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Abstract

Aims/hypothesis Upregulation of the reactive oxygen species
(ROS)-producing enzyme NADPH oxidase (NOX)-1 in islets
and beta cells follows acute exposure to inflammatory cyto-
kines and is concomitant with beta cell dysfunction. NOX-1 is
a candidate mediator of inflammation-induced beta cell dys-
function. This study aimed to determine whether selective
inhibition of NADPH oxidase-1 presents a new strategy to
preserve beta cell function.

Methods Induced beta cell dysfunction was studied in prima-
ry human donor islets, isolated mouse islets and murine beta
cell lines. Islets and beta cells were stimulated with inflam-
matory cytokines (TNF-«, IL-13, IFN-y). NOX-1 activity
was blocked by the selective inhibitor ML171.

Results Cytokine induction of intracellular ROS was reduced
80% with 1 pmol/l ML171 in murine beta cell lines (p<0.01).
Cytokine-induced apoptosis, measured by caspase-3 activation
or quantified fluorescence microscopy, was prevented in islets
and beta cell lines up to 100% with ML171 in a concentration-
dependent manner (p<0.05). Functionally, glucose-stimulated
insulin secretion was abolished by cytokine exposure but
preserved by ML171 in isolated mouse islets and murine beta
cell lines. A feed-forward regulation of NOX-1 in islets and
beta cell lines was disrupted by ML171.
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Conclusions/interpretation Stimulation of NOX-1 activity is
a major component of inflammatory cytokine-induced beta
cell dysfunction. Significant protection of beta cells is con-
ferred with selective inhibition of NOX-1. Suppression of
NOX-1 activity may present a new therapeutic strategy to
preserve and protect beta cell function in diabetes.
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Abbreviations
C57BL/6] C57 black 6

DCF-DA  6-Carboxy-2',7'-dichlorodihydrofluorescein
diacetate, di(acetoxymethyl ester)

GADPH  Glyceraldehyde 3-phosphate dehydrogenase

GSIS Glucose-stimulated insulin secretion

NOX NADPH oxidase

PIC Proinflammatory cytokine

RFU Relative fluorescence unit

ROS Reactive oxygen species

TBS Tris-buffered saline

Introduction

A loss of functional beta cell mass is an underlying feature of
diabetes and oxidative stress is a recognised contributing
factor to beta cell failure. Relative to other cells, beta cells
are particularly sensitive to sustained elevation in intracellular
reactive oxygen species (ROS) and resultant oxidative stress
[1-5]. Some serum conditions associated with diabetes (e.g.
elevated inflammatory cytokines, increased levels of NEFAs
and high plasma glucose concentration) are known to induce
cellular ROS [6—13]. Sources of cellular ROS in the beta cell
include endoplasmic reticulum stress (reviewed [14]),
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mitochondria stress (reviewed [15]) and NAPDH oxidase
(NOX) activity (reviewed [16, 17]).

NOX enzymes function to generate ROS. Seven
members in the NOX family have been identified,
NOX-1, -2, -3, -4 and -5 and dual oxidase-1/-2. Recent-
ly, expression of catalytic subunits and required associ-
ated proteins for NOX-1, NOX-2 and NOX-4 has been
reported in beta cells [7, 10, 11, 18-21]. Physiologically,
NOX activity in beta cells has been linked with glucose-
stimulated insulin secretion (GSIS) [12, 22], although trans-
genic deletion studies have questioned this direct role [23].
Pathophysiologically, sustained NOX activity may contribute
to stimuli-induced beta cell dysfunction associated with dia-
betes development and progression [16, 17].

Inflammation-induced beta cell dysfunction is a recognised
feature of type 1 [24, 25] and type 2 diabetes [26-29]. Inflam-
matory cytokine stimulation of beta cells and islets induces
loss of GSIS, increase in intracellular ROS and induction of
apoptosis [21, 30]. These outcomes of proinflammatory cyto-
kine (PIC) stimulation are concomitant with an elevated ex-
pression of NOX-1 [21]. Expression of NOX-1 in beta cells
involves a feed-forward regulation driven by elevated intra-
cellular ROS and redox signalling [30]. In terms of beta cell
dysfunction, feed-forward regulation of NOX-1 following
stimuli induction could result in a sustained and chronic
increase in intracellular ROS and oxidative stress. Inhibition
of NOX-1 activity and/or NOX-1 feed-forward regulation
could provide a candidate target to preserve beta cell function
in an inflammatory environment.

Lack of selective NOX inhibitors has presented a barrier to
interpreting the functional importance of NOX isotypes. Recent
high-throughput screening-based campaigns have identified
new small molecules that are selective inhibitors of NOX en-
zymes [31-33]. The inhibitor ML171, a 2-acetylphenothiazine
compound, is a nanomolar inhibitor of NOX-1 with greater than
30-fold selectivity over other NOX isotypes. ML171 inhibits
NOX-1 activity in human colon cancer cells and its inhibition is
overcome by overexpression of NOX-1, thus supporting the
target selectivity of ML171 [34].

Here we report on the selective chemical inhibition of
NOX-1 in islets and beta cells using ML171. This proof-of-
concept study supports the viability for targeted inhibition of
NOX-1 as a strategy to protect and preserve beta cells in an
inflammatory environment.

Methods

E'thics Protocols and procedures were reviewed and approved
by relevant institutional regulatory committees.

Mouse islet isolation and human islets Human donor islets
were obtained from integrated islet distribution project (http://
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iidp.coh.org) and cultured in CMRL media (Mediatech,
Manassas, VA, USA). Mouse islets were freshly isolated
from 8-week-old male C57BL/6J mice (Jackson Laboratory,
Bar Harbor, ME, USA) by common bile duct cannulation and
collagenase digestion [35]. Islets were hand picked before use.

Islets and cell lines INS-1 cells (rat) were cultured in RPMI-
1640 media (Life Technologies, Grand Island, NY, USA)
containing 10% fetal calf serum, 1% penicillin/streptomycin,
10 mmol/l HEPES, 2 mmol/lL-glutamine, 1 mmol/l sodium
pyruvate and 0.05 mmol/l 2-mercaptoethanol. 3TC-3 cells
(mouse) were cultured in DMEM media (Life Technologies)
containing 18% fetal calf serum, 1% penicillin/streptomycin,
4 mmol/lL-glutamine, 5.5 mmol/l glucose and 1 mmol/l sodi-
um pyruvate.

Treatment and RT-PCR Islets or cells lines were treated with a
PIC cocktail (5 ng/ml IL-13, 10 ng/ml TNF-«, 100 ng/ml
IFN-y; R&D Systems, Minneapolis, MN, USA) for 24 h: 2-
acetylphenothiazine (ML171) (R&D Systems) was added at
the stated concentration 30 min before. Total RNA (RNeasy
Mini Kit; Qiagen, Valencia, CA, USA) was transcribed using
murine leukaemia virus reverse transcriptase (Life Technolo-
gies) and random hexamers (Life Technologies) prior to PCR
with Jump Start 7ag polymerase (Life Technologies). Primers
used with SYBR Green 1 (Molecular Probes, Carlsbad, CA,
USA) are shown in electronic supplementary material (ESM)
Table 1. RT-PCR was performed in triplicate (CFX96; Bio-
Rad, Hercules, CA, USA). Tagman primers (Life Technolo-
gies) were also used. Data were normalised to the housekeep-
ing gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and analysed using the 2722t method. Mean C,
values were 12.6 and 13.5 for GAPDH, 29.8 and 29.7 Nox-1
control and 24.9 and 25.8 Nox-1 cytokine-stimulated for
BTC-3 and INS-1 cells, respectively.

Western blotting Beta cells (INS-1 or 3TC-3) treated with PIC
cocktail for 24 h without or with 0.1-10 umol/l ML171 were
lysed (1x PBS, 1% Triton X-100, 1 mmol/l
phenylmethylsulfonyl fluoride, 1x Halt Protease Inhibitor
Cocktail [Pierce, Rockford, IL, USA], 1 mmol/l NaVQy,),
incubated on ice for 20 min and centrifuged (20,817 g,
15 min, 4°C). Gel-separated proteins were transferred onto
polyvinylidene fluoride (Immobilon-FL; Millipore, Billerica,
MA, USA) and blocked with Tris-buffered saline (TBS)/
0.05% Tween-20 (Sigma, St. Louis, MO, USA) containing
5% non-fat milk (Bio-Rad) for 1 h at room temperature.
Primary antibody incubation was carried out overnight at
4°C. Wash cycles were in TBS/0.05% Tween-20 (four washes,
5 min). Primary antibodies used were 1:250 Anti-NOX-1 or
1:1,000 (3-actin (Abcam, Cambridge, MA, USA). The signal
was detected using 1:2,000 horseradish peroxidase-conjugated
secondary antibody for 1 h (GE Healthcare, Little Chalfont,
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UK), SuperSignal Chemiluminescent Substrate (Thermo Sci-
entific, Rockford, IL, USA) on a ChemiDoc XRS System
(Bio-Rad). Densitometry was determined using Image J ver-
sion 1.42q (imagej.nih.gov/ij/).

ROS measurement Ten micromoles per litre of 6-carboxy-
2',7'-dichlorodihydrofluorescein diacetate, di(acetoxymethyl
ester) (DCF-DA, Life Technologies) was added to treated
(1 h) and washed cells for 30 min at 37°C. Post-PBS-wash
cells were incubated at 37°C for 1 h. Fluorescence measure-
ment was at excitation wavelength 480 nm and emission
wavelength 530 nm (SpectraMax Molecular Devices, Sunny-
vale, CA, USA).

GSIS Treated islets or cells were washed with PBS and placed
in 1 ml serum-free Krebs—Ringer buffer (composition in
mmol/l: 115 NaCl, 24 NaHCO;, 5 KCIl, 1 MgCl, and
25 HEPES) for 1 h at 37°C. Low (1 mmol/l) or high
(16 mmol/l) glucose was added for 30 min at 37°C. Insulin
levels in media were measured by ELISA (Mercodia, Winston
Salem, NC, USA) according to the manufacturer’s instruc-
tions. The following stimuli were used: PIC cocktail for 4 h,
0.5 mmol/l H,O, for 1 h (Sigma) and 100 pmol/l pyocyanin
(Sigma) for 1 h. ML171 (10 pmol/l) (R&D Systems) was
added 30 min prior to treatment.

Apoptosis detection For the caspase-3 assay, pro-caspase-
3 cleavage was measured using a caspase-3 Assay kit
(BD Pharmingen, Franklin Lakes, NJ, USA) according
to the manufacturer’s instructions; fluorescence was
measured (SpectraMax) at excitation wavelength
380 nm and emission wavelength 440 nm (INS-1) or
460 nm (BTC-3, mouse).

For fluorescence microscopy, stimulated cells or is-
lets washed in cold PBS were incubated in cold PBS
containing 1 pg/ml propidium iodide and 0.1 pmol/l
YO-PRO-1 (Life Technologies) for 30 min at 4°C. For
cell lines, five random fields per well were analysed
and for islets, all islets (>1,000 pm? in size) were
analysed. The densitometric fluorescence value for
YO-PRO-1 (green channel) was normalised to back-
ground and expressed proportional to cell-occupied area
(phase contrast). An apoptotic index was established by
relative expression of normalised signal with PIC-
cocktail being defined as unity. Images were captured
with Axiophot (Zeiss, Jena, Germany) and Axiovision
(Zeiss) image analysis.

Statistical analysis Experiments were performed in triplicate.
Student’s ¢ test or one-way ANOVA with Tukey post hoc
testing (Prism 4.0; Graph-Pad Software, La Jolla, CA, USA)
were used to determine statistical significance (95% CI and
p< 0.05).

Results

Inhibition of NOX-1 prevents inflammatory cytokine-induced
ROS in beta cells Elevation of cellular ROS in beta cell lines
INS-1 (rat) and BTC-3 (mouse) was evaluated by conversion
of fluorescent substrate DCF-DA. Following 1 h stimulation
with a PIC cocktail (IL-13, TNF-x and IFN-y), detectable
ROS were elevated from control levels of 0.05+0.02 and 0.09
+0.03 relative fluorescence units (RFU) to 0.254+0.04
(p<0.05) and 0.23+£0.03 (p<0.01) RFU for INS-1 and
BTC-3, respectively (Fig. 1). Addition of NOX-1 inhibitor
ML171 (0.1, 1, 10 pumol/l) resulted in a concentration-
dependent inhibition of PIC-induced ROS in both INS-1
(Fig. 1a) and BTC-3 (Fig. 1b) beta cells. These data identify
NOX-1 activity as a contributing factor to PIC-induced eleva-
tion of intracellular ROS in beta cells.

Inhibition of NOX-1 prevents inflammatory cytokine-induced
cell death in beta cells Exogenous exposure to PICs induces
beta cell death. Quantification of caspase-3 activation was
used as a measure of induced apoptosis. Following cytokine
exposure, caspase-3 activity increased from control levels of
430+13.74 RFU to 467+11.86 RFU (p<0.05) in INS-1 cells
and from control levels of 220+7.2 RFU to 255+6.8 RFU
(p<0.01) in BTC-3 cells (Fig. 2). Addition of ML171 (0.1, 1,
10 wmol/l) blocked the PIC-induced activation of caspase-3
up to 100+3.4% (p<0.05) and 97+3.1% (p<0.05) in INS-1
(Fig. 2a) and BTC-3 (Fig. 2b) cells, respectively. Induction of
apoptosis was additionally studied microscopically. The fluo-
rescent dye YO-PRO-1 (green) was used to detect cells un-
dergoing apoptosis. Treating INS-1 and 3TC-3 cells with PIC
cocktail significantly increased apoptosis, as shown by
an increase in fluorescence (p<0.001) when compared
with control cells (Fig. 3c, h vs Fig. 3b, g). Inclusion of
ML171 (1 and 10 pmol/l) with PICs significantly
protected both beta cell lines from cell death (p<0.05
and p<0.001, respectively). Fluorescence intensity was
quantified for control, PIC- and PIC plus ML171-treated
cell lines (Fig. 3a, f). Representative images for each cell
line and treatment are shown in Fig. 3b—e, g—j.

Inhibition of NOX-1 prevents Nox-1 gene expression initiated
by inflammatory cytokines in beta cells Expression of the
Nox-1 gene in INS-1 and BTC-3 cells was upregulated 23+
2.1-fold and 32+2.4-fold, respectively (Fig. 4a, b). Addition
of ML171 (0.1, 1, 10 umol/l) inhibited PIC-induced expres-
sion of Nox-1 by 33% and 23% in INS-1 and BTC-3 cells,
respectively. Expression of NOX-1 protein increased by 25+
0.3% in INS-1 cells and 10+0.2% in BTC-3 cells when beta
cells were treated with PICs (Fig. 4c, d). PIC-induced produc-
tion of NOX-1 protein was significantly inhibited by 1 pmol/l
ML171 (100£4.9%, p<0.05 in INS-1 cells and 100+1.5%,
p<0.01 in BTC-3 cells).
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Fig. 1 Induction of ROS by inflammatory cytokines in beta cells is
mediated by NOX-1. Beta cells were treated with PIC cocktail with or
without ML171. Graphs show DCF-DA conversion (RFU) for INS-1 (a)

Inhibition of NOX-1 preserves GSIS in beta cells exposed to
inflammatory cytokines Insulin secretion was increased in
control INS-1 and BTC-3 beta cell lines when low-glucose
medium (1 mmol/l) was exchanged for high-glucose medium
(16 mmol/l) (Fig. 5a, b; p<0.05). After exposure to PICs,
GSIS was absent in both INS-1 and BTC-3 cells. After addi-
tion of ML171 (1 and 10 pmol/l) to PIC exposure, insulin
secretion in response to high-glucose media was significantly
increased in both INS-1 (p<0.05 for both concentrations) and
BTC-3 cells (p<0.05 p<0.001 for 1 and 10 umol/l, respec-
tively), restoring the glucose-sensitive insulin response. No
significant changes in cellular total insulin (low glucose) or
total protein were observed with cytokine treatment (data not
shown). These data suggest that NOX-1 inhibition by ML171
protects beta cells from inflammation-induced cell dysfunc-
tion. Exogenous exposure of beta cell lines INS-1 or 3TC-3 to
the ROS-generating agents hydrogen peroxide (H,O,) or pyo-
cyanin induced cell death (Fig. 6a—d) and uncoupling of GSIS
(Fig. 6e, f for INS-1 cells; Fig. 6g, h for BTC-3 cells).
Inclusion of 10 umol/l ML171 significantly blocked apoptosis
and uncoupling of GSIS by H,O, or pyocyanin in beta cell
lines (p<0.05, p<0.01 and p<0.001). These data suggest that
elevated ROS mediates beta cell dysfunction and that protec-
tion can be conferred by inhibiting NOX-1.

Inhibition of NOX-1 preserves function and survival of primary
mouse islets exposed to inflammatory cytokines Stimulation of
primary mouse islets with PICs resulted in cell death. Cleav-
age of a pro-caspase-3 substrate was used to measure cell

Caspase-3 cleavage (RFU) &9

Ctl PIC

0.1 1 10
MLI171 (umol/1)

Fig. 2 Protection of beta cell lines from cytokine-induced caspase-3
activation. Beta cells were treated with PIC cocktail with or without
ML171. Graphs show pro-caspase-3 cleavage (RFU) for INS-1 (a) and
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and BTC-3 (b) beta cells. Data are presented as mean+SEM. *p<0.05
and **p<0.01 relative to control (Ctl); Tp<0.05, T7p<0.01 and
19<0.001 relative to PIC; n=3

death in isolated mouse islets. Caspase-3 increased from con-
trol levels of 52.7+0.3 RFU to 54+0.3 RFU (p<0.05) fol-
lowing exposure to PIC (Fig. 7a). Addition of 1 umol/l and
10 umol/l ML171 blocked the PIC-induced activation of
caspase-3 up to 100+7% and 100+3%, respectively.

Beta cell function was assessed in primary mouse islets by
measuring GSIS. Mouse islets exposed to 16 mmol/l glucose
vs 1 mmol/l glucose showed a significant increase in insulin
secretion (p<0.01) (Fig. 7b). PIC-treated islets did not exhibit
a glucose-stimulated insulin response. The glucose-stimulated
insulin response was partially restored when islets were treat-
ed with PICs plus ML171. When 10 pumol/l ML171 was
included, insulin secretion was significantly increased in re-
sponse to high-glucose media (p<0.01).

Nox-1 gene expression was also measured in mouse islets.
Islets treated with PICs showed a 44.4+6.9-fold increase in
the expression of Nox-I compared with untreated islets
(Fig. 7¢). Addition of 1 pumol/l ML171 inhibited PIC-
induced Nox-1 expression in mouse islets by 84% (p<0.05).

Primary mouse islets were assessed microscopically for
PIC-induced apoptosis (Fig. 8a). Following overnight expo-
sure to PIC cocktail, a 40+3% (p<0.001) increase in apopto-
sis was observed (Fig. 8a). Inclusion of 10 pmol/l ML171
significantly reduced PIC-induced islet apoptosis by 86+4%
(p<0.001). Representative images for each condition are
shown in Fig. 8b—d.

Inhibition of NOX-1 protects human donor islets exposed to
inflammatory cytokines Primary human donor islets were
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Fig. 3 Protection of beta cell lines from cytokine-induced apoptosis.
INS-1 cells (a—e) and BTC-3 cells (f-j) were treated with PIC cocktail
with or without ML171. Cells were examined microscopically (magnifi-
cation x10) following labelling with YO-PRO-1 (green). Graphs for INS-
1 (a) and BTC-3 (f) show quantified apoptosis. Representative images of
INS-1 and BTC-3 cells, respectively, are shown for untreated cells (b, g),
PIC-treated cells (c, h), cells treated with PIC and ML171 at 1 umol/l (d,
i) or cells treated with PIC and M171 at 10 pumol/l (e, j). Data are
presented as mean + SEM. ***p<(.001 relative to control (Ctl);
p<0.05 and T1p<0.001 relative to PIC; n=3
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Fig.4 Expression of NOX-1 gene and protein production is inhibited by
MLI171. Nox-1 gene expression relative to control (untreated) cells in
INS-1 cells (a) and BTC-3 cells (b) following stimulation with PIC
cocktail without or with ML171. NOX-1 protein expression in INS-1
(¢) and BTC-3 cells (d) for untreated cells, PIC-treated or PIC plus
1 umol/l ML171. Graphs show densitometric analysis of western blots
from INS-1 cells (¢) and BTC-3 cells (d) relative to PIC-treated cells.
Representative blots are shown for NOX-1 (top lane) or (3-actin (bottom
lane). Data are presented as mean + SEM. *p<0.05 relative to control
(Ctl); 7p<0.05 and TTp<0.01 relative to PIC; n=3

treated with PIC cocktail, and cell death was measured micro-
scopically using the fluorescent dye YO-PRO-1. Human islets
treated with PICs showed a significant increase in apoptosis
(44+£9%) (p<0.001) (Fig. 9a). When the islets were treated
with PIC plus the NOX-1 inhibitor ML171 (10 pmol/l), the
PIC-induced apoptosis was significantly reduced by 30+3%
(p<0.05). Representative images for each condition are
shown in Fig. 9b—d. Co-staining of human islets with insulin
to identify beta cells is shown in ESM Fig. 1. Induced NOX-1
gene expression was measured in human islets (Fig. 10).
Treatment of primary human donor islets with PICs upregu-
lated NOX-1 expression 9.4+1.9-fold. Addition of 1 pmol/l
ML171 significantly inhibited PIC-induced expression of
NOX-1 by 50% (4.4+1.2-fold; p<0.05).

Discussion

We have previously described NOX-1 activity as a mediator
of inflammation-induced beta cell dysfunction [21]. The im-
portance of this pathway to beta cell pathology was reinforced
by identification of a feed-forward regulation of NOX-1 in
beta cells [30]. In this report we have investigated the conse-
quence of NOX-1 inhibition in terms of conferring protection
to islets and beta cell lines exposed to an inflammatory
environment.

A chronic, albeit subclinical, inflammatory state is a
recognised feature of both type 1 and type 2 diabetes
[24-29, 36-38]. Study of islets and beta cell lines exposed
to PICs in vitro/ex vivo has shown marked loss of beta cell
function and survival when compared with non-cytokine-
exposed controls. Acute exposure of beta cells to PICs (6 h)
results in measurable cell death and decreased function. Cel-
lular changes in the beta cells that are concomitant with
inflammatory cytokine exposure include an elevation of intra-
cellular ROS and upregulation of genes, including those
encoding 12-lipoxygenase, monocyte chemoattractant
protein-1 and NOX-1. Based on our previous findings show-
ing a selective upregulation of NOX-1 in beta cells exposed to
PICs, and association of NOX-1 with PIC-induced islet dys-
function, we have sought a selective inhibitor of NOX-1 to
validate the role of NOX-1 in mediating acute inflammation-
induced beta cell dysfunction.

Recent high-throughput screening campaigns have suc-
cessfully identified compound classes with improved selec-
tivity within the NOX family of enzymes. In addition to dual
specific NOX-1/4 pyrazolopyrimide dione inhibitors, a selec-
tive NOX-1 inhibitor, 2-acetylphenothiazine compound
(ML171) was identified in an HT29 cell-based screen.
ML171 has an enzyme ICs, of 129-250 nmol/l and a greater
than 30-fold specificity for inhibition of NOX-1 over NOX-2
or other NOX isoforms [34].
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Fig. 5 Beta cell function is preserved by inhibition of NOX-1. GSIS in
INS-1 (a) and BTC-3 cells (b) for untreated cells (Ctl) or cells treated with
PIC cocktail without or with ML171. Cells were exposed to low-glucose

Homogenous beta cell lines INS-1 and BTC-3 showed a
significant upregulation in intracellular ROS following acute
exposure to a PIC cocktail of IL-13, TNF-« and IFN-y. The

a e
6 3k
% ~
=
E t
) s
] =
8 £
g 2 S
(=9} =
2 =
0
cil HO, il
1,000
% ~
=
E S 800
3 = 600
=) =
=] 172}
= = 400
L H L H L H
Ctl Pyo ML171
C g
40 6,000
o sk ok =
« =
EEL ‘E 5,000
Q =9
g2 = 4000
g Z 3000
2" tt g >
0 2,000
Cil HO0,  MLI71
3 ® 4,500
% ~
E E 4,000
8 &
g2 Z 3500
2 £
g Z 3,000
2 =
1 2,500

L H H
Ctl Pyo

cu Pyo L H

MLI71 —
MLI71
Fig. 6 Inhibition of NOX-1 protects beta cells from ROS-mediated
dysfunction. Beta cells were treated with H,O, (a, ¢, e, g) or pyocyanin
(Pyo) (b, d, f, h) with or without 10 umol/l ML171. Apoptosis (a—d) and
GSIS (e-h) were measured in INS-1 (a, b, e, f) or FTC-3 (¢, d, g, h) cells.
Cells were exposed to 1 mmol/l glucose (L, grey bars) or 16 mmol/l
glucose (H, black bars). Data are presented as mean + SEM. *p<0.05,
#¥p<0.01 and ***p<0.001 relative to control (Ctl); Tp<0.05, Tp<0.01

and T77p<0.001 relative to H,O, or pyocyanin; n=3
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same stimulation preferentially upregulates NOX-1 when
compared with other NADPH oxidases [21]. Inclusion of the
selective NOX-1 inhibitor ML171 was used to determine the
importance of NOX-1 activity in PIC-induced beta cell dys-
function. ML171 effectively decreased the elevation of intra-
cellular ROS resulting from PIC exposure. Inhibition due to
MLI171 was concentration dependent, with protection being
maximal at 10 umol/l. Analogous results were observed for
both INS-1 and BTC-3 cells. These data suggest that a signif-
icant component of PIC-induced ROS elevation in beta cell
lines is NOX-1 dependent since induction of ROS is blocked
with the selective NOX-1 inhibitor, ML171.

Association of elevated ROS with beta cell dysfunction is
established and equates to the relatively low activity of ROS
scavenger systems in beta cells [1-4]. PICs induce cell death
and beta cell dysfunction. We determined whether these out-
comes involve NOX-1 activation. Induction of cell death in
beta cell lines was evident following PIC stimulation, measured
both by induction of caspase-3 cleavage or by direct quantita-
tive microscopic analysis. Inclusion of the NOX-1 inhibitor
MLI171 effectively reduced PIC-induced beta cell death ob-
served in INS-1 and BTC-3 cells. Equally, the function of beta
cells, assessed by measuring static GSIS, is uncoupled by PIC
exposure and preserved in the presence of ML171. The lower
starting concentration of ML171 required to inhibit the effects
of PICs on ROS production, caspase-3 or GSIS in beta cells
likely reflects the shorter duration of these assays relative to the
overnight apoptosis assay. Collectively, these data in homoge-
nous beta cells lines demonstrate that NOX-1 activity is a major
cellular event that mediates PIC-induced beta cell dysfunction.
Further, inhibition of NOX-1 can preserve function and surviv-
al in beta cell lines exposed to inflammatory conditions.

Beta cell dysfunction and islet cell death were observed
following exposure of primary islets to cytokines. Addition of
MLI171 protected the islets from the effects of PICs for the
measured variables of function and cell viability. Significant
protection was observed in mouse GSIS, cell death and
caspase-3 cleavage. Relative to cell lines, the basal caspase-3
signal was reduced in primary islets; this may reflect the lower
cell proliferation rate. Importantly, for the translational poten-
tial of NOX-1 inhibition, these data in primary islets provide
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Fig. 7 Inhibition of NOX-1 protects primary mouse islets from inflam-
matory cytokines. (a) Pro-caspase-3 cleavage was measured in isolated
primary mouse islets treated with PIC cocktail in the absence or presence
of ML171. (b) GSIS was assessed in untreated (Ctl) islets or islets treated
with PIC with or without 10 umol/l ML171. Islets were exposed to

proof-of-concept validation that disruption of NOX-1 activity
may be a targetable strategy to preserve islet function under
inflammatory conditions.

In terms of systemic inhibition of NOX-1, any potential
off-target effects will need to be considered. In a broad-
spectrum receptor inhibition screen, ML171 exhibited a very
low potency and very low affinity at serotonin and adrenergic
receptors [39]. Mice with a global deletion of NOX-1 are
viable and do not exhibit any gross physical or behavioural
phenotype [40]. Study of these mice has identified a physio-
logical role for NOX-1 in acute response to hypertension
induced by exogenous angiotensin II [40, 41], though a
chronic upregulation of the endogenous renin—angiotensin
system was not observed [42]. Pathophysiological upregula-
tion of NOX-1 expression is associated with certain colon and
prostate cancers [43—46]. Thus, while NOX-1 is non-essential,
mice with complete deletion of Nox-/ have impaired regula-
tion of hypertension, suggesting a partial inhibition may be
tolerated. Inhibition of NOX-1 could additionally be benefi-
cial in certain cancers [43—47]. Further, inhibition of NOX-1

Apoptotic index &

Fig. 8 Protection of primary mouse islets from cytokine-induced apo-
ptosis. Apoptosis was measured by YO-PRO-1 (green) labelling in iso-
lated primary mouse islets treated with PIC cocktail without or with
10 umol/I ML171. (a) Quantified apoptosis from all islets per experiment.
Data presented are an apoptotic index where PIC response was set to
unity. (b—d) Representative images for untreated islets (b), PIC-treated
islets (¢) and PIC plus 10 pmol/l ML171-treated islets (d) are shown
(magnification x10). Data are presented as mean + SEM. ***p<0.001
relative to control (Ctl); T77p<0.001 relative to PIC; n=3

1 mmol/l glucose (grey bars) or 16 mmol/l glucose (black bars). (c)
Expression of Nox-1 gene is shown in primary mouse islets treated with
PIC without or with 1 pumol/l ML171. Data show fold expression relative
to untreated (control) islets. Data are presented as mean + SEM. *p<0.05
and **p<0.01 relative to Ctl; 1p<0.05 and T7p<0.01 relative to PIC; n=3

has been proposed as a strategy to suppress thrombotic events
[48]. The pyrazolopyrimide dione NOX-1/4 selective inhibi-
tor GK-136901 is reported to be well tolerated in mice, with
dosing tested up to 1,000 mg/kg per os [33]. Inhibition of
NOX-1 activity by the selective inhibitor ML171 offered the
cleanest exploration for the role of NOX-1 in PIC-mediated
beta cell dysfunction. Potential off-target effects of the inhib-
itor, while not reported, cannot be eliminated. Alternative
approaches to downregulating NOX-1 will provide helpful
validation. Molecular deletion studies offer the challenge of
achieving meaningful knockdown on the background of
stimuli-induced expression of NOX-1. Our previous studies
have identified a feed-forward regulation of NOX-1 in beta
cells [30]. Elevated intracellular ROS and subsequent redox
signalling drive a primed NOX-1 gene. The importance of this
to islet pathology is the implied potential for a reinforcing
elevation in intracellular ROS and progression to oxidative
stress. Direct elevation of ROS in beta cell lines results in
apoptosis. This is inhibited in FTC-3 and INS-1 cells by
inclusion of 10 wmol/l ML171. In terms of a therapeutic index

Apoptotic index &

Fig. 9 Protection of primary human donor islets from cytokine-induced
apoptosis. Apoptosis was measured by YO-PRO-1 (green) labelling in
primary human donor islets treated with PIC cocktail in the absence or
presence of 10 umol/l ML171. (a) Quantified apoptosis from all islets per
experiment. Data presented are an apoptotic index where PIC response
was set to unity across donors. (b—d) Representative images for untreated
islets (b), PIC-treated islets (¢) and PIC plus 10 umol/l ML171-treated
islets (d) are shown (magnification x10). Data are presented as mean =+
SEM. **%p<0.001 relative to control (Ctl); /p<0.05 relative to PIC; n=3
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Fig. 10 Regulation of NOX-1 gene expression by NOX-1 activity in
primary human donor islets. Expression of NOX-1 gene in human donor
islets treated with PIC cocktail in the absence or presence of 1 pmol/l
MLI171. Data show fold expression relative to untreated (control, Ctl)
islets. Data are presented as mean = SEM. Tp<0.05 relative to PIC; n=3

for systemic NOX-1 inhibition, partial disruption of the feed-
forward regulation of NOX-1 in beta cells has the potential for
therapeutic beta cell protection with minimal off-target effects.
Providing support for this concept, ML171 disrupted PIC-
induced expression of NOX-1 in beta cell lines and primary
islets.

An unaddressed clinical challenge of diabetes is the estab-
lishment of an effective strategy for preserving existing beta
cell mass and/or conferring protection to replenished islets in
an existing inflammatory environment. We have identified
NOX-1 as an effector of inflammation-induced beta cell dys-
function. Using a selective inhibitor of NOX-1, this study
shows NOX-1 to be a major mediator of PIC-induced beta cell
dysfunction. Development and translation of NOX-1 inhibitors
may provide novel strategies for preserving and protecting beta
cell function in diabetes. These applications could include
monocomponent or combination therapies with islet regenera-
tive agents, in addition to protection of islets pre-transplanta-
tion/xenotransplantation with or without encapsulation.
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