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(Ach) was more depressed in DKO than in ob/ob mice, 
whereas response to bradykinin (BK) was equally attenuated 
in both genotypes (52 ± 3 and 23 ± 9% reversal of precon-
striction induced by 10 –7   M  phenylephrine in DKO vs. 76 ± 3 
and 23 ± 8% reversal of preconstriction in ob/ob mice, 
 respectively). ACE-I and hypocaloric diet improved ACh- 
induced vasorelaxation significantly (89 ± 2 and 59 ± 2% re-
versal of preconstriction in DKO vs. 80 ± 3 and 84 ± 4% in ob/
ob mice, respectively), but not the response to BK.  Conclu-

sion:  These results indicate a differential impact of DMII and 
MS on endothelial function. ACE-I and hypocaloric diet im-
proved ACh-, but not BK-induced vasorelaxation in these 
mouse models of DMII and MS.  © 2013 S. Karger AG, Basel 

 Introduction 

 Diabetes mellitus type II (DMII) is associated with an 
increased risk of cardiovascular morbidity and mortality 
due to both diabetic cardiomyopathy and angiopathy. Di-
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 Abstract 

  Aims:  Insulin resistance, dyslipidemia and hypertension are 
independent mediators of endothelial dysfunction. It is in-
completely defined whether dyslipidemia and hypertension 
in addition to diabetes mellitus type II (DMII), as seen in the 
metabolic syndrome (MS), worsen diabetes-induced endo-
thelial dysfunction. Furthermore, it is unclear whether treat-
ment influences endothelial dysfunction similarly in MS and 
DMII. Therefore, we studied vascular reactivity and the effect 
of in vivo treatment with angiotensin-converting enzyme in-
hibition (ACE-I) or hypocaloric diet in LDL receptor- and 
leptin-deficient (ob/ob), double knockout mice (DKO), fea-
turing MS and in ob/ob mice with DMII.  Methods and Re-

sults:  Vascular reactivity was studied in isolated aortic ring 
segments. Maximum vasorelaxant response to acetylcholine 
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abetic angiopathy is characterized by abnormalities in vas-
cular wall morphology and altered vascular reactivity. Em-
phasis has been laid on endothelial function in DMII in 
clinical and experimental studies  [1–5]  .  Endothelial dys-
function refers to loss of the modulatory function of the 
endothelium with an imbalance between vasorelaxation 
and vasoconstriction, resulting in a propensity towards 
vasoconstriction. Impaired endothelium-dependent re-
laxation is well documented in DMII, which is mainly 
caused by reduced nitric oxide (NO) bioavailability. Ad-
ditional contributing factors might include: a decreased 
production of other relaxing factors, an increased produc-
tion of vasoconstricting agents or a reduced sensitivity of 
vascular smooth muscle to relaxing factors  [3, 6, 7] .

  Specific changes due to DMII are often confounded by 
other cardiovascular risk factors, such as hypertension 
and dyslipidemia. This is the case in the metabolic syn-
drome (MS), which is defined by the co-occurrence of at 
least three of the following features: abdominal obesity, 
dyslipidemia, hypertension, insulin resistance ± glucose 
intolerance and proinflammatory and prothrombotic 
status  [8]  .  Although it is well known that MS implies a 
significantly increased risk of developing vascular com-
plications, it remains unclear whether dyslipidemia and 
hypertension combined with DMII worsen diabetes-in-
duced alterations in vascular function. We have exten-
sively characterized cardiac dysfunction in MS using a 
homozygous LDL receptor (LDLR)–/– and ob/ob–/–, 
double knockout mouse model (DKO)  [9] . This model 
exhibits glucose intolerance, insulin resistance, hyperten-
sion and atherogenic dyslipidemia. No studies are avail-
able on vascular reactivity in this model and no study has 
compared vascular reactivity between DMII and MS to 
determine the possible differential impact of both pathol-
ogies on vascular reactivity.

  Endothelial dysfunction is an important mediator of 
vascular disease progression  [1] . Consequently, preven-
tion and management of endothelial dysfunction is indis-
pensable in reducing cardiovascular complications in pa-
tients with DMII and MS. Angiotensin-converting en-
zyme inhibition (ACE-I) and hypocaloric diet, in addition 
to hypoglycemic drugs, are currently the golden standard 
in the treatment of DMII and MS. ACE-I efficiently re-
duces cardiovascular complications, especially in DMII, 
because of an improvement in endothelial function, a re-
duction in cardiovascular remodeling, and its anti-athero-
sclerotic and anti-oxidative effects  [10–12] . Although 
ACE-I reduces markers of oxidative stress in patients with 
MS  [13] , it is incompletely defined whether ACE-I influ-
ences vascular dysfunction similarly in MS and DMII.

  Weight loss ameliorates endothelial function  [14, 15] , 
but most studies on food restriction in obese patients with 
DMII are associated with lifestyle modifications and ex-
ercise training. Increased physical activity has proven to 
restore coronary artery and aortic endothelial dysfunc-
tion in DMII mice  [16, 17]  .  Therefore, it is not clearly de-
fined to what extent hypocaloric diet alone can contribute 
to an improvement in endothelial function because exer-
cise training is often a confounding factor.

  The aim of our study was to compare vascular reactiv-
ity and endothelial function between our mouse model of 
MS and ob/ob mice, a well-known model of DMII. The 
objective was to assess whether dyslipidemia and hyper-
tension worsen impaired endothelial dysfunction in DMII 
mice. In order to assess the effect of isolated dyslipidemia, 
we also included LDLR–/– mice, which are normotensive, 
have high plasma lipid levels, but are not diabetic. A sec-
ond aim was to evaluate the effect of in vivo treatment with 
ACE-I or with food restriction-induced weight loss on im-
paired vascular function in both mouse models. Data were 
compared to determine if ACE- I and hypocaloric diet in-
fluences vascular dysfunction similarly in MS and DMII.

  Methods 

 Animals 
 Experiments were conducted in homozygous LDLR–/– and 

leptin-deficient (ob/ob) DKO of either gender at 24 weeks. ob/ob 
mice were used as model of DMII with C57BL/6J (wild type, WT) 
as reference data. LDLR–/– mice were included to assess the effect 
of isolated dyslipidemia. Mice were backcrossed for at least 10 
 generations into the C57BL/6J background and exhibit 98.4% 
C57BL/6J background. Heterozygous ob/+ and C57BL/6J mice 
were purchased from the Jackson Laboratory (Bar Harbor, Me., 
USA). Homozygous LDLR–/–, ob/ob and DKO mice were gener-
ated as described previously  [18] . All mice were fed standard chow, 
containing 9% fat (Ssniff, Soest, Germany) with free access to wa-
ter. The investigation conforms to 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) and was ap-
proved by the institutional review board.

  Metabolic Analysis 
 Blood was taken by tail bleeding into EDTA tubes after 24 h 

fasting. Blood glucose levels were measured with a glucometer 
(Menarini Diagnostics, Zaventem, Belgium). Plasma was obtained 
by centrifugation. Triglycerides, total cholesterol, HDL and LDL 
levels were determined with a diagnostic reagent kit (Roche, Vil-
voorde, Belgium).

  Food Restriction 
 All mice were fed standard chow containing 9% fat (Ssniff) 

with free access to water. Food intake of DKO mice and LDLR–/– 
mice was 5.7 and 2.5 g/day, respectively  [19] . Food intake of diet-

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ite
it 

A
nt

w
er

pe
n 

B
ib

lio
th

ee
k 

   
   

   
   

   
   

  
14

6.
17

5.
11

.1
85

 -
 2

/5
/2

01
4 

10
:5

7:
35

 A
M

http://dx.doi.org/10.1159%2F000355221


 Nevelsteen    et al.
 

J Vasc Res 2013;50:486–497
DOI: 10.1159/000355221

488

restricted mice (DKO and ob/ob) was reduced to the daily level 
of LDLR–/– food intake (2.5 g/day) for 12 weeks between 12 and 
24 weeks of age.

  Angiotensin-Converting Enzyme Inhibition 
 ACE-I was achieved using captopril (10 mg/kg i.p.)  [20] , which 

was daily injected during 12 weeks (from 12 weeks till 24 weeks of 
age) in ob/ob and DKO mice.

  Isolated Organ Bath Protocol 
 Rings of 5 mm were taken from the thoracic aorta and placed 

in cold Krebs’ solution containing (in m M ): 118.3 NaCl, 4.7 KCl, 
2.5 CaCl 2,  1.2 MgSO 4 , 25 NaHCO 3 , 0.026 Na 2 Ca EDTA, 5.5 glu-
cose and 1.2 KH 2 PO 4 . In one segment, the endothelium was 
 preserved. In the other one, the endothelium was mechanically 
destroyed by gently rubbing the inside of the aortic ring with a 
stainless tube with rough surface. The rings were mounted on a 
force transducer (HSE force transducer F30 type 372; Harvard 
Apparatus, Holliston, Mass., USA) in an organ bath, filled with 
aerated (95% O 2  and 5% CO 2 ) Krebs’ solution at 37   °    C and 
pH 7.45. Tissues were allowed to equilibrate for 30 min, before 
being subjected to an increasing passive tension until optimal 
resting tension of 800 mg/mm (equals 7.8 mN/mm) was reached 
after 30 min. This optimal preload was based on preliminary ex-
periments, during which active force development in response to 
40 m M  KCl was measured at various applied passive tensions 
(200–1,600 mg/mm). Tissues were equilibrated for another 
30 min under optimal preload. Bath buffer was refreshed every 
20 min.

  Vascular Reactivity of Thoracic Aorta Ring Segments in vitro 
 The integrity of the endothelial layer was tested by examining 

the response to acetylcholine (ACh, 10 –6   M ) administered during 
preconstriction with phenylephrine (Phe, 10– 7   M ). To determine 
vasomotor responses, increasing concentrations (from 10 –9  to 
10 – 

5    M ) of ACh, bradykinin (BK), sodium nitroprusside (SNP), 
Phe and angiotensin II (ATII) were used to generate a concentra-
tion-response curve. ACh, BK and SNP were administered on en-
dothelium-preserved vessels precontracted with 10 –7   M  Phe. Phe 
was selected as vasoconstrictor because vasomotor responses (ex-
pressed as percent relaxation) to endogenous and exogenous NO 
in aortic ring segments of C57BL/6J mice, which were constricted 
with increasing concentrations of Phe, are identical, irrespective of 
the Phe contraction level obtained  [21] .

  To assess intrinsic vascular smooth muscle cell (VSMC) prop-
erties, Phe was used on endothelium-denuded ring segments. At 
the end of the measurements, all tissues were challenged with 
100 m M  KCl. This response was used to normalize contractile re-
sponses from other agonists.

  Data Management and Statistical Analysis 
 All data are expressed per millimeter length of the ring seg-

ment. Results are presented as means ± SEM. Data for vasorelax-
ation by ACh, BK and SNP are expressed as percent relaxation 
compared to the initial preconstriction with 10 –7   M  Phe with cor-
rection for the basal vessel tonus. Data for vasoconstriction by Phe 
and ATII are expressed as percent contraction, compared to the 
maximum response to 100 m M  KCl. n’ denotes number of ring seg-
ments. ‘N’ denotes number of animals. Concentration-response 
curves were fitted with a nonlinear regression model [with equa-

tion: effect = maximum effect/(1 + 10 (log    EC  50    –    log    conc)     Hillslope )], 
 using GraphPad Prism (San Diego, USA). Statistica (Statistica 7.1; 
StatSoft, Tulsa, USA) was used to analyze metabolic and pheno-
typic parameters. Differences between groups were analyzed for 
statistical significance by one-way ANOVA, followed by a Tukey 
HSD post hoc test. A difference with p < 0.05 was considered sig-
nificant. When aortic ring segments from male and female mice 
were separately analyzed, no difference could be obtained. There-
fore, results from mice of either gender were combined.

  Results 

 Phenotypic and Metabolic Features of WT, LDLR–/–, 
ob/ob and DKO at 24 Weeks 
 Phenotypic and Metabolic Features of MS in 
Untreated DKO  
 At 24 weeks, DKO and ob/ob body weight (BW) was 

significantly higher, compared to WT and LDLR–/– 
mice of the same age ( table 1 ). Similarly, heart weight 
(HW) was higher in DKO and ob/ob, but the relative 
increase in HW was less marked than that of BW, result-
ing in a significantly lower HW/BW ratio. Blood glucose 
levels were increased in DKO and ob/ob, whereas dys-
lipidemia (high levels of total cholesterol, triglycerides 
and LDL) were present in LDLR–/– and DKO and less 
in ob/ob.

  Significant Weight Loss after in vivo Hypocaloric 
Diet 
 Twelve weeks of food restriction resulted in 41% lower 

BW in DKO and 47% in ob/ob ( table 2 ). HW was also 
significantly lower in DKO and ob/ob after diet versus 
untreated groups. HW/BW ratio was significantly in-
creased in ob/ob after hypocaloric diet compared to un-
treated ob/ob. A similar but less marked diet-induced ef-
fect on the HW/BW ratio was observed in DKO. Hyper-
glycemia was moderately reduced with diet in ob/ob and 
DKO. The atherogenic serum lipid profile was persistent 
in DKO after food restriction.

  Significantly Lower HW in DKO after in vivo 
Treatment with ACE-I 
 Twelve weeks of ACE-I resulted in a significantly low-

er HW in DKO, but unchanged BW, leading to a small 
decrease in the HW/BW ratio I ( table 2 ). A similar, but 
more moderate decrease in HW without change in BW 
was obtained with ACE-I in ob/ob mice. Fasting glycemia 
was no longer increased in ob/ob after ACE-I whereas the 
hyperglycemic and atherogenic status of DKO remained 
present after treatment with ACE-I.
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  Vasomotor Responses of the Thoracic Aorta in vitro in 
WT, LDLR–/–, ob/ob and DKO at 24 Weeks 
 Impaired Endogenous NO-Dependent 
Vasorelaxation in DKO  
  Figure 1 a depicts a representative trace of the concen-

tration-dependent response to ACh in WT and DKO. 
 Figure 1 b demonstrates the concentration-dependent 
curve to ACh in preconstricted rings of WT, LDLR–/–, 
ob/ob and DKO, and  figure 1 c shows the maximum re-
laxation (E max ) in the various groups. Vasorelaxation was 
significantly reduced in ob/ob and DKO, and the decrease 
was more pronounced in DKO.

   Figure 2 a illustrates the concentration-dependent 
vasorelaxant response to BK in preconstricted rings, 

and  figure 2 b displays E max . BK, in contrast to Ach, 
only  partially relaxed the preconstricted rings. As for 
ACh, vasorelaxation by BK was significantly reduced in 
ob/ob and DKO mice. However, in this case, the re-
sponse to BK was similarly reduced in both genotypes. 
In contrast to ACh, relaxation to BK was increased in 
LDLR.

   Figure 3 a illustrates the concentration-dependent va-
sorelaxant response to exogenous NO by administration 
of SNP in preconstricted rings, and  figure 3 b demon-
strates E max  in the various groups. In contrast to ACh and 
BK, which induced a decreased vasodilatory response in 
ob/ob and DKO, vasodilation after administration of SNP 
is comparable in all genotypes.

Table 2.  The effect of 12 weeks of in vivo treatment with a hypocaloric diet or ACE-I in ob/ob and DKO at 24 weeks

WT ob/ob  DKO

untreated hypocaloric diet ACE-I un treated hypocaloric diet ACE-I

BW, g 27.1±0.9a, b 64.5±1.0* 34.0±2.3*, a 65.8±1.3* 60.7±1.9* 35.9±1.3*, b 62.2±1.0*
HW, mg 164.4±9.6a 197.6±9.2* 136.3±2.8*, a 178.7±4.0 183.8±11.1 132.7±2.9*, b 160.9±4.2b

HW/BW ratio, mg/g 6.3±0.5a, b 3.1±0.2* 4.3±0.3*, a 2.7±0.1* 3.0±0.1* 3.9±0.2* 2.6±0.1*
Glycemia, mg/dl 70.8±5a, b 159.5±10.6* 140±11.7* 85.9±5.0a 163.6±31.7* 148.5±18.7* 142.8±17*
Total cholesterol, mg/dl 76±4b 136±10b 69±8a 150±10* 616±75*, a 828±84*, b 646±60*
Triglycerides, mg/dl 60±4b 67±3b 71±6 76±4* 226±29*, a 308±69* 206±23*
HDL, mg/dl 65±5a, b 95±6*, b 62±9a 101±3* 186±15*, a 235±24*, b 193±4*
LDL, mg/dl 1±0b 27±5b n.a. 34±8* 385±63*, a 424±28* 411±54*

 Phenotypic and metabolic parameters in WT (N = 12), ob/ob (N = 11) and DKO (N = 10). Data for untreated groups are similar to 
table 1; after treatment with a hypocaloric diet in ob/ob (N = 13) and DKO (N = 16); after treatment with ACE-I in ob/ob (N = 15) and 
DKO (N = 14). n.a. = Not available. * p < 0.05 vs. WT, a p < 0.05 vs. untreated ob/ob and b p < 0.05 vs. untreated DKO.

Table 1.  Phenotypic and metabolic characteristics of WT, LDLR–/–, ob/ob and DKO at 24 weeks

WT LDLR–/– ob/ob DKO

BW, g 27.1±0.9b, c 26.7±1.3b, c 64.5±1.0*, a 60.7±1.9*, a

HW, mg 164.4±9.6b 153.6±7.8b, c 197.6±9.2*, a 183.8±11.1a

HW/BW, mg/g 6.3±0.5b, c 5.9±0.4b, c 3.1±0.2*, a 3.0±0.1*, a

Glycemia, mg/dl 70.8±5b, c 69.4±7b, c 159.5±10.6*, a 163.6±31.7*, a

Total cholesterol, mg/dl 76±4a, c 252±17*, b, c 136±10a, c 616±75*, a, b

Triglycerides, mg/dl 60±4a, c 108±16b, c 67±3c 226±29*, a, b

HDL, mg/dl 65±5a, b, c 132±11*, b, c 95±6*, a, c 186±15*, a, b

LDL, mg/dl 1±0a, c 99±16*, c 27±5c 385±63*, a, b

 Phenotypic and metabolic parameters in WT (N = 12), LDLR–/– (N = 10), untreated ob/ob (N = 11) and DKO (N = 10). * p < 0.05 
vs. WT, a p < 0.05 vs. LDLR–/–, b p < 0.05 vs. ob/ob and c p < 0.05 vs. DKO.
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  Fig. 1.  Endothelium-dependent vasorelaxation in response to 
ACh in endothelium-intact ring segments in WT, LDLR–/–, ob/
ob and DKO at 24 weeks and effect of in vivo treatment with 
ACE-I or hypocaloric diet.  a  Representative trace of concentra-
tion-dependent response to ACh in WT and untreated DKO. 
Concentration-response curve ( b ) and E max , ( c ) expressed as per-
cent relaxation, compared to the initial preconstriction with 
10 – 

7   M  Phe (black bars) and effect of treatment with a hypocaloric 
diet and ACE-I (grey bars) at 24 weeks in WT (n = 14), LDLR–/– 
(n = 12), ob/ob (n = 13) and DKO (n = 11).  *  p < 0.05 vs. WT, 
 a  p < 0.05 vs. untreated ob/ob,  b  p < 0.05 vs. untreated DKO,  c  p < 
0.05 vs. LDLR–/–. 

  Fig. 2.  Endothelium-dependent vasorelaxation in response to BK 
in endothelium-intact ring segments in WT, LDLR–/–, ob/ob and 
DKO at 24 weeks and effect of in vivo treatment with ACE-I or 
hypocaloric diet. Concentration-response curve ( a ) and E max  ( b ), 
expressed as percent relaxation, compared to the initial precon-

striction with 10 –7   M  Phe (black bars) and effect of treatment with 
a hypocaloric diet and ACE-I (gray bars) at 24 weeks in WT (n = 
15), LDLR–/– (n = 12), ob/ob (n = 9) and DKO (n = 11).  *  p < 0.05 
vs. WT,  b  p < 0.05 vs. untreated DKO,  c  p < 0.05 vs. LDLR–/–. 
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  Augmented Contractile Response to α-Adrenergic 
Stimulation and Lack of Response to ATII in DKO, 
LDLR–/– and ob/ob  
 The concentration-dependent response to α- adrener-

gic stimulation with Phe in endothelium-denuded ring 
segments is displayed in  figure 4 a and the maximum ef-
fects in  figure 4 b. The maximum effect was significantly 

larger in LDLR–/–, ob/ob and DKO. The response in 
ob/ ob even exceeded significantly that in DKO and 
LDLR–/–.

  ATII application (in the absence of Phe) induced only 
a small contraction in all genotypes, varying between 3 
and 5% of the response to 100 m M  KCl. There was no dif-
ference between the various genotypes (see online suppl. 

Fig. 3. Endothelium-independent vasorelaxation in response to 
SNP in endothelium-intact ring segments in WT, LDLR–/–, ob/ob 
and DKO at 24 weeks and effect of in vivo treatment with ACE-I 
or hypocaloric diet. Concentration-response curve ( a ) and E max  
( b ), expressed as percent relaxation, compared to the initial pre-

constriction with 10   –7   M  Phe with correction for the basal vessel 
tonus (black bars) and effect of treatment with a hypocaloric diet 
and ACE-I (gray bars) at 24 weeks in WT (n = 13), LDLR–/– (n = 
12), ob/ob (n = 14) and DKO (n = 13).
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  Fig. 4.  Contractile response to Phe in endothelium-denuded ring 
segments in WT, LDLR–/–, ob/ob and DKO at 24 weeks and effect 
of in vivo treatment with ACE-I or a hypocaloric diet. Concentra-
tion-response curve ( a ) and E max  ( b ), expressed as percent contrac-
tion, compared to E max  of 100 m   M  KCl (black bars) and effect of 

treatment with a hypocaloric diet and ACE-I (gray bars) at 24 
weeks in WT (n = 13), LDLR–/– (n = 11), ob/ob (n = 12) and DKO 
(n = 14).  *  p < 0.05 vs. WT,  a  p < 0.05 vs. untreated ob/ob,  b  p < 0.05 
vs. untreated DKO,  c  p < 0.05 vs. LDLR–/–. 
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data; for all online suppl. material, see www.karger.com/
doi/10.1159/000355268).

  The maximum contractile response to 100 m M  KCl (in 
mN/mm) was not statistically different between the 
groups (3.13 ± 0.13 in WT, 3.29 ± 0.15 in LDLR–/–, 2.71 ± 
0.14 in ob/ob and 3.03 ± 0.14 in DKO).

  Effect of a Hypocaloric Diet or ACE-I Treatment on 
Vasomotor Responses in the Thoracic Aorta in vitro 
 Improved ACh-Induced Vasorelaxation and More 
Enhanced α-Adrenergic Response in DKO and ob/ob 
after an in vivo Hypocaloric Diet  
 As shown in  figure 1 c, 12 weeks of food restriction re-

sulted in a small, but significant increase in E max  in DKO 
and ob/ob. However, despite this improvement, E max  re-
mained significantly smaller in diet-restricted DKO and 
ob/ob than in WT.  Figure 2 b depicts that the reduced va-
sorelaxant response to BK was unchanged after treatment 
in ob/ob, whereas in DKO mice, all vasodilatory respons-
es were abolished after diet. As shown in  figure 3 b, in re-
sponse to SNP E max  is unchanged after diet compared to 
untreated animals.

  After 12 weeks of food restriction ( figure 4 b), the maxi-
mum response to α-adrenergic stimulation was signifi-
cantly increased in DKO and ob/ob compared with un-
treated groups.

  The response to 100 m M  KCl remained unchanged af-
ter diet (data not shown).

  Improved Response to ACh in DKO and ob/ob after 
in vivo Treatment with ACE-I  
 As shown in  figure 1 c, ACE-I resulted in a significant 

increase in E max  in ob/ob and DKO, the effect being more 
pronounced in DKO mice.

  The maximum vasorelaxant response to BK was un-
changed after ACE-I ( fig. 2 b).

  Similarly, the maximum vasorelaxant response to SNP 
was unchanged after ACE-I ( fig. 3 b).

  As shown in  figure 4 b, ACE-I resulted in a small, but 
significant decrease in E max  in response to Phe in ob/ob 
mice and unchanged maximum response in DKO mice.

  The response to KCl is not influenced by ACE-I (data 
not shown).

  Discussion 

 In this study, we determined vascular reactivity of the 
thoracic aorta in vitro in a mouse model of MS and com-
pared these data with a mouse model of DMII. Secondly, 

the effect of in vivo treatment with ACE-I or food restric-
tion-induced weight loss (without physical training) on 
vascular function was evaluated and compared in the 
same mouse models.

  The first new finding of our study is that Ach-induced 
endothelium-dependent relaxation is significantly im-
paired in ob/ob and DKO mice, the impairment being 
more pronounced in the latter. The second finding is that 
the vasorelaxant response to BK is equally reduced in 
both genotypes. These data indicate that dyslipidemia 
and hypertension cause further impairment in ACh-in-
duced relaxation in DMII mice, but not in BK-induced 
vasorelaxation. The third finding is that of augmented 
contractile responses to α-adrenergic stimulation in 
ob/ ob and to a lesser extent in DKO.

  The fourth finding, regarding the effect of treatment, is 
that ACE-I and hypocaloric diet can restore ACh-induced, 
but not BK-induced, vasorelaxation in both mouse models.

  MS Is Associated with a Larger Impairment in 
Endothelium-Dependent Relaxation in Response to 
ACh than DMII 
 ACh-induced vasodilation is mainly mediated via the 

endothelial subtype 3 muscarinic receptor, resulting in an 
increase in intracellular calcium, activation of eNOS and 
increased NO production  [22] . NO is the major determi-
nant of endothelium-dependent relaxation in mouse aor-
ta under normal physiological conditions, which is in con-
trast to small resistance arteries where endothelial-derived 
hyperpolarization factor may be the main key player  [3, 
23] . Hyperglycemia and insulin resistance have well-
known deleterious effects on the endothelium, resulting 
in decreased NO bioavailability and an associated reduced 
response to ACh  [1, 2] . Insulin resistance alters PI3K-Akt 
pathway activity with a shift towards increased activity of 
the parallel Ras/Raf/MAP kinase pathway, leading to vas-
cular remodeling and increased vasoconstriction  [24] . 
Hyperglycemia, on the other hand, is associated with in-
creased production of reactive oxygen species (ROS), 
which are highly active and degrade NO before it can exert 
its effect on VSMC  [1, 2]  .  Another possible contributor is 
leptin deficiency. Winters et al.  [4]  showed that endothe-
lial dysfunction in ob/ob mice can be reversed by leptin 
repletion, indicating that leptin plays a role in vascular 
homeostasis. In addition, leptin deficiency is also known 
to be associated with increased oxidative stress since leptin 
regulates the expression of several genes involved in anti-
oxidant defense  [25] . Although both mechanisms likely 
contribute to the impaired response to ACh in DKO, this 
does not provide an explanation for the difference be-
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tween DKO and ob/ob. As mentioned before, in contrast 
to ob/ob, atherogenic dyslipidemia and hypertension are 
remarkable in DKO. The harmful effects of dyslipidemia 
and hypertension on endothelial function are well docu-
mented. Therefore, a possible role of atherogenic dyslip-
idemia and/or hypertension has to be considered to ex-
plain the significant difference between ob/ob and DKO 
mice. Firstly, Feron et al.  [26]  demonstrated that LDL al-
ters eNOS activity without changing its expression. In ad-
dition, oxidized LDL, but not native LDL, can cause inhi-
bition of endothelium-dependent relaxation by selectively 
interrupting the endothelial signaling pathway  [27] . In 
contrast, Wölfle and de Wit  [23]  reported that hypercho-
lesterolemia does not severely impair vasorelaxation in-
duced by endothelial-derived hyperpolarization factor in 
murine arterioles. Secondly, Puddu et al.  [28]  showed that 
endothelial function is impaired in essential hypertension, 
which is mainly related to decreased NO bioavailability. 
Taken together, these data indicate an important role for 
dyslipidemia and hypertension in the initiation and 
 progression of NO-dependent endothelial dysfunction. 
Therefore, we hypothesize that these negative effects of 
dyslipidemia and hypertension might be responsible for 
worsening of the attenuated response to ACh in DKO 
compared with ob/ob. In addition, DKO mice show in-
creased levels of oxidative stress  [18, 19]  with enhanced 
ROS. Accelerated inactivation of NO by ROS is associated 
with endothelial dysfunction  [29] . This mechanism has 
been implicated in different pathophysiological condi-
tions, including hypertension, hypercholesterolemia and 
atherosclerosis. Therefore, increased oxidative stress in 
DKO might also explain in part the difference between ob/
ob and DKO mice.

  MS Is Associated with Equal Impairment of BK-
Induced Vasorelaxation than DMII 
 We show that the response to BK is equally reduced in 

ob/ob and DKO, but significantly increased in LDLR–/–, 
compared with WT. The difference in response to ACh 
and BK is not surprising since ACh and BK act via differ-
ent signaling pathways and suggests that dyslipidemia 
and/or hypertension interfere differently with these path-
ways. Like ACh, BK is also a potent endothelium-depen-
dent vasodilator. BK acts via B2 receptors (B2R), which are 
constitutively expressed in endothelial cells with stimula-
tion of at least 3 different parallel pathways  [30]  (1) activa-
tion of eNOS via phospholipase C, (2) release of endothe-
lial-derived hyperpolarization factor (only present in small 
resistance arteries but not in mouse aorta  [22, 23] ) and (3) 
stimulation of cyclo-oxygenase-2 (COX-2). The first 2 

pathways are similar to those of ACh  [22, 23, 31] , but stim-
ulation of COX-2 is mainly related to BK  [32] . This allows 
us to hypothesize that the COX-2 pathway might contrib-
ute to the divergence in endothelium-dependent vasore-
laxation between ob/ob and DKO. COX-2 represents the 
inducible isoform of COX, which is only expressed on en-
dothelial cells when atherosclerosis, inflammation or in-
jury is present  [33] . COX-2 catalyzes the conversion of ar-
achidonic acid into different eicosanoids with opposing 
effects, e.g. prostacyclin and thromboxane. Gendron et al. 
 [34]  showed that COX-2 can preserve vasodilation in old-
er dyslipidemic mice despite endothelial dysfunction be-
cause of a compensatory, increased production of prosta-
cyclin when NO bioavailability is reduced. Secondly, the 
beneficial role of COX-2 in atherogenic conditions is sup-
ported by previous reports that selective COX-2 inhibition 
is associated with a significant increase in cardiovascular 
events in elderly patients with associated cardiovascular 
risk factors  [35] . In addition, increased oxidative stress (as 
seen in DKO mice  [18, 19] ) can also mediate COX-2 ex-
pression  [36] . All together, we hypothesize that upregula-
tion of COX-2 in response to atherogenic dyslipidemia 
and increased oxidative stress might play an important 
role in rescuing attenuated endothelium-dependent vaso-
dilation in DKO. This concept likely provides an explana-
tion for the two BK-related observations in our study since 
BK stimulates COX-2 activity. First, increased prostacy-
clin production via upregulation of COX-2 might prevent 
worsening of attenuated vasodilation in DKO, which was 
confirmed by an equally impaired response to BK in ob/ob 
and DKO in contrast to significantly impaired responses 
to ACh in DKO. Secondly, the responses of LDLR–/– mice 
to ACh were comparable to those of WT, but a significant-
ly better relaxation to BK, which might be explained by 
upregulation of COX-2 and increased production of pros-
tacyclin in response to the atherogenic dyslipidemia pres-
ent in this mouse model. Further experiments with spe-
cific endothelial COX-2 inhibitors would be useful to gain 
a deeper insight into this mechanism.

  Enhanced α-Adrenergic Responsiveness and Lack of 
Response to ATII in DKO and ob/ob 
 As shown in previous studies, enhanced contractile re-

sponse to α-adrenergic stimulation by Phe in ob/ob was 
also present in our study  [3] . DKO show also α-adrenergic 
contractile hyperreactivity, although to a lesser extent. 
These alterations were specific for the α-adrenoceptor ag-
onist, since responses to KCl-induced depolarization 
were unaltered and not due to a decreased constitutive 
activity of eNOS in dyslipidemic mice since the endothe-
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lium-denuded segments were studied  [37] . It has been 
shown that COX-2 is upregulated in aortic VSMC in 
db/ db mice, which contributes to VSMC contractile hy-
perreactivity  [38] . Several other participating mecha-
nisms have been proposed: alterations in calcium han-
dling in VSMC, enhanced calcium sensitization of myo-
filaments, altered α-adrenoreceptor expression/activity 
and changes in distal signaling pathways  [3, 6, 38, 39] . 
However, the exact pathophysiological mechanisms un-
derlying the differences between ob/ob and DKO mice 
still need to be explored. Atherogenic dyslipidemia and/
or hypertension are likely to be again the key players, but 
this requires further investigation.

  Effect of ACE-I on Vasomotor Responses of the 
Thoracic Aorta in vitro 
 ACE catalyzes the conversion of ATI into ATII, with 

simultaneous degradation of BK in inactive peptides. En-
hanced production of angiotensinogen and ACE activity 
results in increased levels of ATII and decreased BK con-
centrations in case of DMII or obesity  [40–42]  .  Most 
known detrimental effects of ATII are mediated via AT1 
receptors (AT1R) and can be opposed by ATII-induced 
activation of AT2 receptors or by binding of BK to B2R. 
AT1R expression is upregulated in case of hyperglycemia 
and increased levels of circulating LDL  [43–45] . Activa-
tion of AT1R leads to increased ROS production, which 
is mediated via NADPH oxidase, and uncoupling of 
eNOS and mitochondrial oxidation  [44, 46, 47] . Cross-
talk between these sources of ROS has been demonstrat-
ed, resulting in an ROS-dependent self-propagation  [46] . 
ACE-I was shown to recouple eNOS, to normalize insulin 
signaling and to reduce oxidative stress, leading to im-
proved endothelial function because of increased NO 
bioavailability  [10, 13, 46, 48]  .  These mechanisms likely 
contribute to improved ACh-induced vasorelaxation in 
our mice, and this effect was more pronounced in DKO 
than ob/ob. Therefore, DKO might have more benefit of 
treatment with ACE-I than ob/ob possibly due to addi-
tional effects of ACE-I on hypertension and dyslipidemia 
in DKO. ACE-I reduces blood pressure in patients with 
hypertension and diabetes  [49, 50] , which leads to chang-
es in shear stress, favoring vasodilation. Secondly, ACE-I 
reduces LDL peroxidation in hypertensive patients as 
well as in atherosclerotic mice  [51] , which results in re-
duced circulating oxidized LDL with less endothelial in-
jury. However, as shown by Pollare et al.  [52]  and con-
firmed in the present study, captopril has no or little ef-
fect on serum lipid or lipoprotein levels. Therefore, 
additional treatment with lipid-lowering statins is ex-

pected to be useful in patients with MS to reduce levels of 
circulating cholesterol, in particular LDL, since native 
LDL is known to upregulate AT1R in rat thoracic aorta 
VSMC  [45] . In addition, native LDL causes elevation in 
intracellular calcium concentration and induces vaso-
constriction of rat aortic rings  [53, 54] .

  In contrast, ACE-I did not improve the vasorelaxant 
response to exogenous BK. This result might be rather 
unexpected, but is concordant with previous clinical stud-
ies. Mancini et al.  [55]  concluded that prolongation of the 
half-life of BK by ACE-I is probably not the mechanism 
underlying the beneficial effect of ACE-I in patients with 
coronary artery disease. Secondly, ACE-I might potenti-
ate the effect of BK on fibrinolytic function more than fa-
voring its vasodilatory properties. This implies that the 
BK-mediated beneficial effect of ACE-I possibly relies 
more on pathways other than improved vasodilation  [56] . 
This hypothesis is supported by Brown et al.  [57] , who 
showed that ACE-I increases prostacyclin production via 
BK in hypertensive patients, but simultaneously attenu-
ates this effect via a BK-independent pathway. Another 
important consideration is that plasma metabolism of BK 
is not exclusively related to ACE. A second pathway is the 
conversion of BK into des-Arg-BK (DABK) by kininase I, 
representing a minor metabolic pathway in normal phys-
iological conditions. This pathway is upregulated when 
ACE is inhibited, resulting in increased serum levels of 
DABK  [58] . This is a selective BK B1 receptor (B1R) ago-
nist whereas BK cannot bind to B1R. B1R are induced 
when inflammation or atherosclerosis is present. It can be 
assumed that part of the beneficial effect of increased en-
dogenous BK is related to increased conversion of BK into 
DABK. Taken together, these data can provide an expla-
nation for our results in vitro: (1) ACE-I might potentiate 
other beneficial effects of BK more than its vasodilatory 
properties to contribute to reduced vascular complica-
tions and (2) exogenous BK can improve endothelial 
function in vivo, but not in vitro, probably due to insuf-
ficient possibility to metabolize BK into DABK.

  Our data thus show that ACE-I can restore ACh-in-
duced vasorelaxation, which is solely NO dependent in 
mouse thoracic aorta. In contrast, ACE-I is unable to cor-
rect impaired BK-dependent vasorelaxation, probably 
largely mediated via endothelial COX-2. Therefore, we hy-
pothesize that ACE-I can restore NO-dependent endothe-
lial-mediated vasorelaxation, but not endothelial COX-
2-mediated vasorelaxation. This hypothesis is supported 
by a study by Tiefenbacher et al.  [59]  showing that lisino-
pril significantly improves impaired NO-dependent vaso-
relaxation in atherosclerotic human coronary arterioles.
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