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Abstract Leptin is prompt to drive angiogenesis, effect-

ing proper vascularisation. Tissue remodeling (including

adipose organ) is associated with the angiogenic response.

The aim of this study was to investigate the effect of

hyperleptinemia on angiogenesis in subcutaneous (s.c.) in

vivo matrigel model in mice on a high fat (HF) diet. HF

promoted adipose tissue accumulation and biochemical

changes resembling metabolic syndrome. However, the

impact of this dietary treatment on angiogenesis, measured

in s.c. matrigel model was not significant. Changes in

leptin concentration were not accompanied by significant

angiogenic response. This lack of leptin activity and

impaired signal transduction at the molecular level sug-

gests malfunction of the leptin receptor in NZO mice.
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Introduction

Angiogenesis is crucial for organ development as well as

for tumor growth [3]. Pathological angiogenesis associates

diabetic retinopathy, which is a major cause of blindness

related to diabetes and metabolic syndrome (MS) compli-

cations [13, 15].

Adipokines, secreted by adipose tissue, are important for

the angiogenic response. Leptin was demonstrated to

stimulate angiogenesis through expression of the vascular

endothelium growth factor (VEGF) receptors [2], and

promotion of progenitor cell differentiation [8]. Adipo-

nectin induces nitric oxide (NO) release and acts

protectively towards endothelial cells [9, 14]. Thus, the

decrease of adiponectin level, associating obesity, con-

tributes to the endothelial dysfunction observed in

metabolic syndrome [6].

The aim of this study was to verify whether increased

hyperleptinemia in obesity modifies the angiogenic effect.

To investigate this, the New Zealand Obese (NZO) mice

model was used. NZO mice exhibit polygenic syndrome of

hyperphagia, obesity, insulin resistance, and hypercholes-

terolemia [4, 12]. Moreover, HF diet causes marked

elevation of leptin in adipose tissue and serum in these

animals [19].

Materials and methods

This study was approved by the University Ethic Com-

mittee (No 58/OP/2003).

Female NZO mice (NZO/H1Bom) were housed in 12 h/

12 h daylight cycle with free access to food and water. At

the age of 6 weeks, mice were split in two experimental

groups: control (n = 11) fed with standard diet containing
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3% fat (Motycz, Poland) and cases (n = 10) fed with HF

diet in which 39% of total energy was derived from

coconut oil (SFA) (MP Biomedicals, CA, USA). Feeding

lasted for 7 weeks and during that time body mass, chow

uptakes as well as fasting concentration of serum glucose,

cholesterol, and triglycerides (TG) were monitored.

Leptin, adiponectin, and insulin concentrations were

estimated in serum (ELISA) of 13 week-old-mice at the

end of the experimental period.

During the last week of the experiment mice received

subcutaneous injections of 0.5 ml of matrigel basement

(Becton Dickinson, USA) containing 25 gmol/l basic

fibroblast growth factor (Sigma-Aldrich, USA). After

6 days, mice were euthanized and matrigel plugs were

removed. In the harvested matrigel plugs the angiogenic

response, as well as gene expression, were analyzed the

invaliding cells [11, 18].

To investigate the influence of HF on expression pro-

files, RNA was isolated and hybridized to Affymetrix

430A_2 GeneChips. The results were analyzed using

GeneChip Operating Software (GCOS 1.4). Only genes

with significant differences in signal intensity of at least

1.4-fold and P \ 0.05 were included for further analysis.

Analysis of regulated pathways was performed using

Genmapp and MetaCore softwares.

In order to confirm expression of chosen genes previ-

ously indicated in the microarray, quantitative real-time

PCR was performed.

Angiogenic response in matrigel plug was estimated by

the amount of CD31 (PECAM1)-positive structures and

expressed as number of vessels with or without the lumen,

as well as number of individual CD31-positive cells.

Results were shown as mean value ± standard deviation

(SD). Number of CD31 positive structures was normalized

with a base-2 logarithm (log2). Comparisons of the means

were made using the unpaired Student t test. P \ 0.05 was

considered statistically significant.

Results

Animals on the HF diet increased their weight up to

20 ± 1.9 g (110% of the startup mass), whereas the control

group of NZO mice fed with a standard diet gained

11.3 ± 3.2 g (64% of their startup mass). Those differ-

ences were statistically significant (Table 1). Moreover, the

HF diet significantly increased serum glucose and choles-

terol levels as well as serum insulin and leptin

concentrations (Table 1). All those differences were sta-

tistically significant and leptin concentration correlated

(R = 0.92) with the weight gain (Fig. 1). Triglycerides

(TG) and adiponectin levels in blood serum did not differ

between groups of animals.

Analysis of angiogenic response in matrigel plugs

revealed a tendency towards increased CD31 positive

structures in the HF group; however, these results were not

statistically significant (Fig. 2).

In order to check for possible effects of hyperleptinemia

on the angiogenic process microarray analysis of gene

Table 1 Comparison of the area under curve values (glucose, cho-

lesterol), body weight and ELISA measurements (insulin, leptin)

between HF diet fed animals (HF) and controls

Standard diet (control) High fat diet (HF)

Glucose (AUC) 58.43 ± 4.39 77.73** ± 5.09

Cholesterol (AUC) 24.04 ± 3.82 44.87** ± 2.27

End body weight (g) 31.23 ± 2.33 38.04** ± 3.09

Insulin [ng/ml] 0.92 ± 0.47 2.47** ± 1.07

Leptin [ng/ml] 18.77 ± 16.24 73.93** ± 11.94

Mean ± SD; from ST (n = 11), HF (n = 10); significance

* p \ 0.05, ** p \ 0.01
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Fig. 1 Spearman Rank-order correlation between leptin concentra-

tion and weight gain for NZO mice. R = 0.92; n = 21; p \ 0.0001
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Fig. 2 Comparison of normalized numbers Cd31 positive structures

present in matrigel plug. Mean ± SD; from ST (n = 10), HF (n = 8).

Figure 1a Vessels with lumen and vessels without lumen. Figure 1b

Single Cd31 positive cells
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expression was performed on cells migrating into matrigel

plugs.

High fat diet up-regulated gene expression of numerous

growth factors involved in the process of angiogenesis,

including VEGFA, epidermal grow factor (EGF), fibroblast

growth factors 1/18 (FGF1, FGF18), heparin-binding EGF-

like growth factor (HBEGF), platelet derived growth factor

alpha (PDGFA). In parallel, the expression of their recep-

tors (Kdr, Flt1 Egfr, Tie1) was inhibited.

High fat diet induced expression of genes involved in

the sphingosine 1-phosphate (S1P) signal transduction

pathway (Sphk1, Edg1, Akt1, Akt3), as well as of prosta-

glandin pathway related genes of prostaglandin syntheses

(Cox1, Cox2, Ptgis) and prostaglandin receptor (Ptgir).

Gene expression of stromal cell derived factor-1-alpha

(Sdf-1-alpha) was inhibited under the HF treatment, and so

was its receptor (Cxcr4). Also the JAK-STAT pathway was

generally down-regulated in this group of animals.

Discussion

It has been demonstrated that leptin promotes the angio-

genic processes [1, 17]. The weight of NZO mice

correlated with leptin concentrations and the animals fed

with a HF diet demonstrated hyperleptinemia. This group

however, did not present much higher angiogenic potential.

Moreover, neither leptin nor adiponectin concentrations

correlated with the angiogenic response.

Growth factors such as EGF, FGF1, FGF18, HBEGF,

PDGFA, as well as crucial for angiogenesis (VEGFA) were

activated, but on the other hand expression of most of their

receptors (Kdr, Flt1 Egfr, Tie1) was inhibited. Sdf-1-alpha,

which is a major chemotactic chemokine for endothelial

progenitor cells, was also down regulated.

On other hand the sphingosine 1-phosphate (S1P) signal

transduction pathway, which was found to activate endo-

thelial cell migration [20] was activated. Thus, analysis of

gene expression of the above mentioned angiogenic factors

do not allow to identify the direction in which this process

of vessel formation is driven by a HF diet.

Adipose tissue, stimulated by insulin, is the source

of proangiogenic and proinflammatory VEGF, Il-8, and

Serpin1 [10]. The present study confirmed the significant

increase of biochemical parameters associating insulin

resistance in obesity after HF treatment in NZO mice.

Thus, proangiogenic VEGFA gene induction might not be

only leptin dependent, and can be up-regulated, due to

insulin and/or glucose elevation [16, 21].

Among the observed changes in expression only a few

genes were in agreement with leptin related effect. For

instance, cyclooxygenase-2 (Cox2) activity was reported to

be linked to hyperleptinemia in obesity (Fain 2001); Cox2

drives biosynthesis protective for endothelium prostaglan-

dins (Hink U, 2006). The prostaglandin synthase and

prostacyclin receptor were up-regulated in matrigel

invading cells.

Down regulation of VEGF receptor and of the JAK-STAT

pathway may explain the weak angiogenic response and

suggests an impairment of leptin signal transduction in our

model. Malfunction of the leptin receptor is found in obesity

and a related polymorphism of its gene in NZO mice has

been described [5]. However, the role of this polymorphism

has never been reported as major origin of hyperphagia

in these animals, and its role remained unclear [5, 7]. The

results presented in this study imply possible malfunction

of the leptin receptor, and therefore impaired angiogenic

response in the NZO mice model.

In conclusion, the results obtained in the NZO mice

model of obesity suggest that a HF diet promotes adipose

tissue accumulation and symptoms similar to human met-

abolic syndrome. However, the impact on angiogenesis,

measured as number of CD31 positive cells migrating into

matrigel, as well as gene expression in those cells, do not

confirm a pro-angiogenic effect of leptin.
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