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Abstract
Aims/hypothesis Enhanced vascular inflammation, immune
cell infiltration and elevated production of reactive oxygen
species (ROS) contribute significantly to pro-atherogenic re-
sponses in diabetes. We assessed the immunomodulatory role

of NADPH oxidase (NOX)-derived ROS in diabetes-
accelerated atherosclerosis.
Methods Diabetes was induced in male Apoe−/− mice with
five daily doses of streptozotocin (55 mg kg−1 day−1). Ath-
erosclerotic plaque size, markers of ROS and immune cell
accumulation were assessed in addition to flow cytometric
analyses of cells isolated from the adjacent mediastinal lymph
nodes (meLNs). The role of NOX-derived ROS was investi-
gated using the NOX inhibitor, GKT137831 (60 mg/kg per
day; gavage) administered to diabetic and non-diabetic Apoe−/−

mice for 10 weeks.
Results Diabetes increased atherosclerotic plaque develop-
ment in the aortic sinus and this correlated with increased
lesional accumulation of T cells and CD11c+ cells and altered
T cell activation in the adjacent meLNs. Diabetic Apoe−/−

mice demonstrated an elevation in vascular ROS production
and expression of the proinflammatory markers monocyte
chemoattractant protein 1, vascular adhesion molecule 1 and
IFNγ. Blockade of NOX-derived ROS using GKT137831
prevented the diabetes-mediated increase in atherosclerotic
plaque area and associated vascular T cell infiltration and also
significantly reduced vascular ROS as well as markers of
inflammation and plaque necrotic core area.
Conclusions/interpretation Diabetes promotes pro-
inflammatory immune responses in the aortic sinus and its
associated lymphoid tissue. These changes are associated with
increased ROS production by NOX. Blockade of NOX-
derived ROS using the NOX inhibitor GKT137831 is associ-
ated with attenuation of these changes in the immune response
and reduces the diabetes-accelerated development of athero-
sclerotic plaques in Apoe−/− mice.
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Abbreviations
DC Dendritic cell
DHE Dihydroethidium
MCP-1 Monocyte chemoattractant protein 1
meLN Mediastinal lymph node
NT Nitrotyrosine
NOX NADPH oxidase
ROS Reactive oxygen species
VCAM-1 Vascular adhesion molecule 1

Introduction

Diabetes increases the risk of developing cardiovascular dis-
ease and its serious sequelae, such as stroke and myocardial
infarction [1, 2]. Elevated immune-mediated inflammation and
oxidative stress are known to play key roles in the initiation
and progression of atherosclerosis [3–5]. However, the under-
lying pathological mechanisms that link the immune response
and reactive oxygen species (ROS) to accelerated atheroscle-
rosis development in diabetes remain to be fully elucidated.

An enhanced inflammatory state in diabetes promotes the
activation of pro-atherogenic mechanisms in vascular cells
and immune cells [6, 7]. Previous studies have identified a
marked increase in T cells in aortas from diabetic mice [8] and
in human atherosclerotic plaques [9], the majority of which
are proinflammatory, IFNγ-producing CD4+ Th1 cells [10].
Furthermore, abundant infiltration of activated T lymphocytes
and macrophages are key features of plaque instability and
vulnerability to rupture [11].

Diabetic patients suffer from increased oxidative stress,
particularly those patients with complications [12]. NADPH
oxidase (NOX) enzymes are a major source of vascular ROS
[4, 13], with isoforms NOX1 and NOX4 playing key roles in
vasculopathies [14–16]. Elevated ROS production in the ves-
sels of diabetic patients and rodents has been shown in parallel
with increased NOX expression and activity [17–19]. Further-
more, we recently demonstrated that genetic deletion of Nox1
attenuates atherosclerosis development in diabetic Apoe−/−

mice [20]. Oxidative stress induces the expression of pro-
inflammatory adhesion and chemotactic molecules, such as
vascular adhesion molecule 1 (VCAM-1) and monocyte
chemoattractant protein 1 (MCP-1) [20–22], which promote
the recruitment and accumulation of inflammatory cells to the
developing atherosclerotic lesion [23, 24]. Hyperglycaemia
augments the production of proinflammatory cytokines, in-
cluding IFNγ [25, 26], which further stimulate ROS produc-
tion by NOX enzymes [4], highlighting another link between
oxidative stress and the immune response leading to inflam-
mation in diabetes.

Previous studies have evaluated the effect of diabetes-
mediated oxidative stress and inflammation on atherosclerosis

development and progression [20], although changes in the
immune response in diabetes-accelerated atherosclerosis have
not been investigated in detail. We propose that NOX-derived
ROS play an important role in the immune–inflammatory
responses that contribute to accelerated atherosclerosis devel-
opment in diabetes. The study had the following purposes: (1)
to investigate the effects of diabetes on immune–inflammatory
responses known to contribute to atherosclerosis and (2) to use
a pharmacological approach to elucidate the link between
diabetes-induced ROS production by NOX enzymes and
key immune mechanisms that drive atherosclerosis using the
novel NOX1/NOX4 inhibitor, GKT137831.

Methods

Animal studies All experimental protocols were approved by
the Alfred Medical Research and Education Precinct
(AMREP) Animal Ethics Committee according to the National
Health and Medical Research Council of Australia guidelines.

The mice used in this study had unrestricted access to water
and standard chow (Specialty Feeds, Glen Forrest, WA,
Australia) and were maintained on a 12 h light/dark cycle
under pathogen-free conditions in the Precinct Animal Centre
of the Baker IDI Heart and Diabetes Institute. Six-week-old
male Apoe−/−mice (ARC, Canning Vale,WA, Australia) were
rendered diabetic by five daily i.p. injections of streptozotocin
(Sigma-Aldrich, St Louis, MO, USA) at a dose of 55 mg/kg in
citrate buffer [27, 28]. Only mice with a blood glucose level
>15 mmol/l at 1 week after the induction of diabetes were
studied. Subgroups of diabetic and non-diabetic Apoe−/−mice
were administered the NOX inhibitor, GKT137831 by gavage
at a dose of 60 mg/kg per day for 10 weeks. Systolic BP was
assessed by a non-invasive tail cuff system in conscious mice
[29]. At the conclusion of the study, the mice were killed by an
i.p. injection of sodium pentobarbital (100 mg/kg; Euthatal,
Sigma-Aldrich, Castle Hill, NSW, Australia).

Tissue collection and preparation The heart and aorta were
dissected, with the aortic sinus cleaned of surrounding cardiac
tissue and snap frozen in liquid nitrogen. Hearts, cut in half at
a plane parallel to the tips of the atria, were snap frozen in
liquid nitrogen and then embedded in optimal cutting temper-
ature compound (OCT) for cryosectioning. The aortic sinus
and mediastinal lymph nodes (meLNs) from 8-week-old mice
(1 week after the stabilisation of diabetes), for gene expression
analyses, were isolated under dissecting microscope (Olympus
SZX10; Olympus, Tokyo, Japan). Between four and six
meLNs were collected per mouse (n =4–6 mice/group) at the
end of the study period for flow cytometry.

NOX inhibitor GKT137831, amember of the pyrazolopyridine
dione family, is a specific inhibitor of NADPH isoforms
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NOX1 and NOX4 (NOX1 Ki=110 nmol/l and Nox4 Ki=
140 nmol/l) and has been used previously by our group and
others to inhibit NOX1- and NOX4-derived ROS in vivo and
in vitro [20, 30].

Plasma lipid analysis Blood was collected in heparin via
cardiac puncture and total cholesterol, HDL and LDL concen-
trations were measured in plasma with a standard commercial
enzymatic assay using a Beckman Coulter LX20PRO
Analyser (Cat. No. 467825; Beckman Coulter Diagnostics,
Gladsville, NSW, Australia).

Atherosclerotic lesion assessment Aortic sinus lesions were
stained with Oil Red O as described previously [31]. Briefly,
aortic sinus cryosections (6 μm) were collected starting from
the appearance of the first complete leaflet and stained with
Oil Red O (Sigma-Aldrich, St Louis,MO, USA). Images were
visualised under light microscopy at 40× magnification
(Olympus BX50; Olympus Optical, Tokyo, Japan), digitised
with a JVC high resolution camera (Olympus BX50; Olympus
Optical) and quantified using Image Pro-Plus 6.0 (Media
Cybernetics, Silver Spring, MD, USA). For each mouse, three
cross-sections, 60 μm apart, were analysed and the results of
each group were expressed as lesion area (μm2) ± SEM.
Plaque necrosis was quantified by measuring the area of
hematoxylin and eosin-negative acellular areas in the intima,
as described previously [32], and the results were expressed as
percentage of necrotic core per lesion area.

Cell immunostaining and flow cytometry meLNs were isolat-
ed from at least four mice per group (four to six lymph nodes
per mouse) into chilled RPMI 1640 medium supplemented
with 10% (v/v) heat-inactivated FCS, 100 U/ml penicillin,
100 μg/ml streptomycin and 100 μg/ml L-glutamine. Single-
cell suspensions (approximately 1×106 cells/ml) were stained
for CD3, CD4, CD8, CD19, CD44, CD62L, CD11c and
CD11b in combination with Fc block (BD Pharmingen, North
Ryde, NSW, Australia) to minimise background staining.
Antibody details and gating strategy are outlined in electronic
supplementary material (ESM) Table 1 and ESM Fig. 1, re-
spectively. A minimum of 10,000 events were collected on a
FACS Calibur flow cytometer (BD Biosciences, San Jose,
CA, USA) using CellQuest Pro software (BD Biosciences,
San Jose, CA, USA) and analysed with GateLogic software
(Inivai, Mentone, VIC, Australia). Results were expressed as
the ratio of cells expressing specific marker(s) within the
given parent gate.

Immunochemistry of atherosclerotic lesions Frozen sinus sec-
tions were stained with antibodies specific for murine
nitrotyrosine (NT), MCP-1, VCAM-1, CD4, CD8, CD11c
and IFNγ. Antibody details and dilutions are outlined in
ESM Table 2. Sections were fixed with acetone and quenched

in 3% H2O2 in TRIS-buffered saline (pH 7.6) to inhibit
endogenous peroxidase activity. Sections were incubated with
2.5% Normal Horse Serum (1:10; Vector Laboratories,
Burlingame, CA, USA) for 30–60 min at room temperature.
Primary antibodies were applied for 1 h at room temperature,
although MCP-1 and CD11c required overnight incubation at
4°C in a humidified chamber. Sections were incubated with
sequential blocks to avidin and biotin (Vector Laboratories)
followed by the appropriate biotinylated secondary antibody
(Vector Laboratories) for 30 min. All sections were incubated
with horseradish peroxidase-conjugated streptavidin
(Vectastain Elite ABC Staining Kit; Vector Laboratories)
visualised with 3,3′-diamino-benzidine tetrahydrochloride/
H2O2 (DAB; Sigma-Aldrich, St Louis, MO, USA) and coun-
terstained with Mayer’s haematoxylin before mounting with
DePex (Sigma-Aldrich, St Louis, MO, USA). Cells staining
positive for CD4, CD8 and CD11c were expressed as cell
number per unit area of lesion. All other results expressed
positively stained area as a percentage of the total lesion area.

Quantitative RT-PCR Total RNA was extracted from
homogenised aortic sinuses and one or two meLNs in Trizol
reagent (Invitrogen Australia, Mt Waverly, VIC, Australia)
using a bullet blender system (Next Advance, Averill Park,
NY, USA). Contaminating DNAwas removed after treatment
with DNA-free DNAse according to the manufacturer’s
specifications (Ambion, Austin, TX, USA). The resulting
DNA-free RNA (0.35 μg of sinus RNA and 0.25 μg of meLN
RNA) was reverse transcribed into cDNA using the Super-
script First Strand Synthesis System (Life Technologies BRL,
Grand Island, NY, USA). Gene expression was analysed by
quantitative RT-PCR using a Taqman system (ABI Prism
7500; Perkin-Elmer, Poster City, CA, USA) except for IFNγ
gene analysis, which used SYBR Green PCR Master Mix
(Applied Biosystems, Darmstadt, Germany). Fluorescence
for each cycle was analysed quantitatively and gene expres-
sion normalised relative to the expression of the housekeeping
gene for 18S ribosomal RNA (18S rRNA Taqman Control
Reagent kit), which was multiplexed with the gene of interest.
For the Syber system, the 18S rRNA control was run sepa-
rately from the gene of interest but on the same plate. Probes
and primers were designed using a Primer Express program
(sequences outlined in ESM Table 3) and were purchased
from Applied Biosystems (Foster City, CA, USA). Amplifi-
cations were performed with the following time course: 50°C
for 2 min, 95°C for 10 min and 50 cycles of 94°C for 20 s and
60°C for 1 min. The data were normalised to 18S rRNA and
were expressed as fold inductions relative to control non-
diabetic Apoe−/− mice (arbitrarily assigned a value of 1).

Measurement of superoxide production in aortic tissue in
situ Superoxide generation was evaluated with the oxidative
fluorescent dye dihydroethidium (DHE), as described
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previously [33]. In brief, cryosections (6 μm) were incubated
with 2 μmol/l DHE (Molecular Probes, Eugene, OR, USA) in
DMSO, at 37°C for 30 min, rinsed with cold PBS and
mounted in AquaMount media for immediate imaging
(Olympus BX61; Olympus Optical, Tokyo Japan) using an
excitation wavelength of 488 nm and an emission fluores-
cence filter at 590 nm. Images were taken at a low exposure
time to minimise any background fluorescence. Fluorescent
ethidium signal was quantified using NIH Image J software
(http://rsbweb.nih.gov/ij/) and expressed as the mean
fluorescence intensity ± SEM as a percentage of lesion area
(n =5–7).

Statistical analysis All data are presented as means ± SEM,
unless otherwise indicated. Groups were analysed by one-way
and two-way ANOVAwith an LSD post hoc test for multiple
comparison of the means using SPSS Statistics version 20
(IBM, St Leonards, NSW, Australia). A p value of <0.05 was
considered statistically significant.

Results

Metabolic variables Metabolic characteristics for each exper-
imental group are outlined in ESM Table 4. Induction of
diabetes significantly increased blood glucose (F =44.2,
p <0.001) and HbA1c levels (by 37%; F =44.7, p <0.001)
compared with controls, which did not change following
treatment. As expected, diabeticApoe−/−mice had significant-
ly lower body weights (F =16.9, p <0.001), higher plasma
concentrations of LDL (F =12.1, p <0.001), total cholesterol
(F =12.9, p <0.001) and triacylglycerols (F =6.46, p <0.014)
when compared with the controls. Body weight reduction and
dyslipidaemia were largely unaffected by treatment with
GKT137831, although triacylglycerolswere significantly reduced
compared with untreated diabetic mice (diabetes–treatment
interaction: F =4.28, p <0.044).

Assessment of atherosclerotic lesions in the aortic sinus After
10 weeks, diabetic mice showed a significant increase in
atherosclerotic plaques within the aortic sinus compared with
non-diabetic controls, as assessed by Oil Red O staining
(Fig. 1a, b; F =10.5, p <0.002). Treatment of diabetic Apoe−/−

mice with GKT137831 significantly reduced lesion area in the
aortic sinus by 65% in comparison with untreated diabetic
Apoe−/− mice (GKT137831 effect: F =12.9, p <0.001;
diabetes–treatment interaction: F =41.6, p <0.001). This
effect was not seen in non-diabetic Apoe−/− mice treated
with GKT137831.

Atherosclerotic necrotic core area To determine the effect of
diabetes on accelerated atherosclerosis development in the

aortic sinus, we examined plaque necrotic core area. We
observed a significant increase in the percentage of necrotic
area in plaques from diabetic Apoe−/− mice, which was de-
creased by GKT137831 (Fig. 1c, d; GKT137831 effect inde-
pendent of diabetic status: F =11.3, p <0.003).

The diabetes-induced effects on lymphocytes in meLNs are
attenuated by NOX inhibition To evaluate the effect of diabe-
tes on the phenotype and activation status of T lymphocytes
we examined the draining lymphoid tissue of the aorta, the
meLNs, using flow cytometry. The meLNs from diabetic mice
showed a significant increase in the proportion of CD3+

lymphocytes, which was reduced by treatment with
GKT137831 (Fig. 2a; GKT137831 effect: F =6.79,
p <0.024; diabetes–treatment interaction: F =9.60,
p <0.010). Further analysis of this CD3+ subset revealed a
significant increase in the proportion of CD8+ lymphocytes in
diabetic meLNs, which was attenuated by GKT137831 treat-
ment (Fig. 2b; F =7.97, p <0.017). Similarly, there was a
significant reduction in CD4+ lymphocytes with response to
GKT137831 treatment (Fig. 2c). Diabetic mice also displayed
a higher fraction of activated (CD44+CD62L−) CD4+ cells

Fig. 1 Diabetes-induced atherosclerosis and enhanced plaque necrotic
core area in the aortic sinus is attenuated by NOX inhibition with
GKT137831 in mice. Plaque area was measured at 10 weeks after
induction of diabetes as a percentage of total aortic sinus area. Oil Red
O stained aortic sinuses, magnification ×40 (a) and quantification (b).
Representative photomicrographs of haematoxylin and eosin staining in
aortic sinus plaques (c) in addition to quantitative analysis of necrotic
core area as a percentage of total plaque area (d). Control (Cont) and
diabetic (Diab) Apoe−/−mice treated with or without GKT137831 (GKT)
for 10 weeks (60 mg/kg per day). Data are presented as means ± SEM
(n =4–6/group). Groups were analysed using one-way ANOVA with an
LSD post hoc test. *p <0.05, Apoe−/− Cont vs Diab; †p<0.05, Apoe−/−

Diab vs treated Diab
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compared with non-diabetic mice (F =6.93, p <0.023); this
was normalised by GKT137831 treatment (Fig. 2d;
GKT137831 effect: F =5.22, p <0.043; diabetes–treatment
interaction: F =5.57, p <0.038). These phenotypic changes
were not observed in the CD8+ T lymphocytes (ESM
Fig. 2). In addition, diabetes was associated with a decrease
in the proportion of CD11c+CD11b+ leucocytes (F =8.30,
p <0.015) and an increase in CD11c+CD11b− and
CD11c−CD11b+ subsets. Treatment with GKT137831
prevented the diabetes-mediated increase in CD11c+CD11b−

cells (Fig. 2e, GKT137831 effect: F =7.12, p <0.022; diabe-
tes–treatment interaction: F =10.5, p <0.002). Diabetes status
also influenced the effect of GKT137831 on CD11c−CD11b+

leucocytes (interaction: F =5.53, p <0.038), although this did

not result in a significant difference compared with untreated
diabetic mice.

Markers of immune cells in atherosclerotic plaques Analysis
of sinuses stained for cell-specific antigens revealed a signif-
icant increase in the number of CD4+ (Fig. 3a, b) and CD8+

(Fig. 3c, d) cells in the plaques from diabetic Apoe−/− mice
compared with non-diabetic Apoe−/− mice. In addition,
plaques from diabetic Apoe−/− mice showed a marked in-
crease in CD11c+ cells (Fig. 3e, f). Inhibition of NOX with
GKT137831 reduced lesional staining for CD4 (diabetes–
t rea tment in terac t ion: F = 11.4, p < 0.005) , CD8
(GKT137831 effect: F =7.74, p <0.016; diabetes–treatment
interaction: F =11.5, p <0.005) and CD11c (interaction:
F =5.18, p <0.040) in diabetic sinus lesions.

Proinflammatory gene and protein expression in vascular and
lymphoid tissue Examination of the inflammation marker
MCP-1 identified a significant increase in expression of the

Fig. 2 Effect of diabetes and NOX inhibition on mouse meLN-derived
leucocytes. Proportion of CD3+ (a), CD8+ (b) and CD4+ (c) lymphocytes
isolated from the meLNs of control (Cont) and diabetic (Diab) Apoe−/−

mice treated with or without GKT137831 (GKT) for 10 weeks (60 mg/kg
per day). *p<0.05, Apoe−/− Cont vs Diab; †p<0.05, Apoe−/− Diab vs
treated Diab. Analysis of CD4+ lymphocyte phenotypes based on CD44
and CD62L expression profile (d): activated (CD44+CD62L−); memory
(CD44+CD62+) and naive (CD44−CD62L+). Analysis of monocyte-gran-
ulocyte subsets based onCD11c and CD11b expression (e): plasmacytoid
dendritic cells (pDC; CD11c+CD11b−); monocytoid DC (mDC;
CD11c+CD11b+) and macrophages (MFs; CD11c−CD11b+). Data are
presented as means ± SEM (n =4–6/group). Groups were analysed using
one-way ANOVAwith an LSD post hoc test. *p<0.05, Apoe−/− control
(black bars) vs diabetic (white bars); †p <0.05, Apoe−/− diabetic vs
treated diabetic (hatched bars); and ‡p<0.05, control vs treated control
(grey bars)

Fig. 3 Increased infiltration of inflammatory cells to the aortic sinus
plaques of diabetic mice is prevented by GKT137831. Representative
sections of aortic sinus immunostained for the presence of CD4 (a), CD8
(c) and CD11c (e); original magnification ×100. Control (Cont) and
diabetic (Diab) Apoe−/− mice were treated with or without GKT137831
(GKT) for 10 weeks (60 mg kg−1 day−1). Quantitative analysis of the
number of cells positive for CD4 (b), CD8 (d), CD11c (f) per lesion area.
Data are presented as means ± SEM (n =5–7/group). Groups were
analysed using one-way ANOVA with an LSD post hoc test. *p<0.05,
Apoe−/− Cont vs Diab and †p <0.05, Apoe−/− Diab vs treated Diab
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gene encodingMCP-1 (F =5.77, p <0.028) and also inMCP-1
protein (F =13.4, p <0.002) expression in the plaques of dia-
betic Apoe−/− mice; these increases were attenuated with
GKT137831 treatment in diabetic Apoe −/− mice alone
(Fig. 4a, b; GKT137831 effect: F =26.2, p <0.001; diabetes–
treatment interaction: F =11.1, p <0.001). Similarly, immuno-
histochemical analysis of VCAM-1 protein also revealed ele-
vated expression in the plaques from diabetic Apoe−/− mice
compared with non-diabetic Apoe−/− mice. VCAM-1 expres-
sion was significantly reduced in diabetic Apoe−/− mice when
treated with GKT137831 (Fig. 4c, diabetes–treatment interac-
tion: F =8.39, p <0.010). Aortic sinuses isolated from diabetic
Apoe−/− mice showed a significant increase in Ifng mRNA,
which was prevented by treatment with GKT137831 (Fig. 4d,
GKT137831 effect: F =4.31, p <0.05; diabetes–treatment in-
teraction: F =5.11, p <0.035). Similarly, leucocytes in the
meLNs from diabetic mice expressed significantly higher
levels of Ifng mRNAwhen compared with non-diabetic mice,

although this was unaffected by treatment (Fig. 4e, diabetes
effect: F =17.36, p <0.001). Staining for IFNγ in the sinus
showed that the majority of the IFNγ-positive cells were
located at the outer endothelial membrane of the leaflet, sug-
gestive of cells entering via the circulation (ESM Fig. 3). In
contrast, genes associated with anti-inflammatory responses,
Il10 and Foxp3 (encoding transcription factor for T regulatory
cells), were unchanged in the meLNs of diabetic mice com-
pared with non-diabetic mice (ESM Fig. 4).

Oxidative stress in the diabetic atherosclerotic lesion is re-
duced by NOX inhibition Immunostaining for NT was
analysed to measure the formation of peroxynitrite, a product
of superoxide and nitric oxide interaction. In addition, vascu-
lar superoxide in diabetes was assessed using the oxidative
fluorescent dye DHE. In diabetic mice, NT staining was
significantly increased in atherosclerotic plaques when com-
pared with their non-diabetic counterparts (Fig. 5a, b;
F =6.83, p <0.021). Aortic sinus plaques from Apoe−/− mice

Fig. 4 The diabetes-mediated upregulation of immune–inflammatory
markers in mouse aortic sinus and its associated lymphoid tissue is
prevented by NOX inhibition with GKT137831. RT-PCR gene expres-
sion analysis of recruitment molecules: Mcp-1 (also known as Ccl2) (a)
and proinflammatory cytokine Ifng mRNA levels in the aortic sinus (d)
and meLNs (e) relative to 18S of control (Cont) and diabetic (Diab)
Apoe−/− mice treated with or without GKT137831 (GKT) for 10 weeks
(60mg/kg per day). Quantitative analysis ofMCP-1 (b) andVCAM-1 (c)
positive staining as a percentage of lesion area. Data are presented as
means ± SEM (n =6/group). Groups were analysed using one-way
ANOVA with an LSD post hoc test. *p <0.05, Apoe−/− Cont vs Diab;
†p <0.05, Apoe−/− Diab vs treated Diab; and §p <0.05, treated Diab vs
treated Cont

Fig. 5 Increased ROS formation in sinus plaques of diabetic mice is
attenuated by NOX inhibition. NT immunohistochemistry (a) and quan-
tification (b) in the plaque, as percentage positive staining per total plaque
area. Representative photomicrographs of DHE staining in aortic sinus
plaques, magnification ×100 (c) and quantification of fluorescence inten-
sity as a percentage of lesion area (d). AU, arbitrary units. Control (Cont)
and diabetic (Diab) Apoe−/− mice treated with or without GKT137831
(GKT) for 10 weeks (60 mg/kg per day). Data are presented as
means ± SEM (n=5–7/group). Groups were analysed using one-way
ANOVA with an LSD post hoc test. *p <0.05 Apoe−/− Cont vs Diab;
†p <0.05, Apoe−/− Diab vs treated Diab
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with diabetes showed significantly increased ethidium fluo-
rescence compared with non-diabetic controls (Fig. 5c, d;
F =9.95, p <0.005). The fluorescence appeared to be more
intense from cells within a plaque than from cells in the
surrounding tissue. Treatment of diabetic mice with
GKT137831 reduced both oxidative stress markers, NT
(diabetes–treatment interaction: F =4.87, p <0.046) and DHE
(GKT137831 effect: F =9.19, p <0.006; diabetes–treatment
interaction: F =6.88, p <0.015) in comparison with untreated
diabetic mice. Additionally, gene expression analyses revealed
a trend towards an increase in Nox1 (p =0.118) and a signifi-
cant increase in Nox4 (p =0.040) mRNA in the aortic sinus of
untreated diabetic mice (ESM Table 5). Treatment of diabetic
mice with GKT137831 significantly reduced expression of
both Nox1 (GKT137831 effect: F =6.706, p <0.020) and
Nox4 (diabetes–treatment interaction: F =6.745, p <0.020).
There was no change in the expression of genes encoding other
NOX isoforms, Nox2 and p47-phox (also known as Ncf1), or
other potential sources of ROS, including endothelial nitric
oxide synthase, inducible NOS and xanthine oxidase.

Discussion

These studies have demonstrated that diabetes-accelerated
atherosclerosis is associated with increased immune cell infil-
tration into the aortic sinus lesion and altered T cell activation
in the adjacent meLNs, and that these pro-atherogenic pro-
cesses are associated with elevated NOX-derived ROS. The
important contributions of immune cell-mediated inflamma-
tion and oxidative stress to atherosclerosis have been well
established [12, 34, 35]. However, the interactions between
key ROS-producing enzymes and inflammatory/immune cell
activation in this process remain elusive in the setting of
diabetes. To investigate the role of two well-characterised
vascular isoforms of the NADPH enzyme, NOX1 and
NOX4, in the development of diabetes-associated atheroscle-
rosis, we administered the NOX1/NOX4 dual inhibitor
GKT137831 to diabetic Apoe−/− mice.

Diabetes was associated with a significant increase in ath-
erosclerotic plaque area in the aortic sinus of Apoe−/− mice,
accompanied by elevated levels of oxidative stress as reflected
by enhanced NT and DHE staining in the plaque. Treatment
with GKT137831 prevented the diabetes-associated increase
in ROS production and attenuated the accelerated develop-
ment of atherosclerosis in the aortic sinus. Recent data pub-
lished by our group demonstrated that treatment with
GKT137831 significantly reduced vascular ROS production
and atherosclerotic plaque formation in the aortic arch and
total aorta of diabetic Apoe−/− mice, and this was also associ-
ated with a reduction in diabetes-induced leucocyte adhesion
to the vascular wall [20].

A key finding of this study in Apoe−/−mice is the impact of
diabetes on adaptive immune cell phenotypes in the draining
lymph nodes for the aorta. Diabetes increased the proportion
of CD8+ T cells and activated CD4+ T cells in the meLNs,
which was associated with an increased accumulation of
T cells into the atherosclerotic lesion. Previous studies have
shown that hyperglycaemia induces activation of pro-
inflammatory T lymphocytes and decreases the suppressor
function of T regulatory cell subsets [36, 37]. In this study,
the increase in activated CD4+ Tcells in the meLNs of diabetic
Apoe−/− mice did not appear to be associated with aberrant
immune suppression, as we did not observe differences in
expression of genes encoding Treg and Th2 cell markers
(Foxp3 and Il10 , respectively). Of note, Kolbus et al showed
that T cells in the draining lymph nodes of the aorta are also
exposed to antigens acquired in the atherosclerotic plaque,
which results in their activation to Th1 cells [38].

The diabetes-associated alterations in T cell functional
phenotypes correlated with an increase in Ifng expression in
the meLNs and aortic sinus plaque. The proinflammatory
cytokine IFNγ has been shown to play an important role in
atherosclerosis [39] through recruitment of monocytes and
T lymphocytes to the plaque via the induction of chemokines,
such as MCP-1 [24]. Diabetes-induced expression of IFNγ,
MCP-1 and VCAM-1 in aortic sinus lesions was coupled with
a significant increase in the infiltration of CD4+ and CD8+

cells into the atherosclerotic lesion. Previous work by Zhou
et al demonstrated a predominance of IFNγ-producing CD4+

Th1 cells in atherosclerotic lesions, indicative of the
proinflammatory Th1-CD4+ subset [40]. In line with these
findings, we observed more than twice as many CD4+ cells
than CD8+ cells in the aortic sinuses of atherosclerosis prone
diabetic Apoe−/− mice. Furthermore, we showed localisation
of IFNγ protein in the aortic sinus to cells at the luminal face
of the leaflets, indicative of infiltrating proinflammatory im-
mune cells from the circulation. Collectively these data sug-
gest a possible link between the inflamed vasculature and its
associated lymphoid tissue, which warrants further investiga-
tion. In this study, we show for the first time that inhibition of
NOX-generated ROSwith GKT137831 prevents the diabetes-
induced increase in lesional accumulation of CD4+, CD8+ and
CD11c+ cells, with an associated reduction in plaque area.
Additionally, GKT137831 attenuates the diabetes-induced in-
creases in CD8+ T cells and activated CD4+ T cells in the
meLNs in conjunction with reduced Ifng expression in the
aortic sinus of diabetic mice. Importantly, many of the
changes in immune cells in the meLNs and the aortic
sinus of mice treated with the NOX inhibitor were only
observed in the setting of diabetes. Collectively, our
data provides evidence that a T cell-driven type 1 cytokine
response, characterised by IFNγ [41], may predominate in the
aortic sinus of diabetic mice under the modulation of
NOX-derived ROS.
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IFNγ elicits pro-apoptotic actions on macrophage-foam
cells and vascular smooth muscle cells in advanced athero-
sclerotic plaques [42]. Activated CD8+ T lymphocytes secrete
large amounts of IFNγ in addition to granzymes and
perforins, which elicit apoptosis and necrosis of cells in
plaques [43]. In this study, the increase in CD8+ T cells in
the aortic sinus lesions of diabetic Apoe−/− mice could signify
an important role for T lymphocyte-mediated cytotoxicity in
diabetic atherosclerosis. Furthermore, IFNγ secreted by acti-
vated T lymphocytes in the plaque can impede collagen
synthesis by smooth muscle cells, which reinforces the plaque
[44]. Consistent with this notion, plaques from diabetic
Apoe−/−mice had significantly larger necrotic cores compared
with plaques from non-diabetic mice. This finding is of par-
ticular clinical relevance, given the strong link between plaque
inflammation, necrotic core size and the risk of plaque rupture
[45, 46]. In particular, human diabetic lesions are
characterised by very large necrotic cores [47]. Our study
reveals that treatment of diabetic mice with GKT137831
prevents the diabetes-mediated increases in lesional CD8+

T cells and necrotic core area. Furthermore, peroxynitrite has
been shown to prime Tcells for apoptosis [48], suggesting that
the increase in NT staining (secondary to peroxynitrite
formation) and larger necrotic core that we observed in the
plaques of diabetic mice may be associated with enhanced
ROS-mediated T cell apoptosis. These results propose an
important role for NOX-derived ROS in processes that
underscore the progression of atherosclerotic plaques to more
unstable, rupture-prone plaques.

Dendritic cells (DCs) play a central role in antigen presen-
tation and activation of T cells in atherosclerosis [49]. A
number of cell surface markers are expressed by DCs, al-
though the CD11c+ DCs classically migrate to secondary
lymphoid tissues to activate antigen-specific T cells [5]. In
this study, we identified a significant increase in CD11c+ cells
recruited to the aortic sinus of diabetic mice, which was
attenuated by GKT137831 treatment. Furthermore, we found
that the proportion of CD11c+CD11b− leucocytes was in-
creased in the meLNs of diabetic mice and this was normal-
ised on treatment with GKT137831. The role of DCs can be
atherogenic or atheroprotective depending on priming envi-
ronment [38]. Interestingly, the induction of ROS correlates
with inflammatory DC functionality and expansion [50].
These results implicate NOX1/NOX4-derived ROS in the
modulation of DC recruitment to the atherosclerotic vascula-
ture, as well as DC function in the draining lymph nodes,
which would increase their exposure to plaque antigens and
facilitate interactions between DCs and CD4+ Tcells ultimately
leading to their activation.

In summary, we show that diabetes promotes atherosclero-
sis, inflammation and oxidative stress in the aortic
sinus of diabetic Apoe−/− mice. Specifically, diabetes was
associated with increased expression of genes encoding the

proinflammatory molecules IFNγ, MCP-1 and VCAM-1,
with evidence of enhanced immune responses in both the
vasculature and its associated lymphoid tissue. Our study
clearly demonstrated that inhibition of NOX-derived ROS is
associated with reduced accumulation and decreased activa-
tion of T lymphocytes and CD11c+ cells in diabetes-induced
atherosclerotic plaques. In addition, our study has dem-
onstrated a role for NOX-derived ROS in the activation
of T lymphocytes in the draining lymph nodes of the
aorta, which is likely to contribute to inflammatory
responses in the aorta. Treatment of diabetic Apoe−/− mice
with the pharmacological NOX inhibitor GKT137831
attenuated many of these pro-atherogenic changes, and
this may indicate promotion of a more stable plaque
phenotype. These data provide new evidence for the
involvement of NOX-derived ROS in fuelling immune-
mediated inflammation in aortic sinus lesions of diabetic
Apoe−/− mice.
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