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Abstract
The pleiotropic effects of statins, inhibitors of 3-hydroxy-3-methylglutaryl–coenzyme A (HMG-
CoA) reductase, have been recently extended to the modulation of angiogenesis. Here, to get more
insight into the statins action, the authors have investigated the effect of atorvastatin on the
expression of several angiogenic and inflammatory genes in human umbilical endothelial cells
(HUVECs). Atorvastatin was proangiogenic at the dose of 10 nM, and antiangiogenic at the
concentrations of 1 to 10 μM. Moreover, these higher concentrations inhibited also the
proliferation of HUVECs induced by vascular endothelial growth factor (VEGF). Lower doses of
atorvastatin did not influence endothelial cell proliferation. Importantly, atorvastatin at the
micromolar concentrations diminished the production of interleukin (IL)-8, a proinflammatory and
proangiogenic chemokine, and inhibited the synthesis of urokinase plasminogen activator (uPA), a
potent proinflammatory mediator. However, it decreased also the expression of plasminogen
activator inhibitor-1 (PAI-1) and thrombospondin-1 (TSP-1), the inhibitors of angiogenesis.
Atorvastatin stimulated the expression of angiopoietin (Ang)-2 and moderately enhanced the
expression of endothelial nitric oxide synthase (eNOS), whereas heme oxygenase-1 (HO-1) was
not significantly affected. In conclusion, the present findings points to other angiogenesis-related
effects of atorvastatin, which may be of relevance to the beneficial influence of statins in
cardiovascular system.
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Statins are potent inhibitors of the 3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA)
reductase via blocking the substrate accessibility to the enzyme and thereby effectively
subverting cholesterol metabolism (for reviews see Kaushal et al. 2003; Undas et al. 2004;
Liao and Laufs 2004). Those efficient drugs have, however, the spectrum of activities much
broader than could be explained only by decrease in cholesterol synthesis. They constitute
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the pleiotropic effects, which have been demonstrated to influence the production of
inflammatory cytokines and other mediators, such as reactive oxygen species (for a recent
review see Wassmann and Nickening 2003; Liao and Laufs 2004). Those pleiotropic,
beneficial effects of statins in cardiovascular diseases have been recently extended to the
modulation of angiogenesis. A biphasic influence has been observed, i.e., stimulation of
angiogenesis at low, nanomolar concentrations, and inhibition at higher, micromolar
concentrations (Weis et al. 2002).

Among others, the proangiogenic activities of statins are due to their effects on endothelial
progenitor cells, which are protected from senescence and apoptosis by nanomolar
concentrations of the drugs (Assmus et al. 2003; Llevadot et al. 2001). At the molecular
level this protection is mostly ascribed to the stimulation of the inositol triphosphate (PI3)-
Akt kinase pathway, resulting in the phosphorylation of endothelial nitric oxide synthase
(eNOS), a critical mediator of angiogenic activity of endothelial cells (Kureishi et al. 2000).
The phosphorylation of eNOS at Ser1177 by Akt is dependent on statin-mediated
recruitment of Akt to eNOS complex by heat shock protein 90 (hsp90) chaperone protein.
Statins promote tyrosine phosphorylation of hsp90 and direct interaction of hsp90 with Akt
(Brouet et al. 2001). Antiapoptotic effects are due to inhibition of p21 and p27 cyclin-
dependent-kinase inhibitors (Assmus et al. 2003). On the other hand antiangiogenic effect of
higher, micromolar concentrations of statins is due to the induction of apoptosis in
endothelial cells and inhibition of the synthesis of vascular endothelial growth factor
(VEGF) (Frick et al. 2003; Weis et al. 2002). Inhibitory influence of statins on the
production of VEGF has been observed both in vitro (Frick et al. 2003; Dulak et al. 2001)
and in vivo (Alber et al. 2002, 2005).

Nevertheless, although widely investigated, the field is far from clarity. For example,
antiapoptotic effect of simvastatin on differentiated endothelial cells (human umbilical vein
endothelial cells; HUVECs) has been claimed by some studies to occur at 1 μM
concentration (Kureishi et al. 2000). On the contrary, others reported the proapoptotic
activity of simvastatin at the same low- micromolar concentration (Urbich et al. 2002;
Assmus et al. 2003). Antiangiogenic effect has been also ascribed to occur due to the
inhibition of VEGF synthesis at micromolar doses of statins (Weis et al. 2002; Frick et al.
2003). However, studies demonstrated also the stimulation of VEGF synthesis at high-
micromolar concentrations of the drugs (Frick et al. 2003). Therefore, to get more insight
into the angiogenic action of statins, we performed the analysis of the effect of atorvastatin,
a representative of this class of drugs, on angiogenic gene expression in HUVECs.

MATERIALS AND METHODS
Reagents

M199 medium, L-glutamine, epithelial growth factor (EGF), hydrocortisone, and
carboxymethylcellulose were purchased from Sigma. Fetal calf serum (FCS) was procured
from Invitrogen. CytoTox-96 assay, Reverse Transcription System, PCR Core System were
obtained from Promega. Human recombinant VEGF165 and basic fibroblast growth factor
(bFGF), as well as enzyme-linked immunosorbent assay (ELISA) kits for human VEGF and
interleukin (IL8)-proteins were purchased from R&D Systems. The cell proliferation ELISA
was obtained from Roche Diagnostic. GEArray expression arrays were purchased from
SuperArray Bioscience Corporation. Primers for reverse transcriptase–polymerase chain
reaction (RT-PCR) of eNOS, heme oxygenase (HO)-1 and EF2 genes have been designed
using the sequences deposited in GeneBank and synthesized at Institute of Biochemistry and
Biophysics in Warsaw, Poland. For amplification of angiopoitin (Ang)-1, Ang-2, and
VEGF-D, the commercially available primers from R&D Systems (Abingdon, UK) were
used according to vendor's protocol.
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Cell Culture and Incubation Experiments
HUVECs were freshly isolated from umbilical veins by collagenase digestion. Cells were
cultured in M199 medium supplemented with FCS (10%), endothelial cell grow supplement
(ECGS), heparin, L-glutamine (2 mM), hydrocortisone (1 μg/mL), and antibiotics.
Experiments were performed on confluent cell cultures at second or third passages.
Angiogenic activities of HUVECs were stimulated by supplementation of cells with
VEGF165 or bFGF (10 to 30 ng/mL).

Atorvastatin was dissolved in DMSO (stock 10 mM) and added to the cells at indicated
concentrations for the whole incubation period. DMSO was added at the same amount to
control the effect of diluent. The final concentration of DMSO never exceeded 0.1% and did
not affect cell viability (not shown). Mevalonic acid (dissolved in ethanol) was used at 100
μM concentration.

Proliferation Assay
Experiments were performed on HUVECs cultured in 96-well plates in media with 10%
FCS but without ECGS. After a 48-h incubation period, BrdU (10 μM) was added for 2 h
and proliferation was measured by BrdU incorporation assay according to the vendor's
protocol. In brief, the cells were fixed and peroxidase-labeled anti-BrdU antibodies were
added for 90 min. Then the wells were washed and a substrate solution was added and
incubated at 15°C to 25°C until color development was sufficient for photometric detection
(usually 5 to 30 min). Reaction was stopped by addition of 1 mM sulphuric acid and the
absorbance was measured at 450 nm.

Capillary Sprouting
Experiments were performed as previously described (Jozkowicz et al. 2003, 2004)
according to the procedure established by Korff and Augustin (1998) using medium
containing 10% FCS, but without ECGS. In order to generate HUVEC spheroids, 750 cells
were suspended in culture medium containing 0.25% (w/v) carboxymethylcellulose. During
the first 24 h of culture, all the suspended cells contributed to the formation of a single
spheroid, which was then embedded in a collagen gel. Under such conditions spheroids
formed capillary-like sprouts, which were measured in the following 24 h of culture using a
digitized imaging system connected to an inverted microscope.

Cell Viability Assay
Cell viability was assessed by colorimetric measurement of lactate dehydrogenase (LDH)
release according to vendor's protocol (Promega, Madison, USA).

RT-PCR
Total RNA was isolated from the cells by acid guanidinum thiocyanate-phenol-chloroform
extraction. Synthesis of cDNA was performed on 2 μg of total RNA with oligo-dT primers
for 1 h at 37°C using MMLV reverse transcriptase, according to vendor's instruction. Then
PCR with Taq polymerase was performed on cDNA for 22 to 35 cycles using the following
protocol: 95°C 40 s, 58°C 40 s and 72°C 50 s. The primers recognizing VEGF (5′-CAC
CGC CTT GGC TTG TCA CAT and 5′-CTG CTC TCT TGG GTG CAC TG), eNOS (5′-
GTG ATG GCG AAG CGA GTG AA and 5′-CCG AGC CCG AAC ACA CAG AA),
HO-1 (5′-CTT TCA GAA GGG TCA GGT GTC C-3′ and 5′-GTG GAG ACG CTT TAC
GTA GTG C-3′), and EF2 (5′-GCG GTC AGC ACA ATG GCA TA and 5′-GAC ATC
ACC AAG GGT GTG CAG) as a reporter gene have been used. For amplification of Ang-1,
Ang-2, and VEGF-D, the commercially available primers from R&D Systems (Abingdon,
UK) have been used. The positive control (plasmid DNA containing relevant sequences
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flanked by the primers used) provided by the vendor was amplified in each reaction. PCR
products were analyzed by electrophoresis in 2% agarose gel. The product length for the
VEGF121 was 431 bp, for VEGF165 563 bp, 421 bp for eNOS, 250 bp for HO-1, and 218 bp
for EF2.

Detection of Gene Expression by Macroaray Hybridization
For analysis of the differential expression of the multiple angiogenesis-associated genes, we
used gene expression arrays (SuperArray, Inc., Frederick, MD, USA). Each GEArray
membrane consists of 23 cDNA fragments from genes associated with angiogenesis as well
as positive Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and negative (pUC18
DNA) controls printed in two-spot configuration on specialized nylon membranes. cDNA
was prepared from 2 μg RNA by reverse transcription with MMLV reverse transcriptase,
labeled with biotin—16-dUTP then hybridized to membranes overnight with continuous
agitation at 60°C. After washing, the chemiluminescent detection was done and the arrays
were exposed to x-ray film. The intensity of each of the gene-specific spots within an
individual array was normalized by expressing values as percentages of total gene-specific
spot intensity. This allowed comparisons between array experiments. Each experiment was
performed twice.

ELISA Assays
ELISA for IL-8 and eNOS were from R&D Systems and were performed according to
vendor's protocol. ELISA for urokinase plasminogen activator (uPA) was purchased from
Oncogene Science (Cambridge, MA, USA). ELISA for HO-1 from Stressgen
Biotechnologies, Canada. VEGF, IL-8, and uPA concentrations were determined in
conditioned media. HO-1 and eNOS protein were detected in cell lysates prepared according
to the vendor's protocol.

Western Blotting
Cells were lysed in ice-cold lysis buffer (1% Triton, 10 mM phenylmethylsulfonyl fluoride
[(PMSF)], 10 mM aprotinin, and 10 mM leupeptine). Samples were centrifuged for 20 min
at 8000 × g at 4°C and clear supernatants were collected. Protein concentration was
determined using bicinchoninic acid protein assay kit (BCA, Sigma). Fifteen microgram of
each protein samples were subjected on 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) gel electrophoresis followed by transfer to nitrocellulose
membrane Hybond ECL (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Membranes were probed with polyclonal antibodies against HO-1 (Stressgen
Biotechnologies) followed by biotin-conjugated secondary antibodies (Stressgen
Biotechnologies) at the dilution 1:2500 in Tris-buffered saline (TBS) with 3% albumin.
Alkaline phosphatase–conjugated streptavidin (Dak, Denmark) at the dilution 1:5000 in TBS
was used and the visualization was performed using the 5-bromo-4-chloro-3-indolyl
phosphate/p-nitroblue tetrazolic chloride (BCIP/NBT)Blue liquid substrate for membranes.

Statistical Analysis
All experiments were performed in duplicates or triplicates and were repeated at least two
times. Data are presented as mean ± standard deviation (SD). Statistical evaluation was done
with analysis of variance (ANOVA) followed by a posteriori Tukey test. Differences were
accepted as statistically significant at p < .05.
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RESULTS
Proangiogenic Effect of Atorvastatin at Nanomolar Concentration Is Not Dependent on Cell
Proliferation

Recently we have observed that atorvastatin at nanomolar concentration was proangiogenic
(Frick et al. 2003). Also in the present study, atorvastatin at the dose of 10 nM enhanced the
capillary sprouting from HUVEC spheroids (Figure 1). This effect disappeared at higher
concentrations (Figure 1).

Interestingly, this proangiogenic effect was not dependent on the endothelial cell
proliferation, as no further increase in VEGF-induced BrdU incorporation was observed in
the presence of nanomolar concentrations of atorvastatin (Figure 2A). However, 1 to 10 μM
concentrations of atorvastatin decreased significantly HUVEC proliferation (Figure 2A).
Similar influence has been exerted on bFGF-induced proliferation (Figure 2B). No
significant toxicity of atorvastatin on HUVECs was observed at tested concentrations (not
shown).

Atorvastatin Decreases IL-8 Production in HUVECs
IL-8 is another potent proangiogenic mediator, which can enhance endothelial cell
proliferation and survival (Li et al. 2003). Interestingly, atorvastatin at proangiogenic
concentrations (0.01 to 0.1 μM) did not affect IL-8 synthesis in HUVECs. On the contrary,
higher, micromolar concentrations of atorvastatin decreased synthesis of this cytokine
(Figure 3).

Atorvastatin Decreases uPA Production in HUVECs
Angiogenic effect of VEGF requires the activity of uPA (Heymans et al. 1999). Therefore,
impairment of uPA synthesis may also result in attenuation of angiogenesis. Interestingly, in
the present study, synthesis of uPA was diminished already at nanomolar concentrations of
atorvastatin (Figure 4A). Treatment with mevalonic acid reversed the inhibitory effect of
atorvastatin (Figure 4B).

Atorvastatin Decreases the Expression of Thrombospondin (TSP)-1 and Plasminogen
Activator Inhibitor (PAI)-1 and Enhances the Expression of VEGF-D and Ang-2

Macroarray hybridization has been used to find more angiogenic genes whose expression is
influenced by atorvastatin. It has been shown, that atorvastatin at micromolar concentrations
down-regulates TSP-1 and PAI-1, whereas increases the expression of VEGF-D and Ang-2
(Figure 5A and B). The enhancement in expression of Ang-2 has been confirmed by RT-
PCR (Figure 5C). We were not able, however, to validate the upregulation of VEGF-D. The
level of expression of VEGF-D in HUVECs is, probably, very low as changes in the
expression of VEGF-D mRNA could be detected only after 38 rounds of PCR amplification
(Figure 5C). Moreover, ELISA for VEGF-D did not demonstrate any VEGF-D protein in
conditioned media harvested from HUVEC cultures (not shown).

Effect of Atorvastatin on eNOS and HO-1 Expression
eNOS and HO-1 are involved in angiogenesis and protection of endothelial cells from
apoptosis and oxidative injury (for review and references see Dulak and Jozkowicz 2003;
Dulak et al. 2004). Statins are known to up-regulate eNOS (Laufs et al. 1997, 1998). Here
we determined the effect of atorvastatin on eNOS and HO-1 generation.

Under basal conditions, mRNAs, for eNOS and HO-1 were detected by RT-PCR, although
the eNOS expression was higher than HO-1 and could be easily detected after fewer (i.e.,
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22) cycles than HO-1 amplicons, which were visible after 30 cycles of PCR (Figure 6A).
Atorvastatin moderately increased eNOS and HO-1 mRNA expression (Figure 6A). ELISA
confirmed the enhanced synthesis of eNOS protein in HUVEC (Figure 6B). However, the
protein expression of HO-1 did not change significantly, as shown by ELISA (Figure 6C) or
western blotting (Figure 6C, insert) for HO-1.

DISCUSSION
In the present study we have confirmed that atorvastatin, a representative of HMG-CoA
reductase inhibitors, exerts dual effect on angiogenic activity of endothelial cells, being
stimulatory at low, nanomolar concentrations and inhibitory at higher, i.e., micromolar
doses. Additionally, we have shown that atorvastatin affects the synthesis of several
proangiogenic mediators, such as uPA, IL-8, eNOS, VEGF-D, and Ang-2. Interestingly, it
inhibits the production of uPA and IL-8, while enhances the expression of Ang-2 and
moderately stimulates eNOS and VEGF-D.

Current hypotheses on the mechanisms of development of cancer, atherosclerosis, or
Alzheimer disease point to the crucial role of the formation of new blood vessels in those
conditions. Although the consequence of atherosclerosis is very often insufficient blood
supply and the resulting heart and peripheral muscle ischemia, the development of the
atherosclerotic plaque is undoubtedly dependent on the formation of blood vessels. Analyses
have convincingly demonstrated the increased number of blood vessels in plaques or
myocardium of hypercholesterolemic animals (Rodriguez-Porcel et al. 2000). Importantly,
treatment with statins preserved the structure of the vascular wall, the effect ascribed to
decreased expression of VEGF, hypoxia-inducible factor-1 (HIF-1), and decreased number
of vasa vasorum capillaries (Wilson et al. 2002). It is hypothesized that the process of
development of the plaque shows important analogies to the tumor growth and it can be
conceivably considered that antiangiogenic therapy may be beneficial in both situations
(Moulton et al. 1999, 2003).

Interestingly, recent in vitro (Frick et al. 2003) and in vivo (Weis et al. 2002) experiments
demonstrated the proangiogenic activity of statins, which occurs particularly at low,
picomolar or nanomolar concentrations (Weis et al. 2002; Urbich et al. 2002). Such effects
have been also investigated in the certain clinical settings, where ex vivo experiments and in
vivo studies demonstrated the enhancement of endothelial progenitor cell survival and
differentiation in patients undergoing statin therapy (Dimmeler et al. 2001). Thus, it has
been suggested that in vivo statins may be mostly proangiogenic, as such effects have been
exerted at low concentrations of the drugs, which are equivalent to the levels of statins
detected in plasma of patients (Weis et al. 2002; Lennernas 2003). Nevertheless, recent
report demonstrated that cerivastatin induced proangiogenic effect also at high concentration
(6 mg/kg body weight/day), stimulating blood vessel formation in ischemic tissues (Sata et
al. 2004). Thus, the effect of statins on angiogenesis and molecular mechanisms are far from
understanding and require further studies.

The proangiogenic effects of statins have been ascribed to the phosphorylation of Akt
kinase, the effect observed already at 10 nM concentration of atorvastatin (Urbich et al.
2002). That activation of Akt is suggested to be responsible for enhanced endothelial cell
proliferation and survival. It may also prevent the senescence and apoptosis of endothelial
progenitors (Assmus et al. 2003). Higher, micromolar doses of statins may exert weak effect
or no influence on Akt kinase phosphorylation (Urbich et al. 2002), although Kureishi et al.
noted that 1 μM concentration of simvastatin enhanced Akt phosphorylation in HUVECs,
the effect claimed to be responsible for inhibition of apoptosis (Kureishi et al. 2000).
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Proangiogenic effects of statins are abolished in eNOS knockout mice (Sata et al. 2001).
Interestingly, the antiangiogenic effect of atorvastatin occurs at the concentrations which
enhance the expression of eNOS (this study and Assmus et al. 2003), the crucial gene
involved in the angiogenic activity of endothelial cells. Moreover, NO generation is
enhanced in endothelial cells stimulated with VEGF and endothelial cell migration relies on
NO synthesis (Jozkowicz et al. 2004).

NO protects endothelial cells from apoptosis induced by several stimuli, such as tumor
necrosis factor alpha (TNFα)or serum withdrawal (for a review see Dimmeler and Zeiher
1999). Similar effect is exerted by VEGF (for a review see: Zachary and Gliki 2001).
However, induction of eNOS expression by micromolar concentration of statin appears to be
not sufficient to enhance the angiogenesis.

HO-1 is a stress-inducible enzyme that degrades heme to carbon monoxide, iron, and
biliverdin (for review see Sikorski et al. 2004). Besides removal of pro-oxidant heme, the
products of HO-1 activity have been recently demonstrated to be involved in numerous
protective processes. In vascular system HO-1 expression is proangiogenic (Deramaudt et al.
1998; Dulak et al. 2002, 2004). CO, biliverdin, and its derivative, bilirubin, as well as
ferritin induced by iron are regarded as protective, and their influence may result, among
others, in prevention of endothelial cells from apoptosis (for reviews see Dulak and
Jozkowicz 2003; Dulak et al. 2004). Hence, it was reasonable to determine the potential
effect of statins on HO-1 expression. However, in our hands atorvastatin at wide range of
concentrations tested did not affect significantly HO-1 synthesis. Interestingly, HO-1 mRNA
expression has been enhanced by micromolar concentrations of atorvastatin, whereas the
protein production did not change. To that extent our results are in partial agreement with a
recent study that demonstrated the induction of HO-1 mRNA and protein expression by
simvastatin in vascular smooth muscle cells but not endothelial cells nor macrophages (Lee
et al. 2004). Thus, the effect of statins may be cell-type dependent, but further studies are
necessary for better understanding of those interactions.

Moreover, antiangiogenic effects of atorvastatin at micromolar concentrations can derive
from other pathways that are affected by this compound. In our hands atorvastatin decreased
uPA synthesis and IL-8 production. Indeed, uPA activity is required for the VEGF-induced
angiogenesis and in animals devoid of uPA gene angiogenesis was significantly impaired in
comparison to the wild-type counterparts (Heymans et al. 1999).

IL-8 is a CXC chemokine generated in a significant amounts by endothelial cells (Jozkowicz
et al. 2001). It is a proinflammatory and proangiogenic factor, whose effects are mostly
exerted by the chemotactic activity toward polymorphonuclear cells. IL-8 production is
increased in atherosclerosis and statins have been reported to decrease IL-8 synthesis both in
vitro (Rezaie-Majd et al. 2003) and in vivo (Waehre et al. 2003). Recent data indicate also
that IL-8 exerts direct proangiogenic activity on endothelial cells, by stimulation of their
proliferation and inhibition of the starvation-induced apoptosis (Li et al. 2003). Therefore,
inhibitory effect of atorvastatin on IL-8 production may contribute to the antiangiogenic
activities of statins at micromolar concentrations.

Besides influencing angiogenesis, the decrease in the production of IL-8 can exert anti-
inflammatory activity. This effect may add to the attenuation of inflammation caused by
decrease in PAI-1 synthesis (Wiesbauer et al. 2002). Similar effect on PAI-1 has been
observed in our study.

Interestingly, we have observed for the first time that TSP-1 expression in endothelial cells
is decreased in cells treated with atorvastatin, and this effect has been already observed at
100 nM concentration. TSP-1 is known as inhibitor of angiogenesis and the progression of
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tumors is dependent on down-regulation of TSP-1 and TSP-2 (Lawler and Detmar 2004; de
Fraipont et al. 2001). Therefore, inhibition of TSP-1 expression could result in enhancement
of angiogenesis. Hypoxia was also shown to inhibit TSP-1 generation (Laderoute et al.
2000). Inhibition of TSP-1 expression is thus regarded as proangiogenic whereas TSP-1
overexpression as antiangiogenic (Weinstat-Saslow et al. 1994). Therefore, it may be
surprising that down-regulation of TSP-1 expression by atorvastatin is paralleled by the
inhibition of angiogenic activity of endothelial cells. However, this again points to the
complexity of statin-dependent regulation of angiogenic gene expression and angiogenic
activity of endothelial cells.

It should be noticed, however, that a stimulatory effect of hypoxia on TSP-1 expression in
cultured endothelial cells has been also reported (Phelan et al. 1998). Similarly, the role of
TSP-1 in tumor growth is still enigmatic. It has been for example shown that the expression
of TSP-1 and TSP-2 was significantly increased in invasive breast carcinoma as compared to
benign or normal tissue (Bertin et al. 1997; Wang-Rodriguez et al. 2003). Therefore,
inhibition of TSP-1 synthesis may be also considered as beneficial, at least in certain types
of tumors. This has been demonstrated in advanced epithelial ovarian carcinoma or breast
cancer, although that effect of TSP-1 down-regulation may not be necessarily related to the
angiogenesis (Clezardin et al. 1993). Additionally, low-microgram concentration of TSP-1
have been reported to be proangiogenic, whereas higher, i.e., more than 25 μg/mL per ml
are claimed to be antiangiogenic (Motegi et al. 2002). TSP-1 has been also shown to
increase uPA and PAI-1 and promote metastasis of breast cancer cells (Arnoletti et al.
1995). Thus, further studies should elucidate what is the role of TSP-1 in the growth and
angiogenesis of specific types of tumors.

Finally, macroarray analysis, which demonstrated the changes in PAI-1 and TSP-1
expression, revealed also an effect of atorvastatin on Ang-2 and VEGF-D in HUVECs.
However, RT-PCR demonstrated only modest enhancement of Ang-2 and VEGF-D
expression. Additionally, we were unable to detect any VEGF-D protein production by
HUVECs using the commercially available ELISA. Those discrepancies may reflect the
technical drawbacks of the kit and arrays used and require further validation.

Extrapolation of the results of experiments in vitro to the clinical settings has to be done
cautiously. In the in vitro studies the high concentrations of statins have been very often
used, although the micromolar doses can induce endothelial cell apoptosis (Muck et al.
2004; Kaneta et al. 2003; Newton et al. 2003; Frick et al. 2003; Urbich et al. 2002).
Importantly, plasma concentrations of statins in patients treated with HMG-CoA reductase
inhibitors are in the picomolar and nanomolar ranges (Desager and Horsmans 1996),
although some other studies reported higher concentrations (Wong et al. 2002). Moreover, it
may be hypothesized that the local concentrations of statins in certain tissues are in the range
of those used in the in vitro experiments. It is also interesting that the antiangiogenic
activities of statins are exerted at those doses that induce apoptosis of tumor cells, which
might constitute the background for novel approaches in anticancer therapy. Further studies
are, however, required to elucidate that point of the actions of statins.
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FIG. 1.
Spheroid assay. Effect of atorvastatin (0.01 to 10 μM) on outgrowth of capillaries. (A)
Representative pictures of capillary sprouting, 24 h after embedding HUVEC spheroids in
collagen gel. (B) Comparison of cumulative length of capillaries. Each bar represents mean
± SD of three independent experiments. p < .05 versus control.
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FIG. 2.
Inhibition of VEGF-induced and bFGF-induced HUVEC proliferation by atorvastatin.
Effect of atorvastatin (0.001 to 10 μM) on the VEGF-induced (A) and bFGF-induced (B)
proliferation of HUVECs. Control cells were treated with solvent (DMSO) added at the
same final amount as was used for atorvastatin. The highest solvent concentration was 0.1%
(when 10 μM atorvastatin was used). Proliferation was measured colorimetrically after 48 h
incubation, by BrdU incorporation assay. Each bar represents mean ± SD of three
independent experiments.
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FIG. 3.
Effect of atorvastatin on IL-8 production in HUVECs. Concentrations of IL-8 protein in
media harvested after a 24-h incubation period were measured by ELISA. Representative
results of five independent experiments, * p < .05 versus control.
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FIG. 4.
Effect of atorvastatin on uPA production in HUVECs. Highnanomolar and low-micromolar
concentrations of atorvastatin attenuate uPA release by HUVECs determined by ELISA
after 24 h stimulation (A). The inhibitory effect was reversed by mevalonic acid (B).
Representative result of three independent experiments, * p < .05 versus control.
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FIG. 5.
Effect of atorvastatin on PAI-1, TSP-1, Ang-2, and VEGF-D in HUVECs. (A and B)
Macroarray analysis demonstrated enhanced expression of Ang-2 and VEGF-D, and
decreased PAI-1 and TSP-1, at 6 h after stimulation with atorvastatin. (results of two
independent hybridizations are shown). (C) RTPCR confirmed the induction of VEGF-D;
however, this effect was visible only after 38 cycles of amplification. Ang-2 expression was
detected after 30 cycles.
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FIG. 6.
Atorvastatin modulates the expression of eNOS and HO-1. (A) RT-PCR results showing the
increased expression of eNOS (22 cycles performed) and HO-1 mRNA (30 cycles
performed) in HUVECs 24 h after treatment with increasing concentrations of atorvastatin
(results of two representative experiments are shown). (B) ELISA for eNOS protein
confirmed the induction of eNOS synthesis after atorvastatin treatment. In contrast, HO-1
protein concentration did not change, as shown (B) ELISA (C) and Western blotting (C,
insert).
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