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Abstract—Recently we demonstrated that mechanical stress induces apoptosis of vascular smooth muscle cells in vitro and
in vein grafts (Mayr et al.FASEB J.2000;15:261–270). The current study was designed to investigate molecular
mechanisms of mechanical stretch–induced apoptosis. Smooth muscle cells cultivated on silicone elastomer plates
precoated with collagen I, elastin, laminin, or Pronectin were subjected to cyclic mechanical stretch. Interestingly, in
response to mechanical stress, the number of apoptotic cells increased significantly in cells growing on collagen
I–coated plates but not on other matrixes. We therefore thought that receptors mediating binding to collagen I, such as
integrin b1 containing receptors, might be involved in signaling pathways leading to stretch-induced apoptosis. On
collagen plates, mechanical stress rapidly activated p38 MAPK that phosphorylated p53 in smooth muscle cells. Lack
of functionalRaccompletely abrogated p38 MAPK-p53 activation as well as apoptosis. Furthermore, mechanical stress
resulted in increases of both integrinb1 protein expression and activity as identified by Western blotting andShc
immunoprecipitation assays. Treatment with ab1-integrin–blocking antibody or integrin signaling inhibitor cytochalasin
B but not growth factor receptor inhibitor suramin abrogated both stretch-induced phosphorylation of p38 MAPK and
p53 expression. Akin to the inhibition of p38 MAPK-p53 signaling, pretreatment with ab1-integrin–blocking antibody
or cytochalasin B but not suramin inhibited stretch-induced apoptosis on collagen plates. These results suggest that
mechanical stress–induced apoptosis in vascular smooth muscle cells is mediated byb1-integrin–rac–p38-p53 signaling
pathways.(Hypertension. 2003;41:903-911.)
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Blood vessels are dynamically subjected to mechanical
forces in the form of stretch and shear stress resulting

from blood pressure and blood flow, respectively. Whereas
shear stress is mainly sensed by endothelial cells that line the
vessel, stretch stress affects all cell types in the vessel wall.1

In vivo, various factors ranging from physical exertion to
psychological stress lead to a transient rise in blood pressure,
and if the factors are persistent and chronic, arteriole walls
gradually thicken, resulting in chronic hypertension.2,3 Large
arteries, such as the aorta, coronary, and carotid arteries,
undergo adaptation or remodeling in response to elevated
blood pressure leading to arterial hypertrophy and/or hyper-
plasia, that is, atherosclerosis.4,5 Therefore, mechanical stress
could be a crucial factor in the pathogenesis of hypertension-
induced atherosclerosis.6

In recent years, apoptosis of vascular smooth muscle cells
(SMCs) has been increasingly implicated in both develop-
ment and outcome of atherosclerotic disease.7–10 We demon-
strated that SMC apoptosis occurs at a very early stage in the
development of vein bypass atherosclerosis, in which biome-

chanical stress plays a crucial pathogenetic role.11 When
SMC apoptosis was altered as the result of gene deletions of
p53 or protein kinase Cd (PKCd), increased atherosclerotic
lesions were seen inp532/212 and PKCd2/2 mice.13 Thus,
mechanical stress–induced cell death is crucial in the devel-
opment of atherosclerosis.14,15

Integrins are cell surface receptors composed ofa- and
b-subunits. Eachab combination has its own ligand speci-
ficity and signaling properties.16 Integrins enable cell adhe-
sion (cell–matrix, cell–cell) and transduce both chemical and
mechanical signals.17 Certain integrins, together with other
receptors and mitogenic factors, have been reported to medi-
ate mechanical stress–induced proliferation in SMCs.18,19 In
cultured endothelial cells, shear stress activated extracellular
regulated-protein kinases (ERKs) and c-Junkinases (JNKs),20

and integrins may function as mechanotransducers for the
kinase activation.20,21 However, no data are available con-
cerning the involvement of integrin-mediated signal transduc-
tion pathways leading to cell apoptosis induced by mechan-
ical stress.
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We hypothesized that integrins could serve as mech-
anosensors to convert a physical stimulus into a biological
signal, which activates downstream signal transducers lead-
ing to apoptosis. In this report, we provide the first evidence
that b1-integrin–containing receptors are transducing stretch
signals leading to p53-dependent apoptosis in SMCs through
activation ofrac and p38 MAPK.

Methods
Cells
SMCs were isolated and cultured as described previously.22,23

Experiments were conducted on SMCs (,20 passages) that had just
achieved subconfluence.

Stable Transfection
Rat SMCs were stably transfected withRas N17, Rac N17, as
described previously.24 These transfected SMC lines express SMC
markers, including SM22,a-actin, calponin, and smooth muscle
myosin heavy chain at levels similar to vector-transfected cells (data
not shown).

Cyclic Strain
SMC were plated on silicone elastomer–bottomed culture plates
precoated with different extracellular matrix (ECM) proteins (Flex-
cell) at 0.33105 cells per well, grown for 2 days with 15% FCS, and
subjected to cyclic strain with a Cyclic Stress Unit (FX4000
AFC-CTL, Flexcell). Cyclic deformation (60 cycles/min) and 7% or
15% elongation were applied. Unless otherwise specified, collagen
I–precoated plates were used.

Annexin V and Propidium Iodide Double Staining
and FACS Analysis
Annexin V labeling and FACS analysis were performed as described
previously.11

TUNEL Assay
Accumulated internucleosomal DNA fragments (apoptosis) were
detected as described previously.11,25Percentages of positive stained
cells were determined by counting the numbers of labeled and total
cells (counterstaining of cell nuclei with Hoechst 33258). Positive
and total cells of 3 regions of each sample were counted.

Analysis of Protein Expression
Western blots were performed in a manner similar to the method
described previously, whereby modified RIPA buffer was used for
lysis (50 mmol/L Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
PMSF, 1 mg/mL aprotinin, leupeptin, and pepstatin, 1 mmol/L
Na3VO4, 1 mmol/L NaF).24 Blots were probed with antibodies
against p53 (NCL-p53-CM5p, Novocastra), integrinb1, integrina2,
pan- or phosphorylated p38 MAPK, phosphorylated ERK 1/2, and
MDM2 (Santa Cruz Biotech). For all phosphorylation experiments,
SMCs were serum-starved for 48 hours.

Immunoprecipitation
For coimmunoprecipitation ofShc-integrin b1 complexes, cell ex-
tracts containing 500mg of protein were preincubated with normal
mouse IgG-agarose (Santa Cruz Biotech). Samples were incubated
with 10 mL of antibody againstShc(Santa Cruz Biotech) for 1 hour
at 4°C. Subsequently, 60mL of protein G Plus-Agarose suspension
(Santa Cruz Biotech) was added. Western blotting was performed
using an antibody against integrinb1. Similarly, platelet-derived
growth factor (PDGF) receptor-a was immunoprecipitated with the
use of the specific antibody (Santa Cruz Biotech), and Western
blotting was performed with the use of antiphosphotyrosine antibody
(Upstate Biotechnology).26

Kinase Assay
For kinase assays, the procedure used was similar to that described
previously.27,28 p38 MAPK activity in the immunocomplexes was
measured by using glutathioneS-transferase-p53 as substrate (GST-
p53, the plasmid was provided by Dr J.Y. Shyy, Department of
Bioengineering, University of California), produced in competent
cells and isolated with gluthatione-sepharose 4B Redi Pack Columns
(Pharmacia Biotech Inc) according to the manufacturer’s protocol.
The p38 MAPK assay was performed as described previously.29 The
specificity of the band was confirmed by use of myelin basic protein
as a substrate.

Statistical Analysis
ANOVA was performed for multiple comparisons. A paired Student
t test was used to assess differences between 2 groups. Results are
given as mean6SEM. A probability value,0.05 was considered
significant.

Results
ECM Modulates Mechanical Stretch–Induced
Apoptosis of SMCs
To determine the distinctive role of ECM proteins and
integrins in mechanotransduction, SMCs were cultivated on
different ECMs and subjected to mechanical stress. Apoptosis
was assessed by double staining with annexin V and pro-
pidium iodide and FACS analysis. Representative results of
FACS analysis are shown in Figure 1A. Interestingly, a
significant increase in annexin V–positive cells could only be
observed when cells were cultivated on a collagen I matrix
but not on elastin, laminin, and Pronectin (Figure 1B).
Similarly, SMCs positive for both Annexin V and PI, indi-
cating a later stage of apoptosis, only increased on the
collagen I matrix but not on other matrixes (Figure 1A). The
TUNEL method was used to confirm the presence of apo-
ptotic nuclei after mechanical stretch (Figure 1C). A signifi-
cant increase in TUNEL-positive nuclei was present in SMCs
on collagen I (Figure 1C) but not on other matrixes (data not
shown).

Stretch-Induced Apoptosis Signaling Involves
Activation of p38 MAPK and p53
Based on our previous observations,11,12 we wondered whether
p38 MAPK and p53 are also essential parts of the signaling
pathway leading to mechanical stress–induced SMC apoptosis
on a collagen I matrix. Both stretch-induced phosphorylation of
p38 MAPK and expression of p53 protein were induced in
stretched SMCs on a collagen I matrix (Figure 2A). However, no
significant change in p53 expression was detected on other
matrixes (data not shown). Mechanical stress–activated p38
MAPK (Figure 2B) directly phosphorylates p53. Phosphoryla-
tion of GST-p53 by p38 MAPK isolated from mechanically
stressed SMCs was maximal after 10 minutes (Figure 2C),
which was in parallel with mechanical stress–induced p38
MAPK phosphorylation, as shown in Figure 2B.

Small G protein Rac Mediates Stretch-Initiated
p38 and p53 Activation and Apoptosis
With the use of SMC stably transfected with plasmid-
expressing dominant negativeRas(RasN17) or amyc-tagged
form of a dominant negativeRac1(Rac1N17), we found that
lack of functional Rac completely abrogated mechanical
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Figure 1. Mechanical stretch–induced apoptosis of SMCs is matrix-dependent. Rat aortic SMCs cultivated on flexible silicone elas-
tomer strain plates precoated with different ECMs were subjected to cyclic mechanical stress for 6 hours. Amount of apoptosis was
assessed by double staining with annexin V and propidium iodide and FACS analysis (A, B). A, Typical fluorescence-1/fluorescence-2
profile of stretch-stressed SMCs stained with annexin V and PI. B, Bar graph represents mean values (6SEM) of 3 independent experi-
ments and shows relative increase of annexin V–positive cells compared with unstressed controls. C, Representative areas of
unstressed controls and stretch-stressed SMCs stained with a TUNEL kit (green fluorescence) and counterstained with Hoechst 33342
(blue fluorescence). *Significant difference compared with unstressed controls, P,0.05 (B).
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stretch–induced phosphorylation of p38 (Figure 2D) and
inhibited stretch-stimulated expression of p53 (Figure 2E).
Interestingly, the expression profile of the negative p53-in-
hibitor, MDM2, was reciprocally proportional to the p53
expression (Figure 2E). The absence of functionalRas/Rac
blocked stretch-induced apoptosis (Figure 2F). The increase
in apoptotic cells inRas1N17 SMCs was still significant but
much lower than in the control cells containing the vector
only (neo). Therefore, the small G proteinsRac, and, to a
lower extent,Ras,appear to transduce proapoptotic signals in
response to mechanical stress.

Expression of Integrin b1 Increases
Time-Dependently on Mechanical Stretch
The above findings on different ECMs suggest first, that
different sets of receptors (mediating adhesion to different
ECM proteins) mediate different mechanical stress–induced
signaling pathways in SMCs, and, second, that receptors
mediating the binding to collagen I, such asb1-integrin–
containing receptors, may be particularly involved in signal-
ing leading to mechanical stress–induced SMC apoptosis.
After 24 hours of cyclic stretch, we observed a significant
increase in the expression ofb1-integrin (Figure 3A). In

Figure 2. Stretch-induced apoptosis sig-
naling is matrix-dependent and involves
activation of Ras/Rac, p38 MAPK, and
p53. SMCs were cultivated on flexible
silicone elastomer strain plates pre-
coated with collagen I and subjected to
cyclic mechanical stress for 6 hours
(p53) or 15 minutes (phosphorylated (p-)
p38). A and B, Results of Western blot
analysis of p-p38 and p53. pan p38
shows total p38 proteins labeled with
anti–pan p38 antibody. C, SMCs were
serum-starved for 3 days and stretch-
stressed for 15 minutes. Protein extracts
and kinase activity was measured on the
basis of phosphorylation of GST-p53
substrate. The specificity of the band
was determined by using myelin basic
protein as a substrate. D through F, Rat
SMCs stably expressing dominant nega-
tive Ras (Ras N17) or dominant negative
Rac (Rac N17) were cultivated and
treated as described above. D and E,
Results of Western blot analysis of p-p38
(D), MDM2 (E), and p53 (E). F, Apoptotic
cells were assessed by annexin V label-
ing and FACS analysis after stretch treat-
ment. Bar graph represents mean values
(6SEM) of 3 independent experiments.
*Significant difference compared with
unstressed controls, P,0.05 (F).
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contrast,a1-integrin did not increase in response to mechan-
ical stress. Furthermore,b1-integrin associated with the
adapter proteinShcon mechanical stretch, indicating active
integrin signaling (Figure 3B).

Cytochalasin B or Anti–Integrin b1 But Not
Suramin Can Inhibit the Activation of
p38 MAPK and p53
To clarify whether integrin signaling is required for stretch-
induced p38 MAPK phosphorylation and p53 expression
after mechanical stretch, SMCs were pretreated with cytocha-
lasin B (1 mmol/L) to disrupt the actin filaments and thus
integrin signaling or preincubated with an anti–integrin-b1–
blocking antibody (10mg/mL) (Figures 4A, 4D, and 4E).
Surprisingly, cytochalasin B completely abrogated p38
MAPK phosphorylation (Figure 4A) and reduced the increase
of p53 protein levels (Figure 4D) after stress. Specific
blocking of integrinb1–containing receptors with an anti–
integrin-b1–blocking antibody had similar effects and partly
inhibited the mechanical stretch–induced increase in p53
protein levels (Figure 4E).

Previously, we demonstrated that mechanical stress stim-
ulates PDGF receptor phosphorylation, which can be inhib-
ited by suramin, a broad-spectrum growth factor receptor
antagonist.26 Similarly, treatment with suramin blocked phos-
phorylation of PDGF receptor-a and ERK1/2, commonly
associated with signaling pathways leading to enhanced
proliferation but not phosphorylation of p38 MAPK (Figure
4B). As expected, treatment with suramin had no influence on
increased p53 expression after mechanical stress (Figure 4C).
These data indicate that integrin signaling but not growth
factor receptor–ERK pathways are involved in signal trans-
duction leading to stretch-induced p53 expression.

Cytochalasin B andb1-Integrin Blocking
But Not Suramin Inhibit Mechanical Stretch–
Induced Apoptosis
To further elucidate the role of integrins, in particular the
involvement of integrinb1 in mechanical stretch–induced
apoptosis, cells were pretreated with cytochalasin B (Figure
5A), with a b1-integrin–blocking antibody (Figure 5B), or
with suramin (Figure 5C) and subjected to cyclic mechanical
stretch. Both cytochalasin B and anti–integrinb1 but not

Figure 3. Mechanical stretch increases expression of integrin b1

and integrin b1-Shc interaction. For indicated times, SMCs were
subjected to cyclic mechanical stress. A, Results of Western
blot analysis of integrin b1, integrin a1, and actin. For detection
of Shc-integrin b1 immunocomplexes, SMCs were stretched for
24 hours and protein extracts were immunoprecipitated (IP) with
an anti-Shc antibody, followed by Western blotting (WB) with
anti–integrin b1 (B). Control is normal mouse IgG (IgG). Data rep-
resent similar results from 3 independent experiments.

Figure 4. Cytochalasin B and anti–integrin b1 but not suramin
inhibits stretch-induced p38 MAPK phosphorylation and p53
expression. SMCs were treated with cytochalasin B (1 mmol/L)
or anti–integrin b1 (10 mg/mL) and subjected to cyclic mechani-
cal stress. Results of Western blot analysis of phosphorylated
(p) p38 (A) and p53 (D and E) are shown. pan p38 shows total
p38 proteins labeled with anti–pan p38 antibody (A). For immu-
noprecipitation of PDGFR, serum-starved SMCs were incubated
with suramin (0.3 mmol/L) for 30 minutes and subjected to
cyclic mechanical stretch for 8 minutes. Total protein extracts
were prepared and immunoprecipitated (IP) with a polyclonal
antibody against PDGFRa followed by Western blotting (WB)
with anti-phosphotyrosine (PY) (B). Two lower panels (B) show
results of Western blot analysis for phosphorylated (p) ERK 1/2
and p38. For analysis of p53 expression, experimental proce-
dures were similar to those described in D and E. Results of
Western blot analysis of p53 levels are shown (C).
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suramin effectively inhibited stretch-induced apoptosis sug-
gesting that integrins, integrinb1 in particular, are at least in
part responsible for mechanical stress–induced apoptosis in
SMCs.

Involvement of the PKC Isoform d in Mechanical
Stretch–Induced Apoptosis
There are various indications linking PKC isoforms directly
or indirectly to integrin complexes30 and that mechanical
stretch activates PKCd in SMCs.31,32 In this study, we show

that functional inhibition of PKCd by the specific inhibitor
Rottlerin abrogated stretch-induced apoptosis in SMCs. Inhi-
bition of PKCa by the specific inhibitor Gö 6976 could not
significantly reduce stretch-induced apoptosis in SMCs (Fig-
ure 6).

Discussion
In vessels, a certain level of mechanical stress in the form of
hemodynamic force is essential to develop and maintain a
differentiated and functional SMC phenotype.33 Cultured
SMCs increase SMC-specific markers when they are sub-
jected to cyclic mechanical stretch.34 In cardiomyocytes,
overstretching induces signaling pathways that induce growth
inhibition and apoptosis.35,36 Similar findings have been
described for SMCs by us and others.11,37 In recent years,
apoptosis of SMCs has been implicated in both development
and outcome of atherosclerosis.7–10,38 The altered balance
between apoptosis and proliferation appears to promote
disease development. An initial increase of apoptosis might
trigger SMC proliferation, whereas an overall decrease in
apoptosis, as it was observed inp532/212 andPKCd2/2 mice,13

leads to increased atherosclerotic lesions. In the current
report, we provide the first evidence that integrins,b1-
integrin–containing receptors in particular, are involved in
mechanical stretch–induced apoptosis.

Integrins not only mediate adhesion but function also as
“proper” signaling receptors. Integrin signaling is commonly
associated with cell survival.39 Loss of adhesion leads to cell
death, a phenomenon termed anoikosis (homelessness).40 We
showed that mechanical stretch induces apoptosis in SMCs

Figure 5. Inhibition of stretch-induced apoptosis by treatment
with cytochalasin B and anti–integrin b1 but not suramin. SMCs
were treated with cytochalasin B (1 mmol/L) (A), with anti–inte-
grin b1 (10 mg/mL) (B), or with suramin (0.3 mmol/L) (C) for 1
hour and then subjected to cyclic mechanical stretch. Apoptotic
cells were assessed by annexin V labeling and FACS analysis.
Bar graphs represent mean values (6SEM) of 3 independent
experiments. *Significant difference compared with unstressed
controls. **Significant difference compared with positive con-
trols, P,0.05.

Figure 6. PKCd is involved in integrin-mediated apoptosis
induced by mechanical stress in SMCs. SMCs were treated with
Rottlerin (10 mmol/L) or Gö 6976 (10 nmol/L) for 1 hour and then
subjected to cyclic mechanical stretch. Apoptotic cells were
assessed by annexin V labeling and FACS analysis. Bar graphs
represent mean values (6SEM) of 3 independent experiments.
*Significant difference compared with unstressed controls,
P,0.05. **Significant difference compared stressed SMCs with-
out PKC inhibitor, P,0.05.
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cultured on a collagen I matrix. This finding is particularly
interesting in the light of the pathogenesis of atherosclerosis.
Injured SMCs increase the production of collagen, particu-
larly collagen type I.41 Atherosclerosis is associated with
elevated mechanical stretch leading to SMC proliferation,
migration, and abnormal ECM accumulation.6 The ECM is
produced, at least in part, by SMCs themselves, reflecting an
adaptive change to altered conditions. Increased collagen
deposition can be found in advanced intimal lesions, partic-
ularly in coronary artery plaques.41 Mechanical strain induces
ECM protein synthesis (fibronectin and collagen) and the
activity of matrix-degrading enzymes and matrix metallopro-
teinase (MMP-2) in cultured SMCs, which reflects a change
in ECM composition.42 Conversely, ECM profoundly influ-
ences and modulates the cell cycle of SMCs in response to
mechanical stress.41,43,44

Our experimental results showed that receptors linked to
collagen I binding mediate stretch-induced apoptosis in cul-
tured SMCs. The fact that ab1-integrin–blocking antibody
inhibited stretch-induced apoptosis strengthened this hypoth-
esis and suggests thatb1-integrin–containing receptors are
particularly involved (Figure 5B). We further observed that
mechanical stretch–induced integrinb1 protein expression
and binding of the adapter proteinShcto integrinb1 (Figures
3A and 3B). This is consistent with the findings of others who
showed that shear stress induced an association ofb1-integrin
with Shcin endothelial cells.21 No prediction in terms of the

functional outcome, that is, proliferation or cell death, can be
made from integrinb1 protein expression,Shc binding to
integrins, or, the activation of the small GTP-binding proteins
Ras and Rac, which have been shown to mediate both
mechanical stress–induced proliferation and apoptosis.32 The
dissection of the 2 pathways appears to occur further down-
stream, at the level of MAPK, and presumably depends on the
initial signal as well as on other converging signals, such as
those resulting from growth factor receptors.15 Both growth
factor receptors and integrin receptors share elements of their
signaling pathways and may influence each other at different
levels. In the current report, we could clearly show that the
stretch-apoptosis signaling pathway is mediated byRac-p38
MAPK, which stimulates p53. p53 is an essential element of
this pathway, since lack of p53 prevented stretch-induced
apoptosis.12 The fact that both apoptosis and expression of 53
depend on ECM (the involvement of a different set of
integrins) and that it can be blocked by cytochalasin B
treatment and an integrin-b1–blocking antibody but not
suramin strongly suggests that integrins represent important
mechanosensors. By contrast, suramin blocks growth factor
receptor–ERK pathways and proliferation of SMCs.

We have shown previously that PKCd2/2 SMCs were
resistant to apoptosis compared with wild-type SMCs.13 The
results that specific functional blocking of PKCd inhibits
stretch-induced apoptosis are consistent with our previous
observations made in mice.13 This underlines the important

Figure 7. Schematic model of mechani-
cal stress signaling in SMCs. Various
surface receptors, including integrins and
growth factor receptors, transduce
mechanical stress exerted by hemody-
namic forces. Integrins mediate both
adhesion to ECM and signals resulting
from mechanical forces leading to their
activation and binding of various adapter
proteins, such as Paxillin (Pax), focal
adhesion kinase (FAK), and Shc, and
activation of Ras and Rac. PKCd appears
to have an important function in regulat-
ing the cell cycle and apoptosis.
Depending on the signal, activation of
different sets of MAPKs leads to different
cellular responses. Mechanical stress–
stimulated integrin b1 and p38 MAPK
activate p53, ultimately leading to growth
arrest and apoptosis. Both apoptosis
and proliferation pathways share many
common elements, and they converge
and influence each other at different
levels.
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role of members of the PKC family, PKCd in particular, in
signaling pathways leading to apoptosis in response to me-
chanical stress. We therefore propose the following model of
mechanical stress signaling in SMC, as shown in Figure 7:
Mechanical stress exerted by hemodynamic forces is sensed
by various surface receptors, including integrins and growth
factor receptors. Integrins mediate adhesion but also signals
resulting from the ECM and mechanical force leading to
conformational change and activation, binding of various
adaptor proteins, such asShc,and activation ofRasandRac,
which in turn can initiate MAPK cascades and ultimately
influence the cell cycle. PKCd also appears to play a crucial
role in controlling the cell cycle. Depending on the kind of
signal, diverse sets of integrins and MAPKs are activated.
Activation of integrinb1 and p38 MAPK triggers activation
of p53, resulting in apoptotic cell death.

Perspectives
The complex interplay in signaling leading to either cell
growth or apoptosis decides a cell’s destiny. Apoptosis of
SMCs often reflects an immediate response to altered
external conditions, such as increased mechanical stress in
hypertension. This response can be beneficial because it
provides the opportunity for tissue remodeling and adap-
tation. If the stress persists and becomes overwhelmingly
increased, apoptosis and proliferation may lead to dis-
turbed remodeling and finally pathological conditions.
Further studies focusing on how SMCs effectively switch
from one signal to another leading to growth or apoptosis
should provide valuable information for the design of new
drugs for therapeutic intervention in cardiovascular
diseases.
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