insulin secretion and reduced apoptosis-induced
B-cell mass loss (see Fig. 8 for a summary). These findings
serve as a proof-of-principle investigation, indicating that islet
ATIR activation in young diabetic mice mediates progressive
islet B-cell failure through UCP-driven oxidative damage.
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