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ABBREVIATIONS

AA Arachidonic acid 
CAD Coronary artery disease  
DHA Docosahexaenoic acid  
EPA Eicosapentaenoic acid 
H-R Hypoxia-reoxygenation 
HCAECs Human coronary artery endothelial cells 
ICAM Intracellular adhesion molecule  
IL Interleukin 
INF  Interferon 
LDH Lactate dehydrogenase
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase  
n-LDL Native low density lipoprotein  
NO  Nitric oxide 
NOS Nitric oxide synthase
Ox-LDL Oxidized low density lipoprotein 
PGI2 Prostacyclin 
PKB Protein kinase B  
PKB-DN Dominant negative mutants of PKB  
PUFAs Polyunsaturated fatty acids 
ROS Reactive oxygen species
TGF- 1 Transforming growth factor- 1
TNF-  Tumor necrosis factor- 
TXA2 Thromboxane A2
VCAM Vascular cell adhesion molecule 
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INTRODUCTION

Hypoxia-reoxygenation and Oxidant Injury 
A. Hypoxia-reoxygenation and myocardial injury 
Myocardial ischemia is a common clinical phenomenon in patients with 
coronary artery disease (CAD). However, reoxygenation of the hypoxic 
myocardium is associated with injury beyond that caused by hypoxia alone 
(43,112,116), which is recognized as hypoxia-reoxygenation (H-R) injury. 
Myocardial H-R injury is thought to be due to a group of events occurring as 
a consequence of reoxygenation that subtracts either transiently or perma-
nently from the overall benefit of reoxygenation. Steps in myocardial H-R 
injury can be divided into a): transient injury, such as arrhythmias and myo-
cardial stunning, and b): permanent injury, including lethal cell necrosis 
(48,116). Evidence from both experimental and clinical studies have shown 
that the mechanisms and consequences of myocardial H-R injury are associ-
ated with overload of cytosolic Ca2+, excessive production of oxygen free 
radicals, modulation of cytokines such as nitric oxide synthase (NOS) and 
adhesion molecules, and upregulation of matrix metalloproteinases (MMPs) 
(72,163,174).  

B. Oxidant injury to coronary arterial endothelial cells 
Atherosclerosis is a vital cause of CAD. There is evidence of increased oxi-
dative stress during all stages of atherosclerosis. Oxidant stress may manifest 
a high level of oxidized low-density lipoprotein (Ox-LDL) in the tissue and 
plasma. It is currently thought that excessive uptake of ox-LDL by arterial 
endothelial cells is a critical step in the initiation and progression of athero-
sclerosis (152).

The structural characteristic of ox-LDL remains unclear, but the process 
of ox-LDL formation is thought to be complex and include formation of li-
pid hydroxyperoxides, reactive aldehydes, and oxysterol species (57,161). 
Ox-LDL has been reported to be cytotoxic to several cell lines, such as 
smooth muscle cells, macrophages, and endothelial cells (107,122). Recent 
evidence has indicated that ox-LDL induces endothelial cell injury and apop-
tosis via the activation of its receptor, LOX-1 (94). Ox-LDL binding to 
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LOX-1 in endothelial cells induces upregulation of angiotensin-II receptor 
type 1, facilitates the release of reactive oxygen species, reduces nitric oxide 
synthesis, activates redox-sensitive transcription factor NF- B, induces mo-
nocyte adhesion and enhances expression of adhesion molecules, such as P-
selectin, vascular cell adhesion molecule (VCAM-1), intracellular adhesion 
molecule (ICAM-1), and monocyte chemotactic protein (MCP-1) 
(29,94,96,155,162). All these phenomena are associated with endothelial in-
jury and atherogenesis. 

Cell Injury and NOS
There are three isoforms of nitric oxide synthase (NOS), the neuronal NOS 
(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS) (46,161). Ni-
tric oxide (NO), the product of NOS, can be synthesized in cardiac tissues by 
all three NOS isoforms. NO is thought to plays a critical role in several car-
diovascular disease processes, such as hypertension, atherosclerosis, heart 
failure, myocardial infarction, and myocardial H-R injury as well as modu-
lating cardiac function during ischemia (7,40,42,163,167). There is a large 
body of evidence suggesting that eNOS exerts protective effect on myocar-
dium against H-R injury (46,153). The precise role of iNOS on myocardium 
subjected to H-R, however, is still unclear (10,40,73,84,165,167). Although 
several studies have suggested that upregulation of iNOS may be cardiopro-
tective (73), most evidence indicates that activation of iNOS causes cell in-
jury, due to the extra NO produced from iNOS becoming peroxynitrite 
(ONOO -), which is a more toxic reactive oxygen species (ROS) than regular 
O2- to the cells (66,106,168), and inhibition of iNOS by chemicals and gene 
knockout strategy is beneficial in preventing cell injury (66,100).  

Cell Injury and MMPs
All cell types in the ischemic myocardium, such as leukocytes, vascular en-
dothelial cells, smooth muscle cells, fibroblasts and myocytes, can synthe-
size and secrete matrix metalloproteinases (MMPs), which degrade extracel-
lular matrix (30,35). In the early stage of ischemia-reperfusion, MMPs re-
leased from leukocytes degrade vascular matrix, breakdown basement mem-
brane, increase vascular permeability, and enhance leukocyte migration out-
side the vascular lumen (30). MMPs secreted from the inflammatory cells 
and myocardial cells are also associated with myocardial rupture and apop-
tosis (30,64). In the later stage of injury, release of MMPs is thought to relate 
to ventricular dilatation, aneurysm formation, and heart failure (30). Experi-
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mental studies have demonstrated that inhibition of MMPs (synthesis and ac-
tivity) can protect myocardium from the adverse effects of ischemia-
reperfusion injury and significantly improve cardiac function (39,140,166).  

Cell Injury and Adhesion Molecules 
Endothelial dysfunction plays a critical role in the pathogenesis of athero-
sclerosis and myocardial H-R injury. This role stems at least partly from the 
interaction between endothelial cells and inflammatory cells when the endo-
thelial cells are exposed to ROS. This interaction is currently recognized to 
be mediated by adhesion molecules. Those adhesion molecules are catego-
rized into three families: 1) selectins (L-, P-, and E-selectin), which are asso-
ciated with rolling and tethering of inflammatory cell to endothelium; 2) 2-
integrins (CD11/CD18 complex), which are thought to allow a firm adher-
ence of inflammatory cells to the endothelium; and 3) the immunoglobulin 
superfamily intracellular adhesion molecule (ICAM) and vascular cell ad-
hesion molecule (VCAM) , which are also thought to allow to form firm ad-
herence of inflammatory cells to the endothelium (11,72).  

ROS produced during H-R and atherosclerosis is an important adhesion 
molecule stimulus for expression of adhesion molecules. Studies have sho-
wed that adhesion molecules are upregulated in myocardium after H-R for a 
long time. Specific antibodies to those adhesion molecules as well as strate-
gies to knockout those adhesion molecules can attenuate H-R-induced myo-
cardial injury. On the other hand, evidence also indicates that plasma levels 
of adhesion molecules are raised in patients with atherosclerosis. Numerous 
studies suggest that ox-LDL, but not native LDL, upregulates the expression 
of adhesion molecules in endothelial cells and increases adhesion of 
monocyte to endothelial cells (92,93). Inhibition of expression of adhesion 
molecules may also reduce adhesion of inflammatory cells and attenuate 
atherosclerosis (14). 

Cell Injury and Signal Transduction 
Cell injury induced by H-R and ox-LDL involves a complicated signaling 
transduction, which mediates a variety of pathophysiological reactions, such 
as cell death and apoptosis (93,179,180). Many studies have demonstrated 
the role of signaling of protein kinases during cell injury. For example, pro-
tein kinase B (PKB), one of the serine-threonine kinases, is an important 
signal transduction pathways involved in many processes, including modula-
tion of proliferation, apoptosis and survival of cells (6,38,150,162). Mock-
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ridge and co-workers (123) reported that PKB is activated in myocytes dur-
ing ischemia-reperfusion. Activation of PKB is associated with apoptosis in 
hepatocytes (38). However, the role of PKB in H-R-induced myocardial in-
jury is unclear. Increasing evidence shows that activation of PKB pathway 
also participates in the atherosclerotic process (17,41). Li and co-workers 
suggested (91) that ox-LDL inhibits PKB activity by decreasing its phos-
phorylation. Consistently, Chavakis and co-workers (20) recently also 
showed that ox-LDL dose-and time-dependently led to dephosphorylation of 
PKB in the cultured umbilical vein endothelial cells. These studies indicate 
that PKB activation is associated with cell injury induced by both H-R and 
ox-LDL.

Another important protein kinase mitogen-activated protein kinase 
(MAPK), which contains extracellular signal-regulated kinase (ERK), p38, 
and c-Jun NH2-terminal protein kinase (JNK), has also been shown to have 
an important role in the cell injury (1). It is generally considered that ERK is 
part of a “survival” pathway whereas p38 and JNK mediate a “death” path-
way (1). Evidence has shown that p38MAPK is activated during both myo-
cardial H-R and endothelial injury (92,151,177). Chemical inhibition of 
p38MAPK activation attenuates H-R-mediated cell injury (45,86,151,177).  

Protection from Cell Injury 
Cell protection is an important topic in prevention and treatment of CAD and 
atherosclerosis. Protection of myocardial cells from H-R can reduce myo-
cardial death and apoptosis and improve cardiac dysfunction. Protection of 
vascular endothelium from injury induced by both stress and ROS can atte-
nuate extent of atherosclerosis, reduce incidence of coronary artery occlusi-
on and further prevent myocardial hypoxia. 

A. TGF- 1 and Protection against Cell Injury 
Transforming growth factor- 1 (TGF- 1), a member of the growth factor 
families, is a multifunctional polypeptide (127). It manifests its biological ef-
fects by binding to three distinct TGF- 1 receptors on the cell surface [(type 
1, 2 and 3 (including endoglin)] (13,109,110). There is evolving evidence 
that TGF- 1 regulates proliferation and differentiation of cells, remodeling of 
blood vessels and myocardium after injury, angiogenesis, apoptosis, migra-
tion of various cell types, production of cytokines, and lipid metabolism 
(5,13,55,78,109,110,133,178,181). Several investigators have demonstrated 
that TGF- 1 inhibits the expression of adhesion molecules (80,173). In keep-
ing with the critical role of TGF- 1 in adhesion molecule expression and 
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atherogenesis, Koglin and co-investigators (78) reported more extensive 
atherosclerosis in TGF- 1-knockout mice than in the wild type. Others have 
shown markedly reduced plasma TGF- 1 levels in patients with atheroscle-
rosis and CAD (51,157). Still other investigators have shown alterations in 
the expression of TGF- 1 receptors in atherosclerosis (12,111). These studies 
indicate that activation of TGF- 1 and its receptors is involved in the initia-
tion and progression of atherosclerosis, which is associated with improve-
ment of endothelia dysfunction.  

TGF- 1 is also thought to be involved in H-R. Although it is generally 
recognized that an upregulation of TGF- 1 expression in H-R kidneys is as-
sociated with both fibrosis and deterioration of renal function (8), others (32) 
showed that TGF- 1 is beneficial and is an important neuroprotective factor 
during cerebral ischemia. Data from several studies have showed that H-R 
causes an increase in latent TGF- 1 levels, but a decrease in its active form 
in the myocardium (60,117). Both supplementation with exogenous TGF- 1
and the autoinduction of TGF- 1 can protect the myocardium from H-R in-
jury (87,88,89,117). It has been suggested that the protective effect of TGF-

1 is associated with preservation of endothelium-dependent relaxation, pre-
vention of superoxide anion generation and decrease in TNF-  release (88). 
Boxter and co-workers (9) suggest that cardioprotection by TGF- 1 is also 
associated with activation of MAPK. However, the detailed mechanisms for 
this protective effect of TGF- 1 against the adverse effects of H-R remain 
unclear.

B. Antioxidant Vitamin E and Protection Against Cell Injury 
Vitamin E in nature contains 8 different forms: -, -, -, and - tocopherols 
and tocotrienols (17). Mammals can only acquire vitamin E from plants and 
they cannot synthesize it. -tocopherol is known to be the quantitatively ma-
jor form of vitamin E in plasma (65). Also, commercial preparations of vi-
tamin E, commonly used in experimental and clinical studies, contain only a 
single isoform, -tocopherol. However, -tocopherol is often the prevalent 
form of vitamin E in plant seeds and their products and represents about 70% 
of the vitamin E consumed in the typical US diet (113). Evidence has indi-
cated that it is -tocopherol isoform, but not -tocopherol, that is decreased 
in patients with CAD (130). In addition, it is well documented that -
tocopherol levels in tissue and plasma are suppressed by -tocopherol sup-
plementation (58). Burton and co-workers (19) reported that -tocopherol
level is averagely 2.6 times greater in adipose tissue, muscle, skin, and vein 
than in plasma, which is a substantially larger fraction that had been recog-
nized previously. They reported that -tocopherol constitutes as much as 30-
50% of the total vitamin E in those human tissues. -tocopherol concentra-
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tions appeared to be 20-40-fold greater than those in plasma. Since natural 
vitamin E-rich foods that are cardioprotective (25) contain different iso-
forms, it has been postulated that mixed-tocopherol preparation containing -
tocopherol may be more suitable than -tocopherol alone for a balanced to-
copherol level in tissue and plasma (143,144).  

A number of clinical and experimental studies have shown the relations-
hip between vitamin E and cell injury (144). Palace and co-investigators 
(131) showed that cardiac dysfunction following myocardial infarction was 
associated with a decrease in vitamin E levels in the myocardium. Kristen-
son and co-workers (81) found that plasma -tocopherol concentrations were 
twice as high in the Swedish men than in the Lithuanian men, and they had a 
25% lower incidence of CVD-related mortality. Several studies also showed 
that the intake of dietary vitamin E (containing mainly -tocopherol), but not 
of supplemental vitamin E (mainly -tocopherol), was significantly inversely 
associated with increased risk of death by CVD as well as stroke (83,175). 
Further, -tocopherol is more effective than -tocopherol in inhibiting lipid 
peroxidation and trapping mutagenic electrophiles (26,170). Peroxynitrate, a 
very toxic product, formed in reaction between NO and superoxide is best 
counteracted by -tocopherol and to a lesser extent by -tocopherol. In a rat 
model of oxidant-induced thrombosis, a mixed-tocopherol preparation rich 
in -tocopherol was shown to be superior to -tocopherol in delaying time to 
thrombosis (143), which is associated with enhancement of SOD activity in 
plasma and arterial tissue, upregulation of both manganese SOD and Cu/Zn 
SOD, and increase in NO generation and eNOS activity (96). Consistently, 
Liu and co-workers (101) showed that a mixed-tocopherol preparation rich 
in -tocopherol, is more potent than -tocopherol alone in inhibiting platelet 
aggregation, modulating NO release and eNOS activation in human subjects. 
Furthermore, Jiang and co-worker (68) recently demonstrated that it is -
tocopherol, but not -tocopherol, that can attenuate proinflammatory eicosa-
noids and inflammation damage by reducing synthesis of prostaglandin E2
(PGE2) and inhibiting the formation of leukotriene B4 and TNF- . All these 
indicate that -tocopherol isoform may be a more potent antioxidant regimen 
than -tocopherol.  

C. Omega -3 fatty acids and Protection against Cell Injury 
The phenomenon that Greenland Eskimos have a very low cardiovascular 
mortality induced the widespread research on the beneficial effect of fish oil 
on CAD. The Eskimo diet consists primarily of oily fish and marine mam-
mals containing high concentrations of omega -3 long chain polyunsaturated 
fatty acids (PUFAs) – docosahexaenoic acid (DHA) and eicosapentaenoic 
acid (EPA) (7). Several large-scale studies have demonstrated an association 
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between fish oil consumption and low cardiovascular mortality. The Diet 
and Reinfarction Trial in 2033 men showed a 29% lower mortality risk in 
consumers who consume small amount of fish or natural fish oil for 2 years 
(18). The GISSI trial also showed that intake of 1 g of omega-3 PUFA for 
3.5 years resulted in a 20% decrease in total deaths, a 30% decrease in cardi-
ovascular deaths, and a 45% decrease in sudden deaths (34,47). Another stu-
dy showed that after one-year of treatment with fish oil (EPA dose about 1 
g/day), total cardiac events, fatal and non-fatal myocardial infarctions (MI) 
and cardiac deaths were significantly decreased (149). 

The commonly accepted mechanisms thought to be responsible for the 
beneficial effects of omega -3 PUFAs are antithrombotic and antiarrhythmic 
effects by modulation of prostacyclin (PGI2)/thromboxane A2 (TXA2) ratio. 
Thromboxane A2 has platelet-aggregating and arrhythmogenic effects, whe-
reas prostacyclin has anti-platelet-aggregating and anti-arrhythmic effects. 
Fish oil consumption increases the PGI2/ TXA2 ratio. Current evidence indi-
cates that the beneficial effect of fish oil intake is also associated with modu-
lation of lipid metabolism (62,102), improvement in vascular endothelial 
function (126), enhancement of vascular reactivity and compliance (114), 
reduction of neutrophil and monocyte cytokine production (3), and inhibition 
of the inflammatory response (148). Although the clinical results about the 
effect of fish oil on inflammatory markers, such as ICAM, VCAM, P-
selectin and E-selectin, are still controversial, almost all the in vitro studies 
have demonstrated an inhibitory effect of both DHA and EPA, the major 
components in fish oil, on expression of adhesion molecules in several cell 
lines induced by cytokines such as interleukin-1 (IL-1) and tumor necrosis 
factor-  (TNF ) (27,74). One study also showed an inhibitory effect of fish 
oil consumption on MMPs (61). 
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AIMS OF THE INVESTIGATION 

1. To investigate the effect of a mixed-tocopherol preparation on H-R- in-
duced myocyte injury and on SOD activity and iNOS expression.  

2. To investigate the effect of omega -3 fatty acid EPA on H-R-induced 
myocyte injury and on MMP-1 expression, and phosphorylation of 
p38MAPK.

3. To investigate the effect of omega -3 fatty acids, EPA and DHA, on ox-
LDL-induced cell injury and on expression of adhesion molecules and 
monocyte adhesion in HCAECs.  

4. To investigate the effect of TGF- 1 on H-R-induced myocyte injury and 
on NOS expression and phosphorylation of Akt/PKB. 

5. To investigate the effect of TGF- 1 on ox-LDL-induced cell injury and 
expression of adhesion molecules and monocyte adhesion in HCAECs.  
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MATERIALS AND METHODS 

EXPERIMENTAL PROTOCOL
Tocopherols, NOS expression and H-R injury 
Calcium tolerant myocytes were obtained from adult rat hearts and cultured 
and used in this study. -tocopherol was obtained from Henkel, Dusseldorf, 
Germany, and mixed-tocopherol preparation from Cardinova, Uppsala, 
Sweden. The mixed tocopherol preparation contains 13% -tocopherol, 62% 
-tocopherol and 25% -tocopherol. 

For examination of the effect of tocopherol on H-R-induced cell injury 
and SOD activity and iNOS expression and comparison of significance bet-
ween -tocopherol and mixed tocopherol, the cultured myocytes were divi-
ded into following 6 groups: (1) Control – myocytes were incubated in 95% 
air and 5% CO2; (2) H-R – myocytes were exposed to 24 hours of hypoxia 
(95% N2 and 5% CO2, PO2 ~ 30 mmHg) followed by 3 hours of reoxygena-
tion (95% air and 5% CO2); (3) -T + H-R – myocytes were incubated with 

-tocopherol ( -T, 50 M) for overnight followed by exposure to H-R; (4) 
m-T + H-R – myocytes were incubated with mixed-tocopherol preparation 
(m-T, 50 M) for overnight followed by exposure to H-R; (5) -T + normo-
xia – myocytes were incubated with -tocopherol (50 M) in 95% air and 
5% CO2; (6) m-T + normoxia – myocytes were incubated with mixed-
tocopherols (50 M) in 95% air and 5% CO2. Supernatant was collected for 
measuring lactate dehydrogenase (LDH) release. Myocytes were harvested 
for examining levels of tocopherols, SOD activity, and iNOS activity and 
expression.

EPA, MMP-1 expression and H-R injury 
To determine the effect of omega -3 fatty acid EPA (Cayman Chemical) on 
H-R-induced cell injury and MMP-1 expression and the role of p38MAPK 
pathway in this effect, the cultured calcium tolerant myocytes were divided 
into following groups: (1) Control – myocytes were incubated in 95% air 
and 5% CO2; (2) H-R – myocytes were exposed to 24 hours of hypoxia (95% 
N2 and 5% CO2, PO2 ~ 30 mmHg) followed by 3 hours of reoxygenation 
(95% air and 5% CO2); (3) EPA (10 µM) plus H-R – myocytes were incuba-
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ted with 10 µM of EPA for 4 hrs followed by exposure to H-R; (4) EPA (50 
µM) plus H-R – myocytes were incubated with 50 µM of EPA for 4 hrs fol-
lowed by exposure to H-R; (5) EPA plus normoxia – myocytes were incuba-
ted with 50 µM of EPA in 95% air and 5% CO2. As a control, Arachidonic 
acid (AA, Sigma) in same concentrations as EPA was also incubated with 
cultured myocytes. Medium was then collected for determination of lactate 
dehydrogenase (LDH) and MMP-1 activity. Myocytes were harvested for 
examination of MMP-1 expression, p38MAPK protein expression and its 
phosphorylation, as well as lipid peroxidation. 

Fish oils and ox-LDL-mediated adhesion molecule expression 
To determine the effect of fish oils on ox-LDL-induced expression of adhe-
sion molecules and the role of PKB pathway in this effect, Human coronary 
artery endothelial cells (HCAECs) were cultured and used in this study. For 
exploration of the effect of fish oil on expression of adhesion molecules, 
HCAECs were incubated with ox-LDL (40 g/ml) for 24 hr. Parallel groups 
of cells were pretreated with EPA or DHA (10 and 50 M, respectively, 
Cayman Chemical) for overnight before incubated with ox-LDL. Another 
group of cultured HCAECs were treated with PKB specific inhibitor wort-
mannin (100 nM, Sigma) before incubated with DHA (50 M) to examine 
the significance of PKB activation in the effect of fish oil. To further exami-
ne the role of PKB pathway in the expression of adhesion molecules induced 
by ox-LDL, the HCAECs were transfected with plasmids encoding dominant 
negative mutants of PKB (PKB-DN) before treatment with DHA and ox-
LDL. The cells were harvested for determining the expression of expression 
of P-selectin and ICAM-1 and the activation of PKB. For examination of the 
functional significance of fish oil in ox-LDL-induced expression of adhesion 
molecules, the cultured HCAECs pretreated with DHA or EPA and ox-LDL, 
as well as wortmannin were used to quantify the adherence of monocytes. 

TGF- 1, NOS and PKB expression, and H-R injury 
To determine the effect of TGF- 1 on H-R-induced myocyte injury and NOS 
expression, the cultured myocytes were divided into following 4 groups: (1) 
Control —myocytes were incubated in 95% air and 5% CO2; (2) H-R – my-
ocytes were exposed to 24 hours of hypoxia (95% N2 and 5% CO2, PO2 ~ 30 
mmHg) followed by 3 hours of reoxygenation (95% air and 5% CO2); (3) 
TGF- 1 plus H-R – myocytes were incubated with human recombinant TGF-

1 (1ng/ml, Calbiochem) followed by exposure to H-R; (4) TGF- 1 plus 
normoxia – myocytes were incubated with TGF- 1 (1ng/ml) in 95% air and 
5% CO2. Medium was collected for determination of lactate dehydrogenase 
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(LDH). Myocytes were harvested for examination of iNOS activity, iNOS 
and eNOS expression, as well as Akt/PKB expression and its phosphorylati-
on.

TGF- 1 and ox-LDL-induced adhesion molecule expression  
To determine the effect of TGF- 1 on ox-LDL induced adhesion molecules, 
HCAECs were cultured and used in this study. For exploration of the role of 
ox-LDL on the expression of TGF- 1 and its receptors, HCAECs were incu-
bated with native-LDL (n-LDL) or ox-LDL in different concentrations (10, 
20, and 40 g/ml) for different times (1, 6, 12, and 24 hrs). Parallel groups of 
cells were pretreated with a blocking antibody to LOX-1 (10 g/ml) (gift of 
T. Sawamura, Osaka, Japan). Culture media were collected for measuring 
active TGF- 1 levels, and the cells were harvested for determination of the 
expression of TGF- 1 receptors. For examination of the functional signifi-
cance of TGF- 1 in ox-LDL-induced expression of adhesion molecules, cul-
tured HCAECs were pretreated with recombinant TGF- 1 (2 ng/ml) (Sigma) 
prior to incubation with ox-LDL (40 g/ml), and then adhesion of monocy-
tes to endothelial cells quantified. Parallel groups of cells were pretreated 
with antibody to TGF 1 receptor type 2 (10 g/ml) or antibody to endoglin 
(10 g/ml). 

METHODS
Myocyte Isolation and Culture 
Calcium tolerant myocytes were obtained as detailed earlier (172). Briefly, 
adult male Sprague-Dawley rats weighing 200-250g were given heparin 
(1000U/kg, i.p.) and anesthetized with sodium pentobarbital (60 mg/kg). The 
chest cavity was opened, and the heart was removed and placed into ice-cold 
Ca2+-free Krebs-Henseleit (K-H) buffer (perfusion medium, composition: 
NaCl 118 mM, KCl 4.7 mM, KH2PO4, 1.2 mM, MgSO4 1.2 mM, NaHCO3
25 mM, and glucose 11 mM, pH 7.4). Within 1 minute, the heart was trans-
ferred to a perfusion apparatus and perfused via the aorta with oxygen-
saturated (95% O2 and 5% CO2) Ca2+-free K-H buffer at 37 C and a rate of 5 
to 6 ml/min for 5 minutes. Then the heart was perfused with 1 mg/ml of cru-
de collagenase type XI (Sigma) in the same medium for 15 to 20 minutes to 
rinse out the intervascular space.

Following perfusion, the heart was removed, and atria and large vessels 
were dissected off. Ventricles were minced into small pieces, then shaken in 
10 ml of perfusion medium containing 2% FBS at 37 C for 5 minutes, and 
the released cells were collected and centrifuged at 10 g for 5 minutes. The 
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pellet of cells was then washed repeatedly. The cells were resuspended in 
culture medium containing 5% fetal bovine serum and antibiotics.  

Cells from each rat heart were divided into 10-cm dishes containing 10 ml 
of Dulbecco’s modified Eagle’s medium containing 10% FBS, 100 U/ml pe-
nicillin and 0.1 mg/ml streptomycin (about 106 cells in each dish) and cultu-
red under 95% air and 5% CO2 at 37 C. Culture medium was changed every 
other day. 

Culture of HCAECs
The initial batch of HCAECs was purchased from Clonetics Corp. The endo-
thelial cells were pure, based on morphology and staining for factor VIII and 
acetylated LDL. These cells were 100% negative for -actin expression. The 
endothelial cell growth medium consisted of 500 ml of basal medium, 5 ng 
of human recombinant epidermal growth factor, 5 mg of hydrocortisone, 25 
mg of gentamycin, 25 g of amphotericin B, 6 mg of bovine brain extract, 
and 25 ml of FBS (92,93). The fifth passage of HCAECs was used in this 
study. 

Preparation of Lipoproteins 
Ox-LDL was prepared as described earlier (92,93). In brief, human n-LDL 
was oxidized by exposure to CuSO4 (5 M free Cu2+ concentration) in PBS 
at 37  for 24 hrs. The TBARs content of ox-LDL was measured. LDL and 
ox-LDL were kept in 50 mM Tris-HCl, 0.15 M NaCl, and 2 mM EDTA at 
pH 7.4 and were used within 10 days of preparation.

Transfection of HCAECs with PKB-DN Plasmids 
HCAECs with ~80% confluence (in 100 mm dishes) were washed and 
suspended in 5 ml of serum- and antibiotic-free culture medium. DNA -
lipofectamineTM reagent complex (0.5 ml), with 10 g of plasmid cDNA of 
PKB-DN kindly provided by Dr. Bradford Berk (University of Rochester, 
Rochester, NY) , was added to each dish. The cells were incubated at 37 C
for 6 hrs, followed by addition of another 5 ml of culture media containing 
20 % FBS added, and then the cells continued to incubate for overnight (~18 
hrs). After about 24 hrs of transfection, the cells were washed with PBS and 
cultured in regular medium for 48 hrs. The cells then were then treated with 
DHA and ox-LDL. 
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Treatment of cells with tocopherols and fish oil 
- and mixed- tocopherol as well as DHA and EPA was dissolved in 100% 

ethanol to achieve a final concentration of 0.05% ethanol in the culture me-
dia. - or mixed- tocopherol as well as DHA or EPA were mixed with fetal 
bovine serum (FBS, 2 ~ 5 % in final concentration in culture media for to-
copherol and for fish oils respectively) and incubated at 37 C for 15 minutes 
with gentle mixing every 5 minutes. The FBS containing tocopherol and fish 
oils was then mixed with cell culture media. The cultured cells were prein-
cubated with this media for overnight before being exposed to H-R or treated 
with other reagents. Intracellular tocopherol levels were measured by high 
performance liquid chromatography with fluorescence detection, as descri-
bed earlier (23). 

Isolation and Adhesion of Human Monocytes  
Human peripheral monocytes were isolated as follows (92): 5 ml of hepari-
nized fresh blood from fasting normolipemic subjects was carefully layered 
onto a discontinuous gradient (2.5 ml of the 1.065 onto 2.5 ml of the 1.070) 
of Mono-Poly Resolving Medium (ICN Pharmaceuticals). The monocyte 
band was collected by aspiration after blood was centrifuged at 300 g for 30 
minutes in a swinging bucket rotor at room temperature. Monocytes were 
washed twice with balanced salt solution and the cells were resuspended in 
the culture medium. Cells isolated by this method consisted of 94% to 98% 
monocytes and showed intact function.

Monocytes resuspended in the culture medium were added to the treated
HCAECs and incubated under rotary conditions (60 rpm) at 37°C for 1 hour. 
This method was based on the demonstration of optimal monocyte binding to 
endothelial cells. After incubation, the HCAECs were washed 3 times with 
HBSS. The HCAECs were examined under a phase-contrast microscope for 
adherent monocytes. Adherent cells were counted in 10 different fields 
(magnification x100) in 5-6 separate dishes in each group of HCAECs. The 
investigator performing the adherent monocyte counting was blinded to 
treatment designation.

Zymography
The activated MMP-1in cultured media released by myocytes was determi-
ned by zymography (21,98). Aliquots of conditioned medium (1 g/lane
with volumes adjusted according to protein content) were subjected to non-
denaturing SDS PAGE at a constant voltage of 125 V. The gel was then 
washed in 2.5% Triton X-100 solution with gentle agitation for 6 hours at 
room temperature, followed by replacement with the developing buffer 
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(50mM Tris, 5mM CaCl2, 0.02%NaN3, pH 7.6). The gel was agitated at 
room temperature for 30 min, placed into fresh developing buffer, and incu-
bated at 370C overnight. The gel was stained with 0.5% Coomassie blue, 
destained in destaining solution containing 5% methanol and 7% acetic acid, 
photographed, and then dried for permanent record. 

Western Blot 
Cultured cells were pelleted and lysated with RIPA buffer (1% SDS, 0.1% 
Triton X-100, and 10 mM Tris-HCl, pH 7.4) and centrifuged at 10,000 rpm 
for 10 minutes at 4 C. The lysate protein from the cultured cells (20-40 g
per lane) was separated by 8-10% SDS-polyacrylamide gel electrophoresis 
with a Bio-Rad Mini-Protean cell, transferred to nitrocellulose membrane 
(Amersham, Arlington Heights, IL, USA). After incubation in blocking solu-
tion (5% non-fat milk, Sigma), membranes were incubated with specific 
primary antibodies at optional dilution overnight at 4 C. The membrane was 
washed and incubated with the second antibody at optional dilution for 2 
hours. The membrane was then detected with the enhanced chemilumines-
cence system, and relative intensity of bands of interest was analyzed by a 
NSF-300G Scanner (Microtek, San Clemente, CA, USA), as described pre-
viously (92,93,98). 

Immunoprecipitation and Western Blot  

100-400 g of protein from cell samples was diluted in 1 ml of lysate buffer, 
added 0.25 µg of the appropriate control IgG (corresponding to the specific 
primary antibody) and 20 µl of suspended agarose conjugate protein A/G-
Agarose, and incubate at 4° C for 30 minutes. Pellet beads were precipitated 
by centrifugation at 2,500 rpm for 30 seconds at 4° C. The supernatant was 
transferred to a fresh microcentrifuge tube at 4° C. 10 µl of primary antibody 
was added and incubated for 1-2 hours at 4° C. 20 µl of suspended agarose 
conjugate protein A/G-Agarose was added and incubated at 4° C overnight 
on a rocker platform. The sample was centrifuged at 2,500 rpm for 5 minutes 
at 4° C. The supernatant was carefully aspirated and discarded. The pellet 
was washed 4 times with PBS (pH 7.4). After the final wash, the pellet was 
resuspended in 40 µl of electrophoresis sample buffer. 5-10 l of the soluti-
on was used for Western Blot.
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Reverse Transcription and Polymerase Chain Reaction (RT-PCR) 
Total RNA was isolated from cells with a RNeasy Mini kit (Qiagen, Valen-
cia, CA, USA). One microgram of total RNA was reverse transcripted with 
oligo-dT (Promega, Madison, WI, USA) and M-MLV reverse transcriptase 
(Promega) at 42 C for one hour. RT material (2 l) was amplified with Taq 
DNA polymerase (Promega) with specific pairs of primers. The RT-PCR 
amplified samples were visualized on 1.2% agarose gels with ethidium bro-
mide. A pair of primer to -actin was internal control. Relative intensity of 
bands of interest were analyzed by NSF-300G Scanner (Microtek, San Cle-
mente, CA, USA) (92,93,98). 

Determination of LDH in the Culture Media 
A spectrophotometric method based on the oxidation of lactate (Sigma) was 
used to measure LDH release. LDH activity was expressed as units per ml 
medium (172).

Determination of MDA Levels in Myocytes 
Malondialdehyde (MDA) levels were measured as index of lipid peroxidati-
on with a bioxytech LPO-586 assay system (OXIS, Portland, OR, USA). The 
final MDA levels were expressed as mol/g protein. 

TGF- 1 Assay by ELISA 
TGF- 1 level in the culture media was measured by TGF- 1 Emax Immu-
noAssay System (Promega) (172).  

125I- TGF- 1 Binding and Cross-Linking 
TGF- 1 receptors were studied by chemically cross-linking 125I- TGF- 1 to 
the cell surface followed by SDS-PAGE and autoradiography. Briefly, 1 105

HCAECs were kept in regular culture medium for 24 hrs and then treated 
with n-LDL, ox-LDL or antibodies to LOX-1. Cells were incubated in fresh 
serum-free medium for 1hr before applying 125I- TGF- 1 (1 ng/ml/well) in 
binding medium (with 0.05% gelatin) at 4 C with 50-fold excess of unlabe-
led TGF- 1. After 3 hr incubation, DSS was added to the well at a final con-
centration of 1 mM for 15 min. The cells were washed with binding medium 
and scraped into detachment buffer (10mM Tris-HCl, pH 7.4, 1 mM EDTA, 
10% glycerol, 0.3 mM PMSF) and centrifuged at 12,000 g for 2 min. The 
cells were then resuspended in SDS sample buffer with -mercaptoethanol 
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for 30 min at 37 C, centrifuged, and the dissolved proteins were separated 
on a 8% SDS-PAGE gel. The dried gel was then exposed to film (111). 

Determination of iNOS Activity in Myocytes 
iNOS activity in cultured myocytes was measured by monitoring the conver-
sion of 3H L-arginine into 3H L-citrulline (22). Fresh harvested myocytes 
were suspended and lysed. The lysate was centrifuged at 10,000 rpm for 20 
min. 100 l of lysate supernatant and 100 nM 3H L-arginine were mixed 
with reaction buffer containing 50 mM HEPES (pH 7.4), 1.5 mM -
nicotinamide adenine dinucleotide phosphate, 1 mM dithiothreitol, 1 mM 
EDTA, 1 mM MgCl2, 2.5 M flavin adenine dinucleotide, and 1 M tetra-
hydrobiopterin and incubated for 30 minutes at 37 C. The reaction was ter-
minated with stop buffer (in mM: HEPES 20, EDTA 2, pH 5.5) and the mix-
ture was applied to Dowex AG50W-X8 (Na+ form) columns and eluted with 
4 ml of distilled water. 3H L-citrulline was counted and iNOS activity was 
expressed as nM/mg protein. 

Determination of SOD Activity in Myocardium
SOD activity, as an index of endogenous antioxidant activity, was measured 
in myocytes by monitoring the SOD inhibitable autoxidation of pyrogallol. 
The reaction mixture (4.5 ml) contained 0.2 mM of pyrogallol, 1 mM of 
diethylenetriamine penta-acetic acid, 50 mM of tris-cacodylic acid buffer 
(pH 8.2), and 4 g of catalase. The reaction was carried out at 25 C. The rate 
of increase in absorbance at 420 nm was recorded. One unit of enzyme acti-
vity is defined as 50% inhibition of pyrogallol auto-oxidation under the as-
say conditions (23,96).  

STATISTICAL ANALYSIS 
All data represent as the mean of samples from 3-6 independently performed 
experiments. Data are presented as mean ± SD or ± SEM. Statistical signifi-
cance was determined in multiple comparisons among independent groups of 
data in which ANOVA and the Student-Newman-Keuls test indicated the 
presence of significant differences. A P value of  0.05 was considered sta-
tistically significant. 
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RESULTS

Effect of - Tocopherol and Mixed- Tocopherol Prepa-
rations on Myocardial H-R Injury (Paper I) 
Tocopherol Levels in Myocytes 
Tocopherols were not detected in control or H-R exposed myocytes. Culture 
of myocytes with -tocopherol increased the level of -tocopherol in the 
myocytes, while culture with mixed-tocopherol preparation increased the le-
vels of all three isoforms: -, - and - tocopherol (compared with control 
and H-R groups). Importantly, H-R did not affect the levels of tocopherols in 
myocytes.  

Tocopherols and Myocardial Injury in Response to Hypoxia-
Reoxygenation
H-R caused a marked increase in LDH release in the supernatants indicating 
myocyte injury (P<0.01, vs. control group). Treatment of myocytes with 
both tocopherol preparations attenuated LDH release in response to H-R 
(P 0.05, vs. H-R group respectively). Mixed-tocopherol treatment was more 
effective than -tocopherol alone treatment in attenuating LDH release from 
myocytes (P<0.05).  

SOD Activity in Myocardium 
H-R markedly decreased SOD activity in the cultured myocytes (P<0.01 vs. 
control). Treatment of cultured myocytes with both tocopherol preparations 
attenuated the decrease in SOD activity in response to H-R (P<0.05, vs. H-R 
group). Treatment with mixed-tocopherol was more effective than -
tocopherol alone in attenuating the decrease in SOD activity (P<0.05). 

iNOS Expression and Activity in Myocytes 
iNOS expression (protein and mRNA) was markedly upregulated in cultured 
myocytes exposed to H-R. Pretreatment of myocytes with both - and mi-
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xed- tocopherol significantly reduced this enhanced iNOS activity and ex-
pression. Importantly, mixed tocopherol preparation was more potent than 

-tocopherol alone. Tocopherols did not seem to affect iNOS level in myo-
cytes cultured under normoxic conditions. 

Effect of EPA on MMP-1 Expression and Myocardial 
H-R Injury (Paper II) 
Effect of EPA on myocardial Injury Induced by Hypoxia-
Reoxygenation
H-R caused a marked increase in LDH release in the supernatants of myocy-
tes, indicating myocyte injury (P<0.01, vs. control group). Treatment of cul-
tured myocytes with EPA before H-R attenuated LDH release in response to 
H-R in a dose-dependent manner (P<0.05, vs. H-R group). Notably, EPA al-
so had a mild inhibitory effect on LDH release from myocytes cultured un-
der normoxic conditions, but the difference was not significant. 

Effect of EPA on Activity and Expression of MMP-1 in Myo-
cytes
MMP-1 activity was markedly upregulated in cultured medium of myocytes 
exposed to H-R (P<0.01, vs. control). Pretreatment of myocytes with EPA 
reduced this enhanced MMP-1 activity during H-R in a dose-dependent 
manner (P<0.05, vs. H-R alone). EPA did not significantly affect MMP-1 
activity in the medium of myocytes kept under normoxic conditions. 

MMP-1 expression (protein and mRNA) was also increased in myocytes 
exposed to H-R (P<0.01, vs. control). Treatment of myocytes with EPA at-
tenuated the increase in MMP-1 expression in the cultured myocytes during 
H-R in a dose-dependent manner (both P<0.05 vs. H-R alone). EPA did not 
affect MMP-1 expression in myocytes kept under normoxic conditions.

Effect of EPA on p38MAPK and its Phosphorylation in Myo-
cytes
H-R did not affect p38MAPK protein levels in cultured myocytes; however, 
phosphorylation of p38MAPK (pp38MAPK) increased during H-R (P<0.01 
vs. control group). Treatment with EPA reduced the increased levels of 
pp38MAPK in cultured myocytes during H-R in a dose-dependent manner 
(P<0.05 vs. H-R alone). EPA did not affect p38MAPK or pp38MAPK levels 
in myocytes kept under normoxic conditions. 
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Effect of EPA on Lipid Peroxidation in Myocytes 
H-R markedly enhanced lipid peroxidation in the cultured myocytes as indi-
cated by MDA measurement (P<0.01 vs. Control). Treatment with EPA re-
duced the increased MDA levels in cultured myocytes during H-R in a dose-
dependent manner (P<0.05 vs. H-R alone). EPA did not significantly affect 
MDA levels in myocytes kept under normoxic conditions. 

Effect of AA on Myocytes Exposed to H-R 
Pretreatment of the cultured myocytes with AA slightly, but not significant-
ly, further increased LDH release, MMP-1 activity and protein expression 
and pp38MAPK. Presence of AA alone caused a small degree of cell injury, 
as indicated by LDH release.  

Effect of Fish oils on Adhesion Molecule Expression 
(Paper III) 
Fish Oil and Ox-LDL and Expression of Adhesion Molecules 
Ox-LDL markedly increased the expression of P-selectin and ICAM-1 (both 
protein and mRNA) in HCAECs. Pretreatment of cells with both EPA and 
DHA markedly reduced the expression of adhesion molecules in HCAECs 
induced by ox-LDL in a dose-dependent manner. 

Fish oil and Monocyte Adhesion Induced by Ox-LDL  
To evaluate the functional significance of expression of adhesion molecules 
in response to ox-LDL, we quantitated the adherence of monocytes to the 
cultured HCAECs. Ox-LDL markedly increased the adhesion of monocytes 
to HCAECs (P<0.01 vs. control). Pretreatment of cells with both EPA and 
DHA significantly reduced the increased monocyte adhesion in response to 
ox-LDL in a dose-dependent manner (P<0.05 vs. ox-LDL alone).

Role of PKB in the Modulation of Expression of Adhesion 
Molecules by Ox-LDL, and its Modulation by EPA and DHA 
To determine the role of PKB on the effect of ox-LDL-induced expression of 
adhesion molecules, we applied a specific upstream inhibitor of PKB, wort-
mannin and PKB-DN plasmid. Ox-LDL markedly reduced the phosphoryla-
tion of PKB (P<0.01 vs. Control), but not the total PKB. Pretreatment of 
HCAECs with both EPA and DHA caused a significant increase in phospho-
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rylation of PKB, but not total PKB, in a dose-dependent manner (P<0.05 vs. 
ox-LDL alone). Moreover, PKB specific upstream inhibitor wortmannin 
markedly suppressed the DHA-induced recovery of PKB activity, inhibition 
of adhesion molecule expression, and reduction of adherence of monocytes 
to cultured HCAECs (P<0.05 vs. DHA-treated group).  

Importantly, transfection of cultured HCAECs with PKB-DN plasmid in-
hibited both total and active-PKB, and increased the expression of P-selectin 
and ICAM-1 (both P<0.05 vs. control). This PKB-DN plasmid blocked the 
effect of DHA on ox-LDL-induced expression of adhesion molecules. 

Effect of TGF- 1 on NOS Expression and Myocardial 
H-R Injury (Paper IV) 
Effect of TGF- 1 on H-R-Induced myocardial Injury 
H-R caused a marked increase in LDH release in the supernatants of myocy-
tes, indicating myocyte injury (P<0.01, vs. control group). Treatment of cul-
tured myocytes with TGF- 1 before H-R attenuated LDH release in response 
to H-R (P<0.05, vs. H-R group). Notably, there was no effect of TGF- 1 on 
LDH release in the medium of myocytes cultured under normoxic conditi-
ons.

Effect of TGF- 1 on iNOS Activity in Myocytes 
iNOS activity was markedly upregulated in cultured myocytes exposed to H-
R (P<0.05, vs. control). Treatment of exogenous TGF- 1 reduced this en-
hanced iNOS activity during H-R (P<0.05, vs. alone). Exogenous TGF- 1
did not affect iNOS activity in myocytes cultured under normoxic conditi-
ons.

Effect of TGF- 1 on NOS Expression in Myocytes
iNOS expression (protein and mRNA) was increased, whereas eNOS ex-
pression (protein and mRNA) was decreased in cultured myocytes exposed 
to H-R (P<0.05, vs. control). Treatment of myocytes with exogenous TGF-

1 attenuated the increase in iNOS expression and the decrease eNOS ex-
pression during H-R (both P<0.05 vs. H-R alone). TGF- 1 did not affect i-
NOS or eNOS expression in myocytes cultured under normoxic conditions.
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Effect of TGF- 1 on Akt/PKB Phosphorylation in Myocytes
H-R did not affect the Akt/PKB protein in cultured myocytes; however 
phospho-Akt/PKB level increased during H-R (P<0.01 vs. control group). 
Treatment with TGF- 1 reduced the increased levels of phospho- Akt/PKB 
during H-R (P<0.05 vs. H-R alone). TGF- 1 did not affect Akt/PKB or 
phospho-Akt/PKB levels in myocytes cultured under normoxic conditions.

Effect of TGF- 1 on Adhesion Molecule Expression 
(Paper V) 
Ox-LDL and Active TGF- 1 Synthesis and TGF- 1 Receptor 
Expression
Ox-LDL, but not n-LDL decreased active TGF- 1 levels in the supernatants 
of HCAECs. The decrease in active TGF- 1 levels in response to ox-LDL 
occurred in a time- and concentration-dependent manner (P<0.05 vs. 
control).

By 125I- TGF- 1 binding and cross-linking, we observed that incubation of 
HCAECs with ox-LDL, but not n-LDL, augmented expression of all three 
TGF- 1 receptor types in the HCAECs. The increased expression of recep-
tors in response to ox-LDL occurred in a time- and concentration-dependent 
manner. It is noteworthy that the expression of type 2 and type 3 receptors 
was similar and more marked than the expression of type 1 receptor. The 
increase in TGF- 1 receptor expression correlated with the decrease in active 
TGF- 1 levels. 

Treatment of HCAECs with LOX-1 antibody attenuated the decrease in 
TGF- 1 levels induced by ox-LDL (P<0.05 vs. ox-LDL alone). Treatment of 
HCAECs with antibody to LOX-1 prior to incubation with ox-LDL also at-
tenuated the enhanced expression of TGF- 1 receptors induced by ox-LDL. 
These observations suggest that the effects of ox-LDL are mediated via the 
activation of LOX-1 receptor. 

TGF- 1 and its Receptors and Expression of Adhesion Molecules 
Ox-LDL, but not n-LDL, markedly increased the expression of P-selectin 
and ICAM-1 (protein and mRNA) in HCAECs. Pretreatment of cells with 
recombinant TGF- 1 markedly reduced the adhesion molecule expression in 
HCAECs induced by ox-LDL. The effect of TGF- 1 was blocked by antibo-
dies to TGF- 1 type 2 receptor. In contrast, antibodies to endoglin had no ef-
fect.
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TGF- 1 and Monocyte Adhesion Induced by ox-LDL  
To evaluate the functional significance of adhesion molecule expression in 
response to ox-LDL, we quantitated adhesion of monocytes to HCAECs. 
Ox-LDL, but not n-LDL, markedly increased the adhesion of monocytes to 
HCAECs (P<0.01 vs. control). Importantly, pretreatment of cells with re-
combinant TGF- 1 did not affect the adhesion of monocytes to HCAECs cul-
tured under normal conditions. However, it significantly reduced the increa-
sed monocyte adhesion in response to ox-LDL (P<0.05 vs. ox-LDL alone). 
Further, the enhanced monocytes adhesion was blocked by antibodies to 
TGF- 1 type 2 receptor, but not by antibodies to TGF- 1 type 3 receptor (en-
doglin). 
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DISCUSSION

Effects of and Mechanisms Behind the Effects of Toco-
pherol Preparations on H-R-Induced Myocyte Injury 
Tocopherols, SOD Activity, iNOS Expression, and H-R Injury 
Several studies have considered the role of tocopherols in myocardial ische-
mia. While there is no significant change in plasma levels of tocopherols du-
ring myocardial injury, it appears that tocopherol levels are reduced in the 
infarcted myocardium (131), indicating a reduction in anti-oxidant defense 
mechanisms. Dietary supplementation with tocopherols can modify tocophe-
rol concentrations in the infarcted myocardial tissue and improve cardiac 
dysfunction (131,169,171). In the present study with the isolated cultured rat 
myocytes, we found that pre-treatment of myocytes with tocopherols increa-
sed tocopherol levels. Treatment with -tocopherol increased -tocopherol 
levels, and treatment with mixed-tocopherols increased the concentration of 
all three tocopherol isoforms ( -, -, and -) in the cultured myocytes.  

Haramaki et al (59) reported a depletion of endogenous antioxidants in 
hearts exposed to H-R, and this change was dependant on the severity of i-
schemia-reperfusion. They showed that hydrophilic antioxidants, such as as-
corbate and glutathione, decreased in the hearts during early stages of reper-
fusion, whereas lipophilic antioxidants such as -tocopherol did not. Howe-
ver, increasing the severity of H-R injury by addition of H2O2 resulted in a 
significant depletion of -tocopherol in the heart. The observation from our 
study suggests that severe H-R alters tocopherol concentrations in myocytes. 
This formed the basis for the use of tocopherols in combating H-R injury to 
myocytes in our study. In the present study, we observed that ischemia for 
24 hours followed by reoxygenation for 3 hours caused marked cell injury, 
indicated by LDH release. Furthermore, there was evidence of a marked dec-
rease in SOD activity in myocytes exposed to H-R. Importantly, preincuba-
tion of myocytes with both tocopherol preparations markedly reduced cell 
injury and attenuated the decrease in SOD.  

We focused on the expression of iNOS and its activity in this study, since 
iNOS is upregulated during myocardial H-R injury (77,103,165). Excessive 
iNOS activity would be expected to cause direct endothelial and myocyte to-
xic effect (66). Moreover, release of large amount of NO in response to i-
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NOS activation may lead to inflammatory reaction and release of cytokines, 
which may aggravate cell injury (67). Lastly, NO with ROS forms peroxy-
nitrate (ONOO ), which itself has toxic effect on myocardium (106). We ob-
served that H-R upregulated iNOS activity and expression in the cultured 
myocytes. However, pre-incubation of myocytes with both tocopherol prepa-
rations (50 M) attenuated the upregulation of iNOS activity and expression 
with concurrent reduction in H-R injury. 

Difference in Antioxidant Effects of - and mixed- Tocopherol 
Preparations

-tocopherol is the primary isoform of vitamin E in commercial preparati-
ons. However, -tocopherol is more potent than -tocopherol in counterac-
ting ROS (170) and trapping mutagenic electrophiles (26). Our group 
(95,96,143) showed that a mixed-tocopherol preparation rich in -tocopherol 
is more potent than -tocopherol in inhibiting platelet aggregation, attenua-
ting arterial thrombogenesis, modulating SOD activity and eNOS expressi-
on, and reducing ox-LDL-induced NF- B activation and apoptosis. Clinical 
studies showed that it is -tocopherol, but not -tocopherol, that is decreased 
in plasma of patients with coronary artery disease (130). Actually, dietary 
supplement with -tocopherol may further lower plasma -tocopherol levels 
with potential adverse effects (58), Our present study showed that treatment 
of myocytes with a mixed-tocopherol preparation rich in -tocopherol inc-
reased the level of all three isoforms of vitamin E, and was more efficient 
than -tocopherol alone in protecting myocytes from H-R injury. The mi-
xed-tocopherol preparation reversed the decrease in SOD activity in the my-
ocytes, and attenuated the upregulation of iNOS expression and activity mo-
re efficiently than did -tocopherol alone.  

Effects of and Mechanisms Behind the Effects of EPA 
on H-R-Induced Myocyte Injury
EPA and Cardioprotection 
Most studies on the cardioprotective effects of fish oil have been performed 
in clinical observation and in vivo or ex vivo animal hearts exposed to ische-
mia-reperfusion. Hallaq and co-investigators (56) showed that both EPA and 
DHA prevent the toxicity of high concentrations of the cardiac glycoside ou-
abain on isolated neonatal rat cardiac myocytes. They (99) also reported that 
EPA has anti-arrhythmic effects in cultured neonatal rat cardiac myocytes. 
Our group has shown that supplementation with stable fish oil in an experi-
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mental hypoxia-reoxygenation model reduced cardiac arrhythmias (171). In 
the present study, we extended these observations to the direct effects of 
EPA on cardiac myocytes and showed that EPA protects adult rat myocytes 
from H-R-induced injury. More importantly, we demonstrated potent effects 
of EPA, but not of AA, on MMP-1 expression and activity and pp38 MAPK. 
High concentration (50 M) of EPA was more potent than the low con-
centration (10 M) in these effects. 

EPA, MMP-1 and cardioprotection 
It is believed that MMPs are activated in the very early stages of myocardial 
ischemia (30,35). Almost all cell types in the ischemic-reperfused area, such 
as leukocytes, vascular endothelial cells, smooth muscle cells, fibroblasts, 
and myocytes, can synthesize and secrete MMPs (30). MMPs released from 
leukocytes degrade vascular ECM, breakdown basement membranes, increa-
se vascular permeability, and enhance leukocyte migration outside the vas-
cular lumen (30). MMPs secreted from cardiomyocytes may lead to cell in-
jury and death and apoptosis and potentially cardiac rupture (64,166). Clini-
cal studies have shown elevated levels of MMPs in plasma in patients with 
acute myocardial infarction (33,147). It has, therefore, been proposed that 
inhibition of MMPs by deletion of target mRNA or by chemical inhibitors 
may prevent myocardial injury (146,156). In our study, we showed that H-R 
upregulates MMP-1 (both activity and expression) in rat myocytes, and 
EPA, but not AA, treatment blunts the H-R-induced upregulation of MMP-1. 
In recent work, we have observed direct toxic effects of recombinant MMP-
1 on cardiac myocytes, and the toxic effect of MMP-1 on myocytes can be 
inhibited by a specific chemical inhibitor (21). It is possible that inhibition of 
MMP-1 is one of the mechanisms behind the cardioprotective effect of EPA. 

EPA, MMP-1 and p38MAPK 
Several studies have examined the intracellular action mechanisms of fish 
oil, including the protein kinase pathways, but the precise signaling pathway 
involved remains unclear (79,108). Diep and co-workers (33) showed that 
DHA induces activation of protein kinase C (PKC) and MAPK. Others 
(99,104) have suggested that both EPA and DHA can diminish activation of 
MAPK in isolated myocytes. Our observations in the present study indicate 
that H-R increases the activity of p38MAPK and concurrently upregulates 
MMP-1 expression and activation. Pre-treatment of the cultured myocytes 
with EPA, but not AA, inhibited the H-R-mediated upregulation of 
p38MAPK, and this was associated with a decrease in MMP-1 expression 
and attenuation of myocyte injury. Activation of the p38MAPK pathway has 
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previously been shown to participate in cell injury (176), and inhibition of 
p38MAPK activation attenuates H-R-mediated cell injury (45). Our data 
concur with these studies (45,176), and suggest that inhibition of MMP-1 via 
p38MAPK phosphorylation is one of the mechanisms behind the reduction 
in H-R-induced myocyte injury by EPA.  

EPA and Lipid Peroxidation 
Myocardial ischemia-reperfusion injury is always accompanied with lipid 
peroxidation (129). Antioxidants decrease lipid peroxidation and reduce my-
ocardial injury. The effect of fish oil on lipid peroxidation is still controver-
sial (53,54,63,75,124,125,144). Johanson (70) recently reported that intake 
of highly concentrated omega-3 PUFA preparation for 6 months showed an 
adverse effect in CAD patients indicated by doubled frequency of angina 
pectoris and increased markers of inflammation, such as soluble E-selectin 
and soluble vascular cell adhesion molecule-1 (VCAM-1). The explanation 
for those adverse effects was reported to be the increased lipid peroxidation 
observed after intake of the highly concentrated omega-3 fatty acids prepara-
tion in vitro. Grundt and co-workers (54) showed that lipid peroxidation was 
increased modestly after long-term intervention with omega -3 PUFAs in 
rats with myocardial infarction. It is currently suggested that in vitro stability 
is very important for fish oils to exert their beneficial effects in vivo (142). 
Reduction in lipid peroxidation observed in the present in vitro study is con-
sistent with the results of the previous studies, which show EPA-induced re-
duction in H-R injury as well as myocardial lipid peroxidation 
(124,125,144). Moreover, oxidative stress is thought to be an important in-
ducer of vascular MMP activity (160). The upregulation of MMP-1 in asso-
ciation with lipid peroxidation is in concert with the observation of Uemura 
and co-workers (160). The potent anti-oxidant effect of EPA (124,125) could 
be another basis of decrease in MMP-1 expression and activity in the cultu-
red myocytes exposed to H-R. 

Effects of and Mechanisms Behind the effects of Fish 
Oils on Ox-LDL-Induced Adhesion Molecules 
Our studies in HCAECs showed that ox-LDL upregulates the expression of 
the adhesion molecules P-selectin and ICAM-1, and induces the adhesion of 
monocytes to HCAECs. Both DHA and EPA, the two major nutritive consti-
tuents in fatty fish, decreased ox-LDL-induced upregulation of adhesion mo-
lecules. The functional significance of this phenomenon became clear as 
both EPA and DHA reduce the adherence of monocytes to HCAECs. These 
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effects on the expression of adhesion molecules and the adherence of mono-
cytes to HCAECs were also associated with activation of PKB.  

Ox-LDL, Adhesion Molecules and Atherosclerosis
Inflammation exerts a key role in the pathogenesis of atherosclerosis. In the 
early stage of atherogenesis, P-selectin is thought to mediate leukocytes to 
attach to and to roll along the activated vascular endothelium and ICAM-1 is 
believed to be associated with adhesion and transendothelial migration of 
leukocytes (11). Clinical studies show that the levels of soluble forms of P-
selectin and ICAM-1 are elevated in plasma of patients with atherosclerosis 
(31,132). Increased expression of P-selectin and ICAM-1 has been shown in 
atherosclerotic tissues taken from animals or humans (131,139). Experimen-
tal studies have shown that the expression of both adhesion molecules is 
upregulated in endothelial cells treated with cytokines, such as IL-1 and 
TNF-  (27,74).

We confirmed the results of our previous studies that ox-LDL upregulates 
the expression of P-selectin and ICAM-1 and leads to adhesion of monocytes 
to cultured HCAECs (92). The importance of adhesion molecules in athe-
rosclerosis has been examined in many studies; for example, administration 
of an anti-P-selectin antibody causes a decrease in leukocyte rolling and at-
tachment to vascular endothelium (159), and deficiency of P-selectin in mice 
shows a complete absence of leukocyte rolling and reduced atherosclerotic 
lesion formation (28,37). Knockout of ICAM-1 results in attenuation of athe-
rosclerotic process in the apo-E knockout mice (14,33). These observations 
collectively indicate that inhibition of adhesion molecule expression can re-
duce atherosclerosis. 

Fish Oils and Ox-LDL and Adhesion Molecules 
Intake of fish has been suggested to be beneficial in the prevention and 
treatment of atherosclerosis and related clinical events. Results from several 
clinical trials indicate that long-term intake of dietary fish or fish oil signifi-
cantly lowers the extent of atherosclerosis (2,164). However, the mechanism 
of the anti-atherosclerotic effect of fish/fish oil remains unclear. Fish and 
fish oil constituents are thought to modulate lipid metabolism (62), improve 
vascular endothelial function (66), enhance vascular reactivity and compli-
ance (114), reduce cytokine production and inflammation (3), and inhibit the 
inflammatory response to injury (148). Some clinical studies have shown 
that intake of fish oil may decrease plasma levels of soluble ICAM-1 and P-
selectin in patients with atherosclerosis (71,145). Other studies have shown 
that fish oil can effectively decrease the upregulation of other inflammatory 
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markers during atherosclerosis (120,158). Almost all experimental studies 
have suggested that both DHA or EPA can transcriptionally decrease the ex-
pression of adhesion molecules, such as P- selectin and ICAM-1, induced by 
cytokines in several cell lines (38,74). In the present study, we showed that 
both DHA and EPA decreased ox-LDL-induced expression of P-selectin and 
ICAM-1 in HCAECs. Both DHA and EPA also reduced the adhesion of mo-
nocytes to the HCAECs. These observations suggest that the decrease in ox-
LDL-induced expression of adhesion molecules may be an important me-
chanism behind the anti-atherosclerotic effects of fatty fish/fish oil. 

Fish Oils, Ox-LDL and PKB 
The serine-threonine kinase PKB is thought to be an important signaling 
pathway in cellular proliferation and survival. We have earlier (91) shown 
that ox-LDL inhibits the activation of PKB without affecting the expression 
of PKB protein in HCAECs. Chavakis and co-workers (20) recently reported 
that ox-LDL in a dose-and time-dependent fashion leads to dephosphorylati-
on of PKB in cultured umbilical vein endothelial cells. Murata et al (128) 
showed that EPA inhibits hepatoma cell proliferation by inhibiting phospha-
tidylinosinitol 3-kinase and the PKB pathway. In our study, we confirmed 
the inhibitory effect of ox-LDL on PKB activation in cultured HCAECs. In-
terestingly, pretreatment of cells with DHA blocked ox-LDL-mediated dec-
rease in PKB phosphorylation. Importantly, both the PKB inhibitor wort-
mannin and dominant-negative mutant of PKB attenuated the effects of 
DHA on the expression of adhesion molecules, suggesting a key role of PKB 
phosphorylation as a mechanism of the effects of DHA. The interaction bet-
ween PKB inhibition and EPA was not examined in the present study, but it 
is likely that EPA and DHA have similar effects. 

Effect of TGF- 1 on H-R-Induced Modulation of NOS 
Expression
Our studies showed that H-R significantly injures cultured myocyte as indi-
cated by LDH release into the medium; and the cell injury is associated with 
upregulation of iNOS activity and expression (protein and mRNA), downre-
gulation of eNOS expression and enhancement of Akt/PKB phosphorylation. 
Treatment with TGF- 1 attenuates myocyte injury and blocks the increase in 
iNOS activity and expression and PKB phosphorylation as well as the dec-
rease in eNOS expression. 
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NOS and H-R Injury 
Many studies have demonstrated that total NO production and iNOS expres-
sion are increased in myocytes incubated with some cytokines, such as IL-
1 , TNF , interfeorn  (IFN ), and lipopolysaccharide (104,138). Other stu-
dies have shown that H-R is associated with an increase in iNOS expression 
(141,168) and a decrease in eNOS expression (46) in myocytes. Results from 
our studies are in accordance with the results of these earlier studies 
(141,168). Several studies have confirmed the beneficial effect of eNOS on 
myocardial tissues exposed to H-R (46,154), but the role of overexpression 
of iNOS during H-R, however, continues to be debated. For example, several 
studies have shown that inhibition of iNOS expression can block ischemic 
injury in the cardiac and renal tissues (100,165,167,168). Large amounts of 
NO released as a result of iNOS overexpression can directly cause myocar-
dial injury and dysfunction (168). On the other hand, a recent study in a i-
NOS-knockout mice model (73) showed protection of the myocardium from 
H-R injury. These disparate results may relate to the differences in NO pro-
duction in the myocytes, because moderate amounts of NO may be protecti-
ve, whereas inappropriate or excessive production of NO may contribute to 
cardiac injury and dysfunction (60,136,161,165). 

TGF- 1, NOS and Myocardial H-R Injury 
Previous work from our group (117) suggested that latent TGF- 1 increases, 
whereas active TGF- 1 decreases during myocardial ischemia- reperfusion. 
In addition, exogenous TGF- 1 has been shown to attenuate myocardium 
from H-R injury by us and others (82,88,89,117,172,173). TGF- 1 has been 
reported to alleviate myocardial injury by inhibition of TNF  release, im-
proving endothelium-dependent relaxation of coronary arterier, and preven-
tion of superoxide anion generation (87). TGF- 1 can also inhibit the activa-
tion of iNOS induced by cytokines, which are expressed in the ischemic 
heart (135). Szabolcs and co-workers (154) found that myocardial injury (a-
poptosis) is closely associated with the upregulation of iNOS expression in 
macrophages and myocytes. Others have shown that myocyte apoptosis in-
duced by IL-1  and IFN  is mediated by iNOS induction, and both nonselec-
tive and specific NOS inhibitors completely prevent myocyte injury induced 
by IL-1  and IFN  (4). Our present studies shows that small amounts of e-
xogenous TGF- 1 can protect myocytes from the injurious effects of H-R, 
with simultaneous inhibition of enhanced iNOS activity and expression. Im-
portantly, our present studies for the first time showed that exogenous TGF-

1 can also ameliorate the decrease in eNOS expression in myocytes exposed 
to H-R. These observations collectively indicate that the modulation of NOS 



30

expression may be an important mechanism behind the tissue protective ef-
fect of TGF- 1 against the injurious effects of H-R. 

TGF- 1, PKB and Myocardial H-R Injury 
Growing evidence suggests that Akt/PKB activation plays an important role 
in a variety of cellular processes (38,150). Activation of receptor tyrosine ki-
nases and G-protein-coupled receptors and stimulation of cells by mechani-
cal injury and cytokines can induce the activation of Akt/PKB (35,38). Ho-
wever, the significance of Akt/PKB phosphorylation and activation in the 
myocardium subjected to H-R is not clear. Mockridge and co-workers (123) 
have recently reported that ischemia-reperfusion, but not ischemia alone, in-
duces Akt/PKB phosphorylation on both S473 and T308 residues in neonatal 
rat cardiomyocytes. Similar observations have been made in the ischemic 
brain (76). The present study showed that H-R increases Akt/PKB phospho-
rylation on the S473 residue without effecting protein expression in cultured 
rat myocytes. Treatment of myocytes with TGF- 1 blocked this increase in 
Akt/PKB phosphorylation and simultaneously protected myocytes against 
the adverse effects of H-R, suggesting that reduction of Akt/PKB phosphory-
lation may be an important mechanism behind the attenuation of the myo-
cardial H-R injury by TGF- 1.

Experimental studies have demonstrated that activation of Akt/PKB is an 
important signaling pathway in the expression of eNOS (44). Another study 
has suggested that PI3-kinase and Akt/PKB signaling is required for TGF- 1
-induced transcriptional responses and cell migration (82). Krymskaya and 
co-workers (82) found that TGF- 1 can modulate epidermal growth factor-
induced Akt/PKB activation in human airway smooth muscle cells. Our pre-
sent studies showed that TGF- 1 simultaneously blocks the increase in iNOS 
expression (and activity) as well as the Akt/PKB phosphorylation in myocy-
tes exposed to H-R. Because there is no specific promoter for PI3-kinase and 
PKB, the relationship between Akt/PKB and NOS expression cannot be pre-
cisely established from our studies. However, our studies strongly suggest 
that modulation of iNOS expression by TGF- 1 is mediated via the Akt/PKB 
pathway. We believe that the increased NOS activity in the supernatants of 
myocytes exposed to H-R was a reflection of markedly increased iNOS ex-
pression, since the buffer used for myocyte culture was devoid of Ca++ and 
calmodulin.  
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Effect of TGF- 1 on Ox-LDL-Induced Adhesion Mole-
cules
Ox-LDL and TGF- 1 and Its Receptors 
Grainger and co-workers (49) have reported a significant decrease in the ex-
pression and activation of TGF- 1 in transgenic apolipoprotein(a) mice that 
develop severe atherosclerosis. These authors (51) and others (157) also re-
ported low levels of active TGF- 1 in the serum of patients with severe athe-
rosclerosis. On the other hand, our group (24) have found TGF- 1 expression 
to be increased in the aorta of rabbits on an elevated cholesterol diet. A more 
recent study (12) found an increase in the plasma levels of TGF- 1 type 2 re-
ceptors in plasma of patients with atherosclerosis. 

For clarifying the inter-relationship between ox-LDL and TGF- 1, in our 
present studies, we found that ox-LDL, but not n-LDL, induced a decrease in 
TGF- 1 synthesis in a time- and concentration- dependent manner in human 
coronary endothelial cells. Concurrently, there was an upregulation of the 
expression of all three TGF- 1 receptor types. These observations suggest 
that ox-LDL may be a factor that reduces TGF- 1 synthesis with a feedback 
upregulation of TGF- 1 receptors in atherosclerotic regions. The decrease in 
active TGF- 1 levels in the supernates of HCAECs treated with ox-LDL is 
consistent with the observations of Grainger and co-workers (50,51) and o-
thers (157). Ox-LDL-mediated upregulation of TGF- 1 receptors is con-
sistent with the description of increased plasma levels of TGF- 1 receptors in 
atherosclerosis by Blann and co-workers (12). Since a specific binding anti-
body to LOX-1 blocked the modulation of TGF- 1 and its receptors in res-
ponse to ox-LDL in our experiments, it is logical to conclude that the effect 
of ox-LDL is mediated by the activation of LOX-1.  

The reduction in TGF- 1 synthesis in atherosclerosis may also involve ox-
LDL-mediated inhibition of plasminogen, and hence plasmin synthesis. Dec-
rease in plasmin has been shown to reduce expression and activation of 
TGF- 1 (49,85,134). Ox-LDL has also been shown to upregulate angiotensin 
II type 1 receptors in atherosclerosis (97). Angiotensin II type 1 receptor ex-
pression, like ox-LDL, decreases TGF- 1 synthesis and increases the expres-
sion of its receptors (90), and may contribute to the alterations in TGF- 1
and its receptors.

TGF- 1 and Its Receptors and Adhesion Molecule 
TGF- 1 has a multitude of effects on lipid metabolism (15,181). It also inhi-
bits proliferation of smooth muscle cells (58,119) and accelerates their diffe-
rentiation (52). Atherosclerosis is considered an inflammatory process, and 
the endothelial cells from atherosclerotic regions exhibit increased expressi-
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on of adhesion molecules (92,115,173). There is evidence that TGF- 1 can 
inhibit expression of these adhesion molecules and the adhesion of monocy-
tes to the vessel wall (52,80,118). Studies in mice also demonstrate that blo-
ckade of TGF- 1 gene expression accelerates atherosclerosis (79). In the pre-
sent study, we found that ox-LDL decreased active TGF- 1 level in the 
HCAECs and concurrently increased expression of P-selectin and ICAM-1 
and monocyte adhesion to endothelial cells. The importance of TGF- 1 in 
the expression of adhesion molecules is evident from experiments in which 
recombinant TGF- 1 attenuated ox-LDL-induced expression of P-selectin 
and ICAM-1 and monocytes adhesion. These observations suggest that re-
duction of TGF- 1 synthesis may, at least in part, be the mechanism by 
which ox-LDL induces expression of P-selectin and ICAM-1 and facilitates 
adhesion of monocytes to the activated endothelium.  

Although TGF- 1 is thought to participate in several pathophysiologic 
processes, its signaling pathway is still not completely understood. It has 
been suggested that TGF- 1 functions by binding first to type 3 receptors, 
which then facilitate binding to type 2 receptors, and finally transferring the 
binding signal to type 1 receptors (13). Others have postulated that TGF- 1
exerts its function by directly binding to type 2 receptors, which transfer the 
signal to type 1 receptors. Type 3 receptor (endoglin) can only modulate this 
binding signal, but it does not directly participate in signal transduction 
(109). Recent studies indicate that endoglin is associated with growth of 
smooth muscle cells, fibroblast and cancer cells (52,105,121). The present 
study showed that the effects of recombinant TGF- 1 (inhibition of ox-LDL-
mediated expression of adhesive molecules and monocytes adhesion to 
HCAECs) are blocked by antibodies to type 2 receptors, but not by antibo-
dies to endoglin. These observations suggest that the effect of TGF- 1 on the 
expression of adhesion molecules are mediated by activation of type 2 recep-
tors, and has no direct relation with the activation of type 3 receptors. 
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CONCLUSIONS

1. Treatment of myocytes with a mixed-tocopherol preparation rich in -
tocopherol increased the level of all three isoforms of vitamin E, and 
was more efficient than -tocopherol alone in protecting myocytes from 
H-R injury. The mixed-tocopherol preparation reversed the decrease in 
SOD activity in the myocytes, and attenuated the upregulation of iNOS 
expression and activity more efficiently than did -tocopherol alone.  

2. EPA, one major component in dietary fish oil, protected cultured car-
diomyocytes from H-R-induced injury. The cardioprotective effect may 
relate to inhibition of H-R-induced MMP-1 expression and activation. 
Inhibition of p38MAPK activity and lipid peroxidation may be key steps 
in the cardioprotective effect of EPA. 

3. Both EPA and DHA, the two major components of fish oil, inhibited ox-
LDL-induced expression of P-selectin and ICAM-1 in the cultured 
HCAECs and reduced the adherence of monocytes by modulating acti-
vation of PKB. 

4. TGF- 1 protected myocytes from H-R injury and modulated NOS ex-
pression and Akt/PKB phosphorylation in myocytes exposed to H-R, 
which may be an important mechanism behind the protective effect of 
TGF- 1 on myocytes against H-R injury. 

5. Ox-LDL decreased active TGF- 1 synthesis and increased the expres-
sion of all three TGF- 1 receptor types by activation of LOX-1. Ox-
LDL-mediated expression of P-selectin and ICAM-1 and monocyte ad-
hesion to HCAECs were related to a reduction in TGF- 1 synthesis, 
since recombinant TGF- 1 ameliorated this effect of ox-LDL. Activation 
of TGF- 1 type 2 receptor was associated with the modulatory effect of 
TGF- 1 on the ox-LDL-mediated inflammatory reaction. 

6. These observations provide mechanistic insights into H-R and oxidant 
injury and tissue protection by three different strategies: tocopherols, 
omega-3 fatty acids and TGF- 1.
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