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BACKGROUND AND PURPOSE
Systemic oxidative stress associated with dietary calorie overload plays an important role in the deterioration of vascular
function in middle-aged patients suffering from obesity and insulin resistance. However, effective therapy is still lacking.

EXPERIMENTAL APPROACH
In this study, we used a mouse model of middle-aged obesity to investigate the therapeutic potential of pharmaceutical
inhibition (apocynin, 5 mM supplied in the drinking water) or knockout of Nox2, an enzyme generating reactive oxygen
species (ROS), in high-fat diet (HFD)–induced obesity, oxidative stress, insulin resistance and endothelial dysfunction.
Littermates of C57BL/6J wild-type (WT) and Nox2 knockout (KO) mice (7 months old) were fed with a HFD (45% kcal fat) or
normal chow diet (NCD, 12% kcal fat) for 16 weeks and used at 11 months of age.

KEY RESULTS
Compared to NCD WT mice, HFD WT mice developed obesity, insulin resistance, dyslipidaemia and hypertension. Aortic
vessels from these mice showed significantly increased Nox2 expression and ROS production, accompanied by significantly
increased ERK1/2 activation, reduced insulin receptor expression, decreased Akt and eNOS phosphorylation and impaired
endothelium-dependent vessel relaxation to acetylcholine. All these HFD-induced abnormalities (except the hyperinsulinaemia)
were absent in apocynin-treated WT or Nox2 KO mice given the same HFD.

CONCLUSIONS AND IMPLICATIONS
In conclusion, Nox2-derived ROS played a key role in damaging insulin receptor and endothelial function in dietary obesity
after middle-age. Targeting Nox2 could represent a valuable therapeutic strategy in the metabolic syndrome.

Abbreviations
DHE, dihydroethidium; DPI, diphenyleneiodonium; EFP, epididymal fat pad; HFD, high-fat diet; IPGTT, intraperitoneal
glucose tolerance test; IR, insulin receptor; KO, knockout; MnTMPyP, Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin;
NCD, normal chow diet; ROS, reactive oxygen species; WT, wild-type
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Introduction
The obesity epidemic has become a major public health
problem around the world. At least one in two people are
now considered to be overweight or obese in most Western
countries (Parikh et al., 2007; Houston et al., 2009). Obesity
along with other metabolic disorders such as insulin
resistance, dyslipidaemia, impaired glucose tolerance and
hypertension, is referred to as the metabolic syndrome or
pre-diabetes (Evans et al., 2002; Furukawa et al., 2004; Gupta
et al., 2012). The highest prevalence of obesity is among the
middle aged who commonly also have insulin resistance and
type 2 diabetes resulting in increased cardiovascular morbid-
ity and mortality (Parikh et al., 2007; Houston et al., 2009;
Bailey, 2011). One of the main contributors to the obesity
epidemic is the consumption of food rich in dietary fat.
Although several factors are involved, considerable evidence
has suggested that a high-fat diet (HFD) leads to the develop-
ment of the metabolic syndrome through the activation of an
O2

.–-generating NADPH oxidase 2 (Nox2) and systemic (or
multiorgan) oxidative stress (Evans et al., 2002; Furukawa
et al., 2004; Sonta et al., 2004; Silver et al., 2007; Sukumar
et al., 2013). Indeed, a clinical study had shown that in obese
patients there was up-regulation of platelet Nox2 expression
and increased oxidative stress as indicated by increased levels
of urinary isoprostanes and serum oxidized-low density lipo-
protein (LDL) (Violi et al., 2009).

The Nox family has seven members, namely Nox1–5 and
Duox 1–2, and among them, Nox2 is also known as gp91phox

(Sumimoto et al., 2005). The Nox2 enzyme contains a cyto-
chrome b558 (consisting of a Nox2 and a p22phox), and at least
four regulatory subunits, including p40phox, p47phox, p67phox

and Rac1. In the vasculature, Nox2 is expressed in the
endothelial cells and adventitial fibroblasts, and very little
was detected (if any) in smooth muscle cells (Lassègue and
Clempus, 2003; Li and Shah, 2004). In terms of diabetes,
Nox2 has been found to play a critical role in HFD or high
glucose-induced beta-cell dysfunction (Yuan et al., 2010), oxi-
dative stress and vascular dysfunction (Hink et al., 2001).
Nox2 is a major source of endothelial reactive oxygen species
(ROS) production in response to TNFα, high levels of glucose,
LDL cholesterol and free fatty acid (FFA) stimulation (Li et al.,
2002; 2005; Furukawa et al., 2004; Silver et al., 2007).
Endothelial dysfunction due to the excessive ROS production
by Nox2 predisposes to cardiovascular complications in
obesity. Accordingly, the purpose of the present study was
to investigate the therapeutic potential of inhibition or
knockout (KO) of Nox2 in the improvement of obesity-
related metabolic syndrome and endothelial function after
middle age.

Apocynin has been widely used experimentally as a natu-
rally occurring inhibitor of the Nox2 enzyme with anti-
inflammatory effects (Touyz, 2008). However, apocynin has
also been reported to be an antioxidant rather than a specific
Nox2 inhibitor in the vascular system (Heumüller et al.,
2008). In streptozotocin-induced type 1 diabetes, apocynin
normalized cardiac NADPH oxidase activity in vivo (Oelze
et al., 2011), and improved endothelial function ex vivo
(Lopez-Lopez et al., 2008). In diet-induced obesity and insulin
resistance, apocynin improved the symptoms of metabolic
disorder, although it was unclear if this effect was exerted

through its antioxidative properties or due to inhibition of
Nox2 (Sonta et al., 2004; Meng et al., 2010).

In the current study, we generated a mouse model of
middle-aged (11 months) dietary obesity, using age-matched
wild-type (WT) and Nox2 knockout (Nox2KO) mice on the
C57BL/6J background. We treated the HFD WT mice with
apocynin and compared the effects of apocynin-treatment
with Nox2KO given the same diet. Our study demonstrated
for the first time a crucial role for Nox2 in dietary obesity-
related vascular oxidative stress and oxidative damage of vas-
cular insulin receptors (IR) and endothelial function.

Methods

Animals and dietary treatment
All animal care and experimental procedures complied with
the protocols approved by the Home Office under the Animals
(Scientific Procedures) Act 1986, UK and the local Animal
Ethics Committee of University of Surrey. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 90 animals was
used in the experiments described here. Littermates of WT and
Nox2KO mice on C57BL/6J background ( Jackson Laboratory,
Bar Harbor, ME, USA) were bred in our institution from het-
erozygotes and genotyped. Male mice at 7 months of age were
randomly assigned (n = 18/per group) to a HFD: 45% kcal fat,
20% kcal protein and 35% kcal carbohydrate (Special Diets
Services, Essex, UK), or a normal chow diet (NCD): 9.3% kcal
fat, 25.9% kcal protein, and 64.8% kcal carbohydrate (LabDiet
Ltd, London, UK) for 16 weeks. Apocynin was supplied in
drinking water (5 mM). Body weights were measured weekly.
Mice (at 11 months) were fasted 8 h before being killed by
overdose of pentobarbital. The body weight and the epididy-
mal fat pad (EFP) weight were recorded.

Metabolic measurements and intraperitoneal
glucose tolerance test (IPGTT)
Venous blood samples (0.5 mL) were taken at 0900 h after 8 h
of fasting. Glucose was measured using a blood glucose meter
(Contour, Bayer HealthCare, Newbury, UK). Plasma insulin
was measured using a mouse insulin enzyme-linked immu-
nosorbent assay kit (Mercodia Developing Diagnostic,
Uppsala, Sweden). Insulin resistance was calculated using the
homeostasis model assessment of insulin resistance (HOMA-
IR). The fasting serum cholesterol, FFA, triglyceride and high-
density-lipoprotein (HDL) cholesterol were measured by
enzymatic colorimetric assays using the ILab 650 Chemistry
Systems (Instrumentation Laboratory, Cheshire, UK). The
LDL cholesterol was calculated as the difference between total
and HDL cholesterol concentrations based on the Friedewald
equation (Abudu and Levinson, 2007). For the IPGTT, mice
were fasted for 8 h, and a solution of glucose (2 g·kg−1 body
weight) was injected i.p. and blood glucose measured at 15,
30, 60 and 120 min after injection.

Blood pressure (BP) and endothelial
function assessments
BP was measured by a computer controlled, non-invasive,
tail-cuff BP system (Kent Scientific Corporation, Torrington,
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CT, USA) on conscious mice at 1000 h. Mice were trained for
5 days to be habituated to the instrument. The measurement
was recorded by the CODATM program and the mean of at
least six successful recordings was used for each mouse.

For assessing the endothelial function, freshly isolated
thoracic aorta rings were cut 3–4 mm long and suspended in
an organ bath (ML0146/C-V, AD Instrument Ltd, Colorado
Springs, CO, USA) containing 10 mL (37°C) of Krebs-Henseleit
solution (in mM: NaCl 118, KCl 4.7, KH2PO4 1.2, MgSO4 1.2,
CaCl2 2.5, NaHCO3 25, glucose 12, pH 7.4) gassed with 95%
O2/5% CO2 (Fan et al., 2009). The maximal contractile
response to KCl (50 mM) was assessed firstly. After washout
and re-equilibration, endothelium-dependent relaxation to
acetylcholine (ACh, 0.001–10 μM added cumulatively) and
endothelium-independent vessel relaxation to sodium nitro-
prusside (SNP, 0.0001–1 μM added cumulatively) were tested
in rings preconstricted with phenylephrine (0.001–10 μM
added cumulatively) to 70% of their maximal phenylephrine-
induced contractile response. In some experiments, the vessels
were pre-incubated with tiron (a non-enzymatic O2

.− scaven-
ger; 10 mM, 15 min) or the NOS inhibitor L-NAME, (100 μM
for 30 min), or endothelial denudation. To assess the effect of
insulin on vessel contractile response to phenylephrine, we
pre-incubated aortas with or without insulin (1.2 nM) for 2 h
before assessing the response to phenylephrine (Wheatcroft
et al., 2004). Production of NO was assessed by measuring the
concentration of serum nitrite, which is one of the primary
stable and non-volatile breakdown products of NO, using the
Griess assay kit from Promega (Southampton, UK).

Organ culture of aorta
Aortas from 11-month-old NCD WT and Nox2KO mice were
cut into 4 mm rings and incubated at 37°C for 24 h in a cell
culture incubator in the control medium (2% FCS/DMEM) or
stimulated with insulin (1.2 nM) and high glucose (40 mM)
to mimic the condition of insulin-resistance in the presence
or absence of apocynin (100 μM) or an inhibitor of ERK1/2
activation (U0126, 10 μM). Homogenates of the aorta were
used for immunoblotting for the expression of insulin recep-
tor and ERK1/2 and eNOS phosphorylation.

ROS measurement
Production of O2

.− by aortic tissue homogenates was meas-
ured by lucigenin (5 μM)-chemiluminescence (Lumistar,
BMG Labtech GmbH, Ortenberg, Germany) as described pre-
viously (Teng et al., 2012). The specificity of O2

.− was con-
firmed by adding tiron (10 mM) to scavenge the O2

.−. The
enzymatic sources of O2

.− production were identified using
inhibitors targeting NOS (L-NAME 100 μM), the mitochon-
drial complex-1 enzymes (rotenone, 50 μM), xanthine
oxidase (oxypurinol, 250 μM), flavo-proteins [diphenylenei-
odonium, (DPI), 20 μM], or superoxide dismutase (SOD;
200 U·mL−1) before O2

.− measurement. As an alternative
approach, in situ generation of ROS in aorta sections was
measured by DHE fluorescence (Li et al., 2004). Briefly, cryo-
sections (20 μM) of fresh aortic tissues were equilibrated for
30 min at 37°C in Krebs-HEPES buffer. DHE (2 μM) was then
applied in the presence or absence of tiron (10 mM) and
incubated in the dark for 10 min. Images were captured digi-
tally and acquired using Olympus BX61 fluorescence micro-
scope. The fluorescence intensity was quantified from at least

five random fields (269.7 × 269.2 μm) per section with three
sections per sample and six animals per group.

Immunoblotting
Immunoblotting using 40 μg protein per lane was performed
as described previously (Thakur et al., 2010). The images were
captured digitally using a BioSpectrum AC imaging system
(UVP, Cambridge, UK), and the optical densities of the
protein bands were normalized to the loading control bands
and quantified.

Immunofluorescence microscopy
The experiments were performed exactly as described previ-
ously (Thakur et al., 2010). Briefly, frozen sections (6 μm)
were firstly treated with a biotin blocking kit (DAKO UK Ltd,
Cambridgeshire, UK). Primary antibodies (1:250 dilution)
were incubated with the sections for 1 h at room tempera-
ture. Biotin-conjugated anti-rabbit or anti-goat IgG (1:1000
dilution) were used as secondary antibodies. Specific binding
was detected by extravidin-FITC or streptavidin-Cy3. Normal
rabbit or goat IgG (5 μg·mL−1) was used instead of primary
antibody as a negative control. Images were acquired with an
Olympus BX61 fluorescence microscope system. Fluorescence
intensities were quantified as described above.

Data analysis
The data are expressed as the means ± SD from 6 to 18 mice
per group. Statistical analysis was performed with one-way or
two-way ANOVA, followed by Bonferroni post tests. P < 0.05
was considered statistically significant.

Materials
Polyclonal antibodies against p22phox, Nox1, Nox2, Nox4,
p40phox, p47phox, p67phox, Rac1, IRα, IRβ and phospho-
eNOS-Ser1177 were from Santa Cruz Biotechnology (Dallas, TX,
USA). Antibodies to phospho-ERK1/2, phospho-p38MAPK,
phospho-JNK and phospho-Akt-Ser473 were from Cell Signal-
ling Technology (Danvers, MA, USA). Dihydroethidium
(DHE) was from Invitrogen (Paisley, UK). Apocynin and other
reagents were from Sigma (Dorset, England) unless stated
otherwise.

Results

The effects of apocynin treatment or
Nox2KO on HFD-induced obesity and
metabolic syndrome
Before diet intervention, there was no significant difference
in body weight, food and water intakes between WT and
Nox2KO mice at 7 months of age (Table 1). After 16 weeks of
diet intervention (at 11 months of age), there was no signifi-
cant difference in daily food intake between groups given the
same diet except that the HFD mice were eating less food
(equal energy intake) than the NCD controls. HFD WT mice
showed significant increases of body weight (Figure 1A), EFP
weight, levels of fasting serum triglycerides, FFA, total and
LDL cholesterols; and of BP (Figure 1B). All these HFD-related
metabolic abnormalities were significantly improved and the
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BP was maintained within the normal range in apocynin-
treated HFD WT mice (Figure 1B). However, in Nox2KO mice,
HFD only induced mild increases in body weight and the
levels of total and LDL cholesterols. The EFP/body weight
ratio, serum fasting triglycerides and FFA, and BP in HFD
Nox2KO mice stayed at the levels of their NCD controls.

WT mice under HFD had significantly higher levels of
fasting serum glucose and insulin with high scores of
HOMA-IR indicating insulin resistance (Figure 2A). Interest-
ingly, apocynin-treated WT HFD mice or Nox2KO mice under
HFD had also elevated serum levels of fasting insulin, but
their glucose levels were significantly reduced, compared
with the HFD WT mice (Figure 2A). Improved glucose toler-
ance was further confirmed by the IPGTT assays. This test was
impaired in HFD WT mice but well preserved in apocynin-
treated WT and Nox2KO mice under HFD (Figure 2B). We
also measured the serum concentration of nitrite (a final
product of NO breakdown) as an index of systemic NO pro-
duction, and found a significant reduction of serum nitrite in
HFD WT mice suggesting NOS dysfunction, but not in
apocynin-treated WT and Nox2KO mice (Figure 2C).

HFD-induced aorta Nox2 up-regulation,
oxidative stress and redox-sensitive
MAPK activation
HFD WT aortas had significantly higher levels of NADPH-
dependent O2

.− production, which were decreased to the NCD
WT levels by treatment with apocynin (Figure 2D). In con-
trast, in Nox2KO aortas, the levels of NADPH-dependent O2

.−

production were very low in both HFD and NCD mice,
without significant differences. Tiron was used to confirm the
detection of O2

.−. The enzymatic sources of O2
.− production in

HFD WT aortas were further examined using different
enzyme inhibitors (Figure 2D, lower panel). The production
of this ROS was inhibited significantly by SOD and DPI (a
flavo-protein inhibitor), but not by rotenone (mitochondria
complex 1 enzyme inhibitor) or oxypurinol (xanthine

oxidase inhibitor) further supporting Nox2 as a major enzy-
matic source of the HFD-induced vascular O2

.− production.
However, L-NAME (NOS inhibitor) also inhibited slightly, but
significantly (∼20%), the O2

.− production by HFD WT aorta
homogenates, suggesting some dysfunction of eNOS.

To define a role of Nox in HFD-induced vascular oxidative
stress and dysfunction, we examined, in extracts of aorta, the
protein expression of Nox1, Nox2, Nox4, p22phox and the
regulatory subunits of Nox2 that are p40phox, p47phox, p67phox

and Rac1 by immunoblotting (Figure 3A). Compared to NCD
WT controls, HFD WT aortas had significantly higher levels of
Nox2, p22phox, p40phox, p47phox p67phox and Rac1, and these high
levels were restored to the NCD levels by apocynin treatment.
However the high levels of Nox2 were not affected indicating
that apocynin did not change Nox2 expression. The levels of
Nox1 and Nox4 were not significantly affected by HFD inter-
vention (Figure 3A). We then examined HFD-induced MAPK
activation using monoclonal antibodies against phospho-
ERK1/2, phospho-p38MAPK and phospho-JNK (Figure 3B),
and found that HFD induced significant increases in ERK1/2
and p38MAPK phosphorylation in WT aortas, but not in
apocynin-treated or in HFD-Nox2KO aortas (Figure 3B). The
levels of phosphorylated JNK were very low without signifi-
cant changes. The total protein levels of ERK1/2, p38MAPK,
and JNK in the same samples were used as loading controls.

The effects of Nox2-derived oxidative stress
on aorta insulin receptor expression, Akt
and eNOS phosphorylation and
endothelial function
To explore the relationship between Nox2–derived oxidative
stress, vascular insulin-resistance and endothelial dysfunc-
tion, we examined the expression of IRα and IRβ by immu-
noblotting. HFD reduced significantly the protein levels of
both IRα and IRβ in WT aortas, but not in apocynin-treated or
HFD-Nox2KO aortas (Figure 4A, left panel). We then exam-
ined phosphorylation of Akt, which is an signalling molecule

Table 1
Pathophysiological measurements before and after diet intervention

Parameter
16 weeks
diet

Wild-type (WT) Nox2KO

NCD HFD HFD+ apocynin NCD HFD

Body weight (g) Before 34.5 ± 1.9 33.8 ± 1.5 35.6 ± 2.1 34.0 ± 1.7 34.6 ± 2.5

After 42.2 ± 1.8 56.4 ± 3.1* 48.4 ± 2.2# 40.0 ± 3.5 49.1 ± 4.0*†

Epididymal fat pad weight (g) After 1.08 ± 0.30 2.56 ± 0.21* 1.45 ± 0.34# 1.28 ± 0.46 1.73 ± 0.19*†

Heart weight (mg) After 171 ± 11 182 ± 19 173 ± 20 171 ± 20 177 ± 25

Food intake (g·day−1) Before 3.69 ± 0.15 3.66 ± 0.55 3.63 ± 0.62 3.72 ± 0.52 3.10 ± 0.67

After 3.53 ± 0.26 2.70 ± 0.43* 2.75 ± 0.68 3.37 ± 0.48 2.56 ± 0.40*

Energy intake (kcal·day−1) Before 11.24 ± 0.50 12.15 ± 1.83 12.05 ± 2.05 12.34 ± 1.74 10.30 ± 2.21

After 11.71 ± 0.86 12.25 ± 1.96 12.46 ± 3.08 11.20 ± 1.59 11.60 ± 1.81

Results were presented as mean ± SD of 13 mice per group.
*P < 0.05, significantly different from normal chow diet (NCD).
#P < 0.05 , significantly different from high-fat diet (HFD).
†P < 0.05, significant differences between Nox2KO (knockout) and corresponding WT values.
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downstream of IR, and found that Akt phosphorylation was
significantly reduced in HFD WT aortas, but remained at the
NCD control level in apocynin-treated or HFD-Nox2KO
aortas (Figure 4A, middle panel). Akt phosphorylates eNOS at
Ser1117 and we therefore examined the eNOS phosphorylation
by immunoblotting. We found that Ser1117 phosphorylation
of eNOS was significantly decreased in HFD WT aortas but

remained at the NCD control levels in apocynin-treated or
HFD-Nox2KO aortas (Figure 4A, right panel).

We examined next the endothelial function. Compared
to NCD WT controls, the endothelium-dependent relaxation
of aortic rings to acetylcholine was attenuated in HFD WT
aortas, and this was prevented by apocynin treatment
(Figure 4B) or by Nox2KO (Figure 4C). The relaxation to
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Figure 1
High-fat diet (HFD)-induced metabolic changes in wild-type (WT) and Nox2KO mice. (A) Body weight (BW) increases; (B) Changes in the
epididymal fat pad (EFP)/BW ratio; fasting serum triglycerides, total and LDL cholesterol; FFA and systolic BP after 16 weeks of diet intervention.
*P < 0.05, significantly different from normal chow diet (NCD) values. †P < 0.05, significantly different from HFD values. n = 13 mice per group.
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Figure 2
High-fat diet (HFD)-induced changes in the levels of fasting serum glucose, insulin, nitrite, intraperitoneal glucose tolerance test (IPGTT) and aorta
reactive oxygen species (ROS) production in wild-type (WT) and Nox2KO mice. (A) Levels of fasting serum glucose, fasting insulin and calculated
HOMA-IR values; (B) Glucose tolerance test; (C) Serum nitrite concentration. *P < 0.05, significantly different from normal chow diet (NCD) values.
†P < 0.05, significantly different from HFD values. (D) O2

.− production detected by lucigenin-chemiluminescence. Upper panels: Kinetic
measurement of O2

.− production. NADPH was added at 10 min. Tiron was added at 20 min. Lower panel: the effect of different enzyme inhibitors
on O2

.− production by HFD WT aorta homogenates; SOD, superoxide dismutase; DPI, diphenylene iodonium; Rot, rotenone; Oxy, oxypurinol.
*P < 0.05, significantly different from HFD values. n = 13 mice per group.
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acetylcholine was completely abolished by L-NAME or
endothelial denudation (Figure 4B), which further confirmed
the relaxation was NO and endothelium dependent. There
was no significant difference in relaxation of aortic rings to

SNP, an endothelium-independent vasodilator indicating
that the HFD effects were on the endothelium rather than
on the smooth muscle cells (Figure 4B, lower left panel).
The impairment of endothelium-dependent relaxation to

Figure 3
Nox expression and MAPK phosphorylation assayed by Western blot. (A) Levels of protein expression of Nox1, Nox2, Nox4, p22phox, p40phox,
p47phox, p67phox and Rac1. α-Tubulin detected in the same sample was used as a loading control. The optical densities (OD) of Nox subunit bands
were quantified digitally and normalized to the α-tubulin levels. (B) Phosphorylation of ERK1/2, p38MAPK and JNK in aorta homogenates. The
OD of the phospho-protein bands were quantified and normalized to the total protein levels of the same kinase detected in the same samples.
*P < 0.05, significantly different from NCD values. †P < 0.05, significantly different from HFD values. n = 9 mice per group.
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Figure 4
High-fat diet (HFD)-induced IR down-regulation and endothelial dysfunction in aortas of wild-type (WT) and Nox2KO mice. (A) Western blot assay
of IR expression, and Akt and eNOS phosphorylation in aorta homogenates. For quantification, the optical densities (OD) of IRα and IRβ bands
were quantified and normalized to the levels of α-tubulin detected in the same samples. For the quantification of phospho-Akt and phospho-
eNOS, the optical densities (OD) of the phosphorylation bands were normalized to the total protein bands of the same protein in the same sample.
(B) and (C) Endothelial-dependent and independent relaxation of aorta rings. *P < 0.05, significantly different from NCD values. n = 10 mice per
group.
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acetylcholine in HFD WT aorta was inhibited by tiron or
Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP;
Enzo Life Sciences, Exeter, UK) (a cell permeable SOD mimic),
which further confirmed the role of ROS in mediating HFD-
induced endothelial dysfunction (Figure 4B, lower middle
and right panels). In contrast, endothelium-dependent
relaxation to acetylcholine was well preserved in HFD-
Nox2KO aortas, compared with their NCD controls
(Figure 4C).

The relationship between Nox2-derived ROS
production, IR expression and eNOS
phosphorylation in aortas of WT and
Nox2KO mice
Our data so far suggested that HFD-induced Nox2 activation
and oxidative stress was the basis of the insulin resistance and
vascular dysfunction. To further investigate this, we exam-
ined in situ O2

.− production by vessel sections, using DHE
fluorescence (Figure 5A). Experiments were performed in the
presence or absence of tiron (an O2

.− scavenger), and tiron-
inhibitable O2

.− production was quantified. HFD WT aortas
had twofold more O2

.− production than the NCD WT con-
trols, and this was completely inhibited by apocynin treat-
ment. In contrast, HFD failed to increase O2

.− production by
Nox2KO aortas. The integrity of aorta morphology was
shown by haematoxylin and eosin (H&E) staining.

The relationship between Nox2 and vascular IRα expres-
sion was also examined by double-staining immunofluores-
cence on the same sections (Figure 5B). We found that HFD
up-regulated the Nox2 expression significantly (red colour),
mainly in the endothelium and the adventitia and very little
in the media of smooth muscle cells, and this was accompa-
nied by a significant reduction of IRα expression (green colour)
throughout the vessel wall. However, in apocynin-treated WT
or Nox2KO aortas, the levels of IRα expression were well
preserved under HFD (Figure 5B). We also examined the rela-
tionship between Nox2 expression and eNOS phosphoryla-
tion, and found that along with the up-regulation of Nox2
expression (red colour), the levels of phospho-eNOS (green
colour, a specific marker for the endothelium) were signifi-
cantly reduced in HFD WT aortas (Figure 5C). Although eNOS
phosphorylation was also reduced in apocynin-treated WT or
Nox2KO aortas given the HFD, the reduction was not statisti-
cally significant, compared with NCD controls.

Relaxation of aortic rings in response to
insulin, and ERK1/2 activation, IR expression
and eNOS phosphorylation in aortic tissue
stimulated by high glucose and insulin
In order to confirm that the relaxant effects of insulin were
indeed reduced in HFD-treated mice, we pre-incubated aortas
with or without insulin (1.2 nM) for 2 h and examined the
contractile response of aortic rings to phenylephrine (0.001–
10 μM added cumulatively). Compared to vehicle-treated
vessels, pre-incubation of NCD WT aortas with insulin attenu-
ated the contractile responses to phenylephrine (Figure 6A). In
contrast, the relaxant response to insulin was abolished in
aortas from HFD WT mice, and this was restored after apoc-
ynin treatment. Insulin-mediated relaxant responses were well
maintained in aortas from Nox2 KO mice (Figure 6B).

The role of metabolic disorder-related Nox2 activation in
damaging the function of vascular IR and the potential inter-
action between ERK1/2 activation and eNOS dysfunction
were further examined by ex vivo culture of NCD aortas for
24 h with high levels of glucose (40 mM) plus insulin
(1.2 nM), to mimic the condition of insulin resistance. We
found that high glucose and insulin significantly increased
the levels of Nox2 expression and ERK1/2 phosphorylation,
and decreased the expression of IRα and eNOS phosphoryla-
tion in WT aortas (Figure 6C). Inhibition of ERK1/2 activa-
tion (with U0126) had no significant effect on high glucose
and insulin-induced Nox2 and IRα expression, but preserved
the levels of eNOS phosphorylation. Apocynin treatment pre-
served IRα expression and eNOS phosphorylation at control
levels. All these high glucose and insulin-induced changes
were absent in Nox2KO aortas.

Discussion and conclusion

Oxidative stress due to Nox2 activation has been recognized
to play an important role in the development of cardiovas-
cular complications in middle-aged patients suffering from
obesity, insulin resistance and type 2 diabetes (Furukawa
et al., 2004; Sonta et al., 2004). The current study used mice
with an obesity-prone C57BL/6J background, at 11 months of
age which is equivalent to a human age of about 50 years,
when most cardiovascular diseases occur (Kim et al., 2008;
Houston et al., 2009). Ageing per se has an important effect on
ROS generation and vascular function and aged animals
gained more weight on the HFD, than young animals (Erdos
et al., 2011). Therefore, the metabolic disorders and vascular
oxidative stress reported here reflect the effects of both ageing
and HFD. In addition to the metabolic syndrome described
elsewhere, the novel discoveries from the current study are
that (i) the HFD-induced Nox2 activation was associated with
reduced vascular IR expression and profound endothelial dys-
function; and (ii) treatment of HFD WT mice with apocynin
or Nox2KO preserved vascular IR expression and endothelial
function, and reduced symptoms of the metabolic syndrome.
There was a close link between HFD-induced Nox2 activation,
insulin-resistance and weight gain, such that mice treated
with apocynin or Nox2KO gained less body and fat weight
than their littermates given the HFD. It is well known
that Nox2 is crucial for phagocytic ROS production, and
macrophage-mediated adipose inflammation plays a key role
in the increased adipocyte size and body mass induced by
HFD (Weisberg et al., 2003; Lee et al., 2011). Nox2 deficiency
attenuated HFD-induced adipose deposits, adipocyte hyper-
trophy and adipose macrophage infiltration (Pepping et al.,
2013). Therefore, inhibition of inflammation and reduction
of oxidative stress play an important role in the reduction of
fat gain in apocynin-treated WT and Nox2KO mice given
HFD, as there was no significant difference in food intake
between groups given the same diet (Table 1). However, the
development of obesity depends also on the balance between
white adipose tissue (energy storage) and brown adipose
tissue (energy expenditure) (Gesta et al., 2007). It is also pos-
sible that inflammation and oxidative stress might promote
white adipose tissue formation and obesity, whereas, inhibi-
tion or knockout of Nox2 might favour brown adipose tissue
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Figure 5
In situ detection of reactive oxygen species (ROS) production, IRα expression and eNOS phosphorylation in aortic sections of wild-type (WT) and
Nox2KO mice. (A) ROS production detected by dihydroethidium (DHE) fluorescence microscope on aorta sections. Sections stained with H&E were
used to show the aorta morphology. The fluorescence intensity was quantified and calculated for the tiron-inhibitable O2

.− production. *P < 0.05,
significantly different from normal chow diet (NCD) values; †P < 0.05, significantly different from high-fat diet (HFD) values. n = 6 mice per group.
(B) Nox2 was labelled by Cy3 (red) and IRα was labelled by FITC (green) and nuclei was labelled by DAPI (blue). (C) Nox2 was labelled by Cy3 (red)
and phospho-eNOS was labelled by FITC (green). The nuclei were labelled by DAPI (blue) in the Nox2KO aorta sections to visualize the vessel wall.
The fluorescence intensity of individual molecule was quantified. *P < 0.05, significantly different from NCD values. n = 6 mice per group.
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Figure 6
Aortic vasomotor response to insulin stimulation and ex vivo organ culture for insulin and high glucose-induced changes in insulin receptor (IR)
expression, and ERK1/2 and eNOS phosphorylation. The effect of pre-incubation with insulin (1.2 nM for 2 h) on the contractile response to
phenylephrine was assessed in aortic rings from (A) wild-type (WT) and (B) Nox2KO mice. *P < 0.05, significant effect of insulin; n = 8 mice per
group. (C) Western blots. Aortic rings from normal chow diet (NCD) mice were cultured for 24 h in the control medium (CM, 2% FCS/DMEM),
or stimulated with insulin (Ins, 1.2 nM) and glucose (Glu, 40 mM) and in the presence of vehicle or an inhibitor of ERK1/2 activation (U0126,
10 μM) or apocynin (Apo, 100 μM). The optical densities (OD) of Nox2, phospho-ERK1/2, IRα, and phospho-eNOS bands were quantified and
normalized to the levels of α-tubulin detected in the same samples. *P < 0.05, significantly different from CM values. †P < 0.05, significantly
different from vehicle (Veh) values, with high glucose and insulin stimulation. n = 6 mice per group.
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formation and thermogenesis, which would reduce obesity.
Another outcome of the current study was that the hyperin-
sulinaemia persisted in apocynin-treated WT and Nox2KO
mice given HFD. This finding is supported by a recent report
that Nox2 is a negative modulator for pancreatic insulin
secretion and that islets from Nox2KO mice secreted signifi-
cantly more insulin in response to high glucose stimulation
than the WT controls (Li et al., 2012).

Arteries and particularly the large arteries, develop athero-
sclerosis and stiffness with age and are more susceptible than
other tissues to the deleterious effects of nutrient overload
(Kim et al., 2008). Mouse aorta is a well-established and fre-
quently used model for studying HFD and aging-related oxi-
dative stress and vascular dysfunction. Endothelial oxidative
stress associated with Nox2 activation, preceded the patho-
genesis of hypertension and atherosclerosis, two of the most
common cardiovascular complications suffered by obese and
diabetic patients (Evans et al., 2002; Nigro et al., 2006; Gupta
et al., 2012). In the current study using two independent
techniques, lucigenin-chemiluminescence and in situ DHE
fluorescence, we found that HFD WT aortas produced about
twice as much ROS as the NCD controls and this was accom-
panied by profound endothelial dysfunction, characterized
by reduced eNOS phosphorylation and NO production, and
impaired endothelium function. Furthermore, the mice were
hypertensive. The impaired vascular relaxation was related to
oxidative damage, because addition of tiron or MnTMPyP in
the organ bath restored the endothelial function. Further-
more, treating mice with apocynin or Nox2KO abolished
HFD-induced vascular ROS production, preserved the eNOS
and endothelial function and mice were normotensive.
Although vascular iNOS might be involved in the HFD-
induced endothelial dysfunction, knockout of iNOS provided
no protection against HFD-induced oxidative stress and
hypertension (Noronha et al., 2005).

Among the Nox isoforms, Nox2 is mainly expressed in the
endothelium and adventitia and is the predominant isoform
up-regulated in obesity and HFD-induced vascular oxidative
stress (Furukawa et al., 2004). Although a previous study
found up-regulation of Nox1 and Nox4 in aortas of WT mice
under HFD, they used young (10 week old) mice and there
were no symptoms of vascular oxidative stress and metabolic
disorder associated after HFD-intervention (Cui et al., 2009).
In contrast to this previous study, mice used in the current
study were 11 months old and HFD significantly increased
Nox2 expression (but not that of Nox1 and Nox4) in aortas of
WT mice, mainly in the endothelium and adventitia. It is
possible that increased adventitial Nox2 expression may also
come from inflammatory cell infiltration. Interestingly, apo-
cynin treatment did not alter Nox2 expression, but inhibited
HFD-induced increases in p22phox, p40phox, p67phox and p47phox

and Rac1 expression. This, on the other hand, implied that
the inhibitory effect of apocynin on HFD-induced O2

.− pro-
duction was indeed on the activity of Nox2 rather than the
effect of an antioxidant.

Redox-sensitive MAPKs are important signalling path-
ways for both insulin and Nox2-derived ROS. MAPK activa-
tion, in particular ERK1/2 phosphorylation has been reported
in the vasculature of animals suffering from dietary obesity
and insulin resistance (Kim et al., 2008; Symons et al., 2009),
as well as in endothelial cells isolated from patients with type

2 diabetes (Gogg et al., 2009). Likewise, in the current study,
we found a close relationship between ERK1/2 activation,
impaired Akt/eNOS phosphorylation and endothelial dys-
function in HFD WT aortas, but not in aortas of apocynin-
treated or HFD-Nox2KO mice. Ex vivo experiments further
confirmed that inhibition of ERK1/2 activation by U0126
preserved eNOS phosphorylation, following high glucose and
insulin stimulation.

Insulin through its receptors, IRα and IRβ, promotes vaso-
dilation and plays an important role in regulating BP and
vascular metabolism. Mice heterozygous for knockout of IR
are hypertensive (Wheatcroft et al., 2004), and mice with
targeted vascular endothelial IR deficiency had reduced levels
of eNOS expression (Sato et al., 2005). One of the important
findings in the current study is that HFD reduced signifi-
cantly the expression of IR in the aortas of WT mice, as
detected by both Western blot and immunofluorescence.
Reduced IR expression was due to Nox2-derived oxidative
stress and insulin resistance because inhibition of Nox2 by
apocynin or Nox2KO improved insulin sensitivity and
restored aortic IR expression. We also found that reduced IR
expression was accompanied by decreased Akt activity in
HFD WT mice.

It is well known that Nox2 activity (the oxidative burst) is
crucial for neutrophil function and host defence against bac-
terial and fungal infection, and there is concern that target-
ing Nox2 may cause symptoms of chronic granulomatous
disease. Our answer to that is although there is structural
similarity between the neutrophil and endothelial Nox2
enzymes, there are profound biochemical and functional dif-
ferences between them and that the regulatory mechanism of
Nox2 activation is completely different in endothelial cells
from that in neutrophils (Li and Shah, 2002). Targeting the
mechanism specifically for endothelial Nox2 activation is a
valid approach. On the other hand, even when it is fully
activated, total endothelial Nox2 activity is only about 1% of
that in the neutrophils (Drummond et al., 2011). Thus, there
is room for developing a specific Nox2 inhibitor that inhibits
the activation of endothelial Nox2 at a low dose, which
would not be enough to affect neutrophil Nox2 activity.

In summary, the current study reported for the first time
that diet-induced obesity in middle-aged mice was linked
with vascular Nox2 activation, oxidative damage to IR func-
tion and endothelial dysfunction. Targeting Nox2 represents
an effective therapy to reduce dietary obesity-related oxida-
tive stress, to increase insulin sensitivity and to improve
vascular function.
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