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BACKGROUND AND PURPOSE
Lipocalin-2 is a pro-inflammatory adipokine up-regulated in obese human subjects and animal models. Its circulating levels are
positively correlated with the unfavourable lipid profiles, elevated blood pressure and insulin resistance index. Augmented
lipocalin-2 has been found in patients with cardiovascular abnormalities.The present study was designed to investigate the
role of lipocalin-2 in regulating endothelial function and vascular reactivity.

EXPERIMENTAL APPROACH
Wild-type and lipocalin-2 knockout (Lcn2-KO) mice were fed with either a standard chow or a high-fat diet. Blood pressures
and endothelium-dependent relaxations/contractions were monitored at 2 week intervals.

RESULTS
Systolic blood pressure was elevated by high-fat diet in wild-type mice but not in Lcn2-KO mice. Endothelial dysfunction,
reflected by the impaired endothelium-dependent relaxations to insulin and augmented endothelium-dependent contractions
to ACh, was induced by high-fat diet in wild-type mice. In contrast, Lcn2-KO mice were largely protected from the deterioration
of endothelial function caused by dietary challenges. The eNOS dimer/monomer ratio, NO bioavailability, basal and insulin-
stimulated PKB/eNOS phosphorylation responses were higher in aortae of Lcn2-KO mice. Administration of lipocalin-2
attenuated endothelium-dependent relaxations to insulin and promoted endothelium-dependent contractions to ACh. It
induced eNOS uncoupling and elevated COX expression in the arteries. Treatment with sulphaphenazole, a selective inhibitor
of cytochrome P450 2C9, improved endothelial function in wild-type mice and blocked the effects of lipocalin-2 on both
endothelium-dependent relaxations to insulin and endothelium-dependent contractions to ACh, as well as eNOS uncoupling.

CONCLUSIONS
Lipocalin-2, by modulating cytochrome P450 2C9 activity, is critically involved in diet-induced endothelial dysfunction.

Abbreviations
ADRF, adipocyte-derived relaxing factors; EDCF, endothelium-derived contracting factor; EDRF, endothelium-derived
relaxing factor; Lcn2-KO, lipocalin-2 knockout; L-NAME, Nw-nitro-L-arginine methyl ester; NADPH oxidase,
nicotinamide adenine dinucleotide phosphate oxidase; SPZ, sulphaphenazole; TP, thromboxane prostanoid
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Introduction
Obesity and metabolic syndrome (a cluster of insulin resis-
tance, hyperglycaemia, hypertension and dyslipidaemia) are
characterized by a concurrence of endothelial dysfunction, an
early event in the pathogenesis of cardiovascular disease
(Caballero, 2003; Kim et al., 2006). Deregulation of adipokines
represents an important pathogenic factor linking obesity to
vascular disorders (Xu et al., 2010). Most of the known
pro-inflammatory adipokines (including free fatty acids, plas-
minogen activator inhibitor-1, interleukin-6 and TNFa) are
over-produced by adipose tissues of obese subjects and have
been implicated in the development of endothelial dys-
function (Chudek and Wiecek, 2006; Goldberg, 2009). For
example, plasminogen activator inhibitor-1 promotes
vasoconstriction and raises thrombotic propensity (Nassar
et al., 2004). TNFa affects endothelium-dependent and NO-
mediated dilatation in various vascular beds (Gao et al., 2007).
By contrast, the anti-inflammatory and anti-atherogenic adi-
pokine, adiponectin, stimulates NO production and down-
regulates TNFa-induced expression of adhesion molecules in
endothelial cells (Ouchi et al., 2000; 2003; Cheng et al., 2007;
Zhu et al., 2008; Li et al., 2010). Hypo-adiponectinaemia is
associated with impaired endothelium-dependent vasodilata-
tion (Shimabukuro et al., 2003; Tan et al., 2004).

Lipocalin-2, a 25 kDa glycoprotein abundantly produced
by adipose tissues, is elevated in obese animals and humans
(Wang et al., 2007; Yan et al., 2007; Hoo et al., 2008; Zhang
et al., 2008; Auguet et al., 2011). Clinical, animal and cellular
studies demonstrate the causal involvement of lipocalin-2 in
obesity-associated medical complications (van Dam and Hu,
2007; Yan et al., 2007; Kanaka-Gantenbein et al., 2008;
Zhang, 2008; Catalán et al., 2009; Esteve et al., 2009; Sommer
et al., 2009; Law et al., 2010; Moreno-Navarrete et al., 2010;
Auguet et al., 2011). Overproduction of this adipokine can be
reversed by treatment with the insulin-sensitizing drug
rosiglitazone. In humans, the serum concentration of
lipocalin-2 is associated closely with obesity-related anthro-
pometric and biochemical variables, and represents an inde-
pendent risk factor for insulin resistance, diabetes and
inflammation (Wang et al., 2007; Catalán et al., 2009; Esteve
et al., 2009). Limited information is available concerning the
role of lipocalin-2 in the cardiovascular system. In patients
with coronary heart disease, the circulating levels of this
adipokine increase and are independently associated with
systolic blood pressure, insulin resistance and decreased high
density lipoprotein cholesterol levels (Choi et al., 2008; Lee
et al., 2010). Augmented lipocalin-2 expression is found in
atherosclerotic plaques and myocardial infarction (Hemdahl
et al., 2006). It may mediate the innate immune responses in
heart failure (Yndestad et al., 2009; Ding et al., 2010).

Endothelial function and vascular homeostasis are regu-
lated by a delicate balance between endothelium-derived
relaxing (EDRF) and contracting (EDCF) factors (Feletou et al.,
2008; Furchgott and Vanhoutte, 1989). Reduced production
of EDRF, including NO and prostacyclin, and elevated secre-
tion of EDCF, such as vasoconstrictor prostanoids and reac-
tive oxygen species, are the major characteristics of
endothelial dysfunction. The present study used a genetically
engineered mouse to evaluate the effect of lipocalin-2 defi-
ciency on endothelium-dependent responses. The results

demonstrated that loss of lipocalin-2 ameliorated endothelial
dysfunction induced by dietary obesity. On the other hand,
administration of this adipokine in Lcn2-KO mice promoted
endothelial dysfunction by uncoupling eNOS and enhancing
the expression of COX.

Methods (see Appendix S1 for details)

Experimental animals
Male wild-type and lipocalin-2 knockout mice (Lcn2-KO) in
C57BL/6J background were used (Berger et al., 2006; Law
et al., 2010). Dietary obesity was induced by administering a
high-fat diet [composed of 21.3% protein, 23.6% fat (prima-
rily lard; 45% of the caloric intake), 5.8% fibre and 41.2%
carbohydrate; 4.65 kcal·g-1; D12451 (Research Diet, New
Brunswick, NJ, USA)] from the age of 5 week onwards. All
animal care and experimental procedures were approved by
the Committee on the Use of Live Animals for Teaching and
Research of the University of Hong Kong, and were carried
out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH publication no. 85-23, revised 1996).

Blood pressure measurements
Arterial blood pressure was measured with an automated tail-
cuff BP-2000 Blood Pressure Analysis System (Visitech
Systems, Apex, NC, USA). All recordings were obtained
between 15 h 00min and 17 h 00 min, after the animals had
been warmed in a 35°C chamber for 10 min. The mice were
habituated to this procedure for 3 days preceding the actual
experiments. The systolic and diastolic blood pressure were
recorded and averaged from at least ten consecutive readings.

Isometric force measurement
Mice were anaesthetized with pentobarbital sodium
(30 mg·mL–1·kg–1 i.p.). The thoracic aortae and carotid artery
rings were mounted on a Mulvany–Halpern wire myograph
(Model 610M, Danish Myo Technology A/S, Denmark) for the
recording of isometric force (PowerLab 4SP, ADInstrruments,
USA) in modified Krebs-Ringer bicarbonate solution contain-
ing (mM) 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2
KH2PO4, 25 NaHCO3, and 11.1 D-glucose (control solution). In
some preparations, the endothelium of carotid arteries was
removed mechanically by gently rubbing the surface of the
rings with a strand of hair and the endothelium of aortae
removed by perfusion of the lumen with 0.1% Triton X-100
in control solution. After equilibration, the aortae were con-
tracted with the thromboxane-prostanoid (TP) receptor
agonist U46619 (1–3 ¥ 10-8 M; Biomol, Plymouth Meeting,
PA, USA) before being exposed to increasing concentrations
of ACh (10-10 to 10-5 M), insulin (10-10 to 10-7 M) or sodium
nitroprusside (10-10 to 10-4 M). Decreases in tension were
expressed as percentage of the contraction to U46619.
Carotid arteries were exposed to increasing concentrations of
ACh (10-8 to 3 ¥ 10-6 M), the calcium ionophore A23187 (10-7

to 3 ¥ 10-6 M) or arachidonic acid (10-6 to 10-4 M). Increases in
tension were expressed as a percentage of a reference contrac-
tion to potassium chloride (KCl, 60 mM) obtained at the
beginning of the experiment. Drugs used for treatment,
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including Nw-nitro-L-arginine methyl ester (L-NAME, NO syn-
thase inhibitor; 10-4 M), indomethacin (non-specific inhibi-
tor of COX; 10-5 M), SC560 (selective inhibitor of COX-1; 3 ¥
10-7 M) and NS398 (preferential inhibitor of COX-2; 10-3 M)
were purchased from Sigma Chemical (St Louis, MO, USA).
S18886 (TP receptor antagonist; 10-4 M) was a kind gift from
the Institut de Recherché Servier (Suresnes, France).

Production and administration of
lipocalin-2 protein
Recombinant murine lipocalin-2 was expressed, purified and
endotoxin removed to less than 0.1 EU·mL-1 (Wang et al.,
2007; Law et al., 2010). Administration of lipocalin-2 was
performed by i.p. injection (800 mg protein per mouse) (Law
et al., 2010). Tissues were collected at different time points (0,
1, 2, 4, 6, 12 h) for subsequent experiment.

Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity
The levels of superoxide anion and NADPH oxidase activity
were measured in carotid arteries with a lucigenin chemilu-
minescence assay using a Tecan M200 Plate-reader (Tecan
Trading AG, Switzerland).

Nitrate/nitrite and NO levels
Aortae from wild-type and Lcn2-KO mice were cut into 2 mm
rings. After 1 h incubation in control solution at 37°C,

insulin was added to reach a final concentration of 100 nM.
Ten minutes later, the media were removed for determination
of total nitrate/nitrite levels using a commercial kit (Cayman
Chemical, Ann Arbor, MI, USA). The data were normalized to
the total protein content. NO release is determined using the
TBR4100 four-channel free radical analyser (World Precision
Instruments, Sarasota, FL, USA). A NO electrode was placed in
a well containing only control solution, then transferring to
a well containing aortic tissue. The difference between the
two readings is used to calculate the NO release.

Quantitative reverse transcription polymerase
chain reaction (QPCR)
Quantification of target genes was performed using SYBR
Green PCR Master Mix (Qiagen, Hamburg, Germany) and an
ABI PRISM 7900 HT Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). The sequences of the
primers used are listed in Table S1. Data were calculated and
presented as relative expression of transcripts normalized to
GAPDH.

Western blotting
The lysates derived from aortae and carotid arteries were
separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes, incubated with antibodies against
phosphorylated (Ser1177) and total eNOS (BD Transduction
Laboratories, San Jose, CA, USA), phosphorylated (Ser473) and

Figure 1
Starting from 1 week after weaning, mice were fed with standard chow (A and C) or high-fat diet (B and D) until 22–23 weeks of age. Systolic
(A and B) and diastolic (C and D) blood pressures of mice were measured every 2 weeks. *P < 0.05 versus wild-type mice; n = 8–12.
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total Akt, COX-1and b-actin (Cell Signaling, Beverly, MA, USA)
or nitrotyrosine (Abcam, Cambridge, MA, USA). The immune
complexes were detected with enhanced chemiluminescence
reagents from GE Healthcare (Uppsala, Sweden). Low-
temperature SDS-PAGE was performed for detection of eNOS
monomers and dimers. In brief, total proteins were incubated
in loading buffer without 2-mercaptoethanol at 37°C for
5 min and subsequently subjected to 6% SDS-PAGE. Gels and
buffers were equilibrated at 4°C before electrophoresis, and the
buffer tank was placed in an ice bath during the procedure.

Data analysis
All results were derived from at least three sets of repeated
experiments. The statistical calculations were performed by
one-way ANOVA followed by Tukey multiple comparisons
using Prism version 5 (GraphPad Software; San Diego, CA,
USA). All values are presented as means � SEM. In all statis-
tical comparisons, a P-value less than 0.05 was accepted to
indicate statistically significant differences.

Results

High-fat diet augmented arterial blood
pressure and altered vascular responsiveness
in wild-type mice but not in Lcn2-KO mice
The systolic arterial blood pressure, measured at 2 week inter-
vals, was not different between wild-type and Lcn2-KO mice

fed with standard chow (Figure 1A). On the other hand, high-
fat diet elevated the systolic blood pressure in wild-type mice
by over 15% (Figure 1B). There was a sudden separation and
significant difference between the systolic blood pressure
curves of wild-type and Lcn2-KO mice after 7 weeks of high-
fat diet feeding (wild-type, 124.20 � 2.40 mmHg vs. Lcn2-
KO, 113.17 � 2.32 mmHg, P < 0.05). During the following
weeks, lower systolic blood pressures were constantly
recorded in Lcn2-KO mice. The diastolic blood pressure was
unaffected by high-fat diet in both types of animals
(Figure 1C and D). Next, the contractile responsiveness was
evaluated using the aortae collected from 22- to 23-week-old
mice. The contractions to 60 mM KCl were similar in wild-
type (standard diet: 5.12 � 0.65 mN; high-fat diet: 5.92 �

0.72 mN) and Lcn2-KO mice aortae (standard diet: 5.73 �

0.83 mN; high-fat diet: 5.33 � 0.53 mN), and did not show
diet-induced changes. The maximal contraction to phenyle-
phrine (100 mM) was increased by approximately 20% in
wild-type mice fed with the high-fat diet compared with
those fed with standard chow (Figure S1A, 116.20 � 3.37%
vs. 97.60 � 5.82%, P < 0.05). On the other hand, there was no
significant change of phenylephrine-stimulated maximal
contraction in Lcn2-KO mice subjected to either diet
(Figure S1A, 95.96 � 8.26% vs. 100.5 � 3.83%). Sodium nitro-
prusside relaxed the aortae of both types of mice to a similar
extent (Figure S1B). The relaxation to ACh was not signifi-
cantly different in aortae of wild-type and Lcn2-KO mice fed
with standard chow (Figure S2, upper panel). However, after 7

Figure 2
Cumulative concentration-response curves for endothelium-dependent relaxations to insulin. The measurement was performed using aortae
derived from wild-type or Lcn2-KO mice under high-fat diet conditions (A). The ages of mice were indicated within each panel. Area under the
curves was calculated and presented for comparing the effects of prolonged high-fat diet and between the two groups of mice (B, upper panel).
Endothelium removal or treatment with L-NAME abolished insulin-induced relaxations of aortae collected from mice fed a high-fat diet for 2–3
weeks (B, bottom panel). *P < 0.05 versus wild-type mice; n = 10–15. EC, endothelial cells.
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weeks of high-fat diet, the maximal relaxations to ACh were
progressively reduced in wild-type mice, whereas those of
Lcn2-KO mice were affected minimally (Figure S2, bottom
panel).

Lcn2-KO mice were protected from high-fat
diet-induced endothelial dysfunction
High-fat diet accelerated the deterioration of endothelial
function. In wild-type mice, 2 to 3 weeks of high-fat diet
dramatically attenuated the insulin-stimulated aortic relax-
ation to a level similar to those observed in 22- to 23-week-
old animals (Figures 2 and S3A). The short period of high-fat
feeding significantly increased body weight by ~15%, but had
no obvious effects on circulating lipid and glucose levels.
Removal of the endothelium or incubation with L-NAME
(10-4 M) abolished the relaxations to insulin and the differ-
ences between the two groups of animals (Figures 2B and
S3B). High-fat diet also evoked endothelium-dependent con-
tractions in carotid arterial rings derived from wild-type mice
(Figure 3). In the presence of L-NAME (Tang et al., 2005; Tang
and Vanhoutte, 2009), concentration-dependent contrac-
tions to ACh were readily detected in these animals and
progressively enhanced during the feeding period (Figure 3A
and B). In contrast, the effects of ACh on carotid arteries of
mice fed with standard chow were less evident (Figure S4A).
Removal of the endothelium abolished the contractions to
ACh (Figures 3B and S4B). In addition, the endothelium-

dependent contractions were blocked by indomethacin (5 ¥
10-6 M), SC560 (3 ¥ 10-7 M) or S18886 (10-7 M), but not by
NS398 (10-6 M). Remarkably, endothelium-dependent con-
tractions were almost absent in carotid arteries from mice
lacking lipocalin-2 (Figures 3 and S4). Moreover, the
endothelium-dependent contractions induced by the
calcium ionophore A23187 or arachidonic acid in carotid
arteries of high-fat diet fed mice were also prevented by
lipocalin-2 deficiency (Figure S5). Endothelium removal or
indomethacin (5 ¥ 10-6 M) had no effects on the moderate
contractions of Lcn2-KO arteries stimulated by A23187, but
abolished the differences between the two groups of animals
(Figure S5A). The arachidonic acid-induced contractions were
completely prevented by indomethacin (Figure S5B).

The protein expressions of PKB (Akt) and eNOS, and the
phosphorylation levels of PKB (Ser473) and eNOS (Ser1177)
were measured in aortic tissues treated or not with insulin
(10-7 M for 15 min). While the total protein expressions were
not different, aortae of Lcn2-KO mice exhibited a higher level
of basal and insulin-stimulated PKB and eNOS phosphoryla-
tion than those of age-matched wild-type controls fed for 3
weeks with a high-fat diet (Figure 4A). Higher levels of
nitrate/nitrite productions but lower amounts of nitroty-
rosine proteins were found in aortae of Lcn2-KO compared
with those of wild-type mice (Figure 4B and C). QPCR and
Western blotting analysis revealed that the expression of
COX-1 was not different in carotid arteries of 7- to 8-week-old

Figure 3
Carotid artery rings were collected from wild-type and Lcn2-KO mice on a high-fat diet and exposed to ACh in the presence of L-NAME (10-4 M).
Cumulative concentration-response curves were collected for mice with different ages (A). The areas under curve of the cumulative concentration-
responses were calculated and presented (B, upper panel). Removal of the endothelium (without EC) or treatment with indomethacin, SC560,
S18886, but not NS398 abolished ACh-evoked contractions (B, bottom panel). *P < 0.05 versus respective controls; n = 10–15. EC, endothelial
cells.
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wild-type and Lcn2-KO mice (Figure 4D and E). However, the
mRNA and protein levels of this enzyme were significantly
elevated in wild-type mice fed for 3 weeks with high-fat diet.
COX-1 expressions were not augmented in the carotid arter-
ies of Lcn2-KO mice. The level of 6-keto-PG1a, a stable
metabolite of prostacyclin, was significantly lower in the
carotid arteries of Lcn2-KO mice compared with those of
wild-type mice after 3 weeks of high-fat diet feeding (239.77
� 79.27 pg·mL-1 vs. 446.25 � 98.76 pg·mL-1; P < 0.05, n = 3).
In the presence of L-NAME (10-4 M), the amount of superox-
ide anions produced by NADPH oxidase was significantly
lower in carotid arteries of Lcn2-KO mice compared with
those of wild-type mice (Figure 4F). Incubation with ACh
significantly increased the NADPH oxidase activity in wild-
type but not in Lcn2-KO arteries.

In vivo administration of lipocalin-2
promoted endothelial dysfunction
Administration of recombinant lipocalin-2 into Lcn2-KO
animals (7- to 8-week-old under high-fat diet feeding) time-
dependently attenuated insulin-stimulated relaxation in
aortae and enhanced ACh-induced contractions in carotid

arteries (Figure 5A and B). Within 1 h after i.p. injection, the
plasma level of this adipokine increased to ~10-fold of those
in high-fat fed wild-type mice and gradually dropped to
~0.2 mg·mL-1 after 8 h of treatment, a level similar to those in
vehicle-treated wild-type control animals. Lipocalin-2 admin-
istration promoted eNOS uncoupling, reduced NO produc-
tion (evaluated in aortae) and induced the expression of both
COX-1 and COX-2 (measured in carotid arteries) (Figure 6A–
C). It also significantly potentiated the ability of ACh to
stimulate NADPH oxidase activity in carotid arteries of
Lcn2-KO mice (Figure 6D). Likewise, in vivo administration of
recombinant lipocalin-2 into wild-type animals (fed with
high-fat diet for 2–3 weeks) attenuated insulin-stimulated
relaxation in aortae and enhanced ACh-induced contractions
in carotid arteries (Figure S6).

To dissect the potential mechanisms involved in
lipocalin-2-mediated endothelial dysfunction, various phar-
macological inhibitors of 5-, 12-, 15-lipoxygenase, COX and
cytochrome P450 (CYP) were selected for in vivo administra-
tion into high fat fed animals before the evaluation of vas-
cular function. The results revealed that treatment with
sulphaphenazole (SPZ), a selective inhibitor of CYP2C9, but

Figure 4
Basal and insulin (10-7 M, 15 min)-induced PKB and eNOS phosphorylation (A), nitrite and nitrate levels (B) and nitrotyrosine amount (C) were
measured in aortic tissues derived from wild-type and Lcn2-KO mice fed a high-fat diet for 2–3 weeks. The protein (D) and mRNA (E) expressions
of COX-1 in carotid arteries were compared between wild-type and Lcn2-KO mice. Generation of superoxide anions by NADPH oxidase was
determined using the lucigenin-enhanced chemiluminescence assay (F). ACh-induced accumulation of superoxide anions in wild-type mice was
abolished by removal of the endothelium but not by indomethacin (10-5 M). The average readings are expressed as relative luminescence unit
(RLU) and normalized against dried tissue masses. *P < 0.05 versus wild-type mice of the same treatment group; #P < 0.05 versus the basal levels
in wild-type mice; n = 5. -EC, without endothelial cells.
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not others (data not shown), significantly improved endot-
helial function of wild-type mice to a similar level of Lcn2-KO
mice (Figure 7A and B). Compared with Lcn2-KO mice, high-
fat diet elevated CYP2C9 expression to a higher level in
wild-type aortae. While SPZ did not significantly change the
vascular responsiveness of Lcn2-KO mice, it blocked the
effects of lipocalin-2 on endothelial-dependent relaxation to
insulin and endothelial-dependent contractions of ACh
(Figure 7D and E). Moreover, lipocalin-2-induced eNOS
uncoupling was prevented by this inhibitor (Figure 7F).

Discussion

Obesity is associated with altered arterial homeostasis and
endothelial dysfunction (Meyers and Gokce, 2007). The
underlying mechanisms are complex and involve the inter-
play of metabolic and inflammatory factors derived from
adipocytes (Xu et al., 2010). The results from the present
study demonstrate that, lipocalin-2, a pro-inflammatory adi-
pokine causally involved in obesity-induced insulin resis-
tance and metabolic disorders (Wang et al., 2007; Hoo et al.,
2008), plays a pivotal role in the development of endothelial
dysfunction associated with dietary obesity. This conclusion

is based on a number of observations. Firstly, the circulating
level and the adipose tissue expression of lipocalin-2 were
elevated by exposure to a high-fat diet (Wang et al., 2007; Law
et al., 2010), which induced endothelial dysfunction and
increased systolic arterial blood pressure. Secondly, mice
without lipocalin-2 were protected from the endothelial dys-
function caused by dietary challenges. Compared with those
of wild-type controls, arteries of Lcn2-KO mice exhibited
higher NO bioavailability and responsiveness to EDRF-
stimulated relaxations. Deficiency of this adipokine dimin-
ished EDCF-mediated contractions. Thirdly, administration
of exogenous lipocalin-2 rapidly induced endothelial dys-
function in aortae and carotid arteries of Lcn2-KO mice by
promoting eNOS uncoupling and COX expressions. The
ability of this adipokine to block insulin-stimulated eNOS
activation and promote eNOS uncoupling can be reproduced
in cultured endothelial cells (data not shown).

Diet-induced endothelial dysfunction has been impli-
cated in the aetiology of both metabolic dysfunction and
cardiovascular diseases (Caballero, 2003). Our earlier study
has described the metabolic features of the lipocalin-2 defi-
cient mice (Law et al., 2010). The significant differences in
systemic insulin sensitivity and metabolic function of wild-
type and Lcn2-KO mice were first detected after 5 weeks of

Figure 5
Lcn2-KO mice (high-fat diet fed for 2–3 weeks) were given recombinant lipocalin-2 (800 mg per mouse, i.p.). The aortae and carotid arteries were
harvested at different time points for evaluation of endothelium-dependent relaxations to insulin (A) and endothelium-dependent contractions to
ACh (B), respectively. The area under curve was calculated for comparison (bottom panels). Note that the artery responses were constant
throughout the experimental period for animals treated with vehicle control (data not shown). *P < 0.05 versus vehicle-treated wild-type mice;
#P < 0.05 versus vehicle-treated Lcn2-KO mice (time zero); n = 5.
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high-fat diet. Here, endothelial dysfunction was readily
observed in wild-type mice after 2 to 3 weeks of dietary
challenges. Unlike the progressive deterioration of the meta-
bolic performance (exemplified by the consistent elevation of
plasma glucose, lipids and insulin levels, as well as the
ongoing reduction of systemic insulin sensitivity) (Law et al.,
2010), prolonged high-fat diet treatment did not significantly
exacerbate endothelial dysfunction in these mice. Neverthe-
less, the impairment of vascular function cannot be com-
pletely separated from subtle metabolic changes at the early
stage of high-fat diet treatment. In addition, there is a sub-
stantial amount of evidence supporting the notion that pro-
inflammatory mediators released from the perivascular
adipose tissue negatively modulate vascular function (Guzik
et al., 2007). Diet-induced endothelial dysfunction may be at
least in part due to overproduction of lipocalin-2 from the
perivascular adipose tissue. The cross-talk between vascula-
ture and adipose tissue during the development of endothe-
lial and metabolic dysfunction need to be further elucidated.
Of note is the finding that the diet-induced endothelial and
metabolic dysfunction are both prevented by lipocalin-2 defi-
ciency. Treatment with lipocalin-2 promotes vascular as well
as metabolic insulin resistance, suggesting it to be a common
link between dietary obesity-mediated metabolic and vascu-
lar dysfunctions.

Lipid-derived autacoids play major roles in causing endot-
helial dysfunction (Feletou et al., 2010). The majority of
EDCFs are the oxidized metabolites of arachidonic acids. The
present study confirms the occurrence of EDCF-mediated
responses in the mouse carotid artery and demonstrates that
they are amplified by high-fat diet (Flavahan, 2007).
Endothelium-dependent contractions were evoked by ACh,
A23187 and arachidonic acid and prevented by a selective TP
receptor antagonist, indomethacin and a COX-1- but not
COX-2-preferential inhibitor (Flavahan, 2007; Tang and Van-
houtte, 2009). The endothelium-dependent contractions to
all the three EDCF stimulators were abolished in Lcn2-KO
mice. The protein and mRNA levels of COX-1 as well as the
content of prostacyclin were reduced in carotid arteries of
Lcn2-KO mice. Ex vivo administration of the adipokine to
arteries of lipocalin-2 deficient mice increased the expression
of COX-1. Interestingly, in the adipose tissues of Lcn2-KO
mice, the inflammatory lipid species metabolized by
arachidonate lipoxygenase were significantly reduced and
lipocalin-2 treatment promoted adipose inflammation by
enhancing the activity of 12-lipoxygenase (Law et al., 2010).
Treatment with CDC, a 12-lipoxygenase inhibitor, abolishes
the differences in insulin sensitivity between wild-type and
Lcn2-KO mice (Law et al., 2010). However, the same treat-
ment did not prevent the endothelial dysfunction induced by

Figure 6
Lipocalin-2 was administered into Lcn2-KO mice as in Figure 5. Aortae and carotid arteries were collected at different time points for Western
blotting and quantitative PCR to analyse the dimers and monomers of eNOS (A), NO production (B) and COX expressions (C), respectively. The
% NO of wild-type aortae was presented from the averages of four experiments. *P < 0.05 versus wild-type mice; #P < 0.05 versus Lcn2-KO mice
at time zero; n = 5. The quantitative PCR results are expressed as fold changes versus time zero. Carotid artery collected at 6 h after protein
injection was subjected to lucigenin-enhanced chemiluminesence assay as in Figure 4. The results are expressed as relative luminescence unit (RLU)
normalized against dried tissue masses (D). Note that lipocalin-2 significantly enhanced NADPH oxidase activity stimulated by ACh (10-6 M).
*P < 0.05 ACh + lipocalin-2 versus other groups; n = 3.
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high-fat fed in the present study. These findings indicate
that lipocalin-2 deficiency may selectively modulate the
metabolic pathway of arachidonic acids in a tissue-specific
manner.

EDCF-mediated contraction is exacerbated when NO pro-
duction is impaired under conditions such as obesity and
insulin resistance (Vanhoutte et al., 2009). Results from the
present study demonstrate that lipocalin-2 deficiency pre-
vents the eNOS dimer-monomer transition in aortae, and
that this is accompanied by an enhanced activation of the
PKB/eNOS pathway, and thus an augmented sensitivity to
insulin. Conversely, administration of lipocalin-2 rapidly

induced eNOS uncoupling in both mouse aortic tissue and in
primary porcine endothelial cell cultures, and abolishes relax-
ations and the phosphorylation of PKB and eNOS in response
to insulin (data not shown). Although the same treatment
induced COX-1 and COX-2 expression, indomethacin did
not affect lipocalin-2-mediated eNOS uncoupling. In
Lcn2-KO aortae, the nitrotyrosine level was decreased, which
is in line with the low basal and ACh-stimulated superoxide
anion production. The presence of lipocalin-2 facilitates the
production of ROS induced by ACh; however, the anti-
oxidants MnTMPyP and apocynin did not inhibit eNOS
uncoupling induced by lipocalin-2 (data not shown). On the

Figure 7
Left: SPZ or vehicle was administered to wild-type mice (under high-fat diet) by i.p. injection. At the end of the treatment period (3 weeks), the
aortae and carotid arteries were collected for evaluation of endothelium-dependent relaxations to insulin (A) and endothelium-dependent
contractions to ACh (B), respectively. The amount of CYP2C9 protein in aortae of wild-type and Lcn2-KO mice was monitored by Western blotting
(C). *P < 0.05 versus the other two groups; n = 5. Right: same treatment was performed in Lcn2-KO mice fed a high-fat diet. At the end of the
treatment period (3 weeks), mice were injected with lipocalin-2 protein as described in Figure 5. Six hours after injection, the aortae and carotid
arteries were collected for evaluation of endothelium-dependent relaxations to insulin (D) and endothelium-dependent contractions to ACh (E),
respectively. Data are presented as areas under curve. Western blotting was performed for analysing the dimers and monomers of eNOS in aortae
of these mice (F). *P < 0.05 versus vehicle-treated mice; #P < 0.05 versus lipocalin-2-treated mice; n = 5.
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other hand, a SPZ-sensitive pathway is implicated in
lipocalin-2-mediated eNOS uncoupling and endothelial dys-
function. This unexpected discovery suggests that the pres-
ence of lipocalin-2 may compromise NO availability by
modulating CYP2C9 activity and its downstream signalling.

Adipose tissue releases adipokines to modulate vascular
tone (Dubrovska et al., 2004; Brandes, 2007; Gollasch and
Dubrovska, 2004; Greenstein et al., 2009). Under pathological
conditions such as obesity, the adipose tissue becomes dys-
functional, resulting in abnormal production of adipokines.
In both obese humans and mice, circulating lipocalin-2 levels
are elevated to a similar level compared with the lean subjects
(Wang et al., 2007). The findings of the present study imply
that lipocalin-2 is an adipocyte-derived factor that negatively
modulates vascular function. The presence of lipocalin-2 is a
prerequisite for the development of obesity-associated endot-
helial dysfunction and targeting lipocalin-2 may provide an
alternative approach for the treatment of cardiovascular
diseases.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Aortic rings from 22- to 23-week-old wild-type
and Lcn2-KO mice were exposed to phenylephrine (A) or
sodium nitroprusside (B) in a cumulatively manner to
obtain concentration-response curves. The contractions are
expressed as a percentage of a reference contraction to 60 mM
KCl. *P < 0.05 versus wild-type mice; n = 6–8.
Figure S2 Cumulative concentration-response curves to
acetylcholine were obtained during contractions to U46619
(1 to 3 ¥ 10-8 M) in aortic rings from wild-type and Lcn2-KO
mice fed with standard chow (upper panel) or high-fat diet
(lower panel). Data are presented as percentage relaxation.
*P < 0.05 versus wild-type mice; n = 6–8.
Figure S3 Cumulative concentration responses to insulin
(for details see Figure 2) were obtained in aortae from wild-
type and Lcn2-KO mice under standard chow. Results are
presented as area under the curves (A). Endothelium removal
or treatment with L-NAME abolished insulin-induced relax-
ations of aortae (B). *P < 0.05 versus wild-type mice of the
same group; #P < 0.05 versus 7- to 8-week-old wild-type mice;
n = 5–9. EC, endothelial cells.
Figure S4 Cumulative concentration responses to acetyl-
choline (for details see Figure 3) were obtained in carotid
arteries from wild-type and Lcn2-KO mice under standard
chow. Results are presented as area under the curves (A).
Removal of the endothelium (without EC) or treatment with
indomethacin, SC560, S18886, but not NS398 abolished
acetylcholine-evoked contractions (B). *P < 0.05 versus
respective controls; n = 5–9. EC, endothelial cells.
Figure S5 In the presence of L-NAME (10–4 M), the calcium
ionophore A23187 (10–7 to 3 ¥ 10–6 M) (A) or arachidonic acid
(10–6 to 10–4 M) (B) induced endothelium-dependent contrac-
tions in carotid arteries of wild-type mice, which could be
blocked by removal of endothelium or treatment with
indomethacin. Only modest responses could be observed in
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carotid arteries derived from Lcn2-KO mice. *P < 0.05 versus
vehicle control treated wild-type arteries; n = 3.
Figure S6 Wild-type mice were fed with high-fat diet for 2–3
weeks prior to recombinant lipocalin-2 protein treatment as
described in Figure 5. The aortae and carotid arteries were
harvested at different time points for evaluation of
endothelium-dependent relaxations to insulin (A) and
endothelium-dependent contractions to acetylcholine (B)
respectively. The areas under curve were calculated and fold
changes against the zero time points (bottom panels). Note
that the artery responses were constant throughout the

experimental period for animals treated with vehicle control
(data not shown). *P < 0.05 versus vehicle treated wild-type
mice (time zero); n = 5.
Table S1 Primer sequences for quantitative RT-PCR analysis
Appendix S1 Supplementary information.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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