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The myocardial protective effects of trilinolein, isolated from the Chinese herb Sanchi (Panax
notoginseng), may be related to its antioxidant effects. In the present study, we investigated the
effects of trilinolein on angiotensin 11-induced cardiomyocyte hypertrophy. Cultured neonatal rat
cardiomyocytes were stimulated with angiotensin 11, [3H]leucine incorporation and the h-myosin
heavy chain promoter activity were examined. We also examined the effects of trilinolein on
angiotensin l1-induced intracel lular reactive oxygen species generation. Trilinolein significantly
inhibited angiotensin I1-increased protein synthesis, h-myosin heavy chain promoter activity, and
intracellular reactive oxygen species generation. Antioxidant N-acetylcysteine also decreased
angiotensin ll-increased protein synthesis and h-myosin heavy chain promoter activity.
Furthermore, trilinolein and N-acetyl cysteine decreased angiotensin 11- or hydrogen peroxide
(H202)-activated mitogen-activated protein kinases (MAPK'S) phosphorylation, and activator



protein-1 (AP-1)- [or nuclear factor-nB (NF-nB)]-reporter activities. These data indicate that
trilinolein inhibits angiotensin I1-induced cardiomyocyte hypertrophy and h-myosin heavy chain
promoter activity via attenuation of reactive oxygen species generation.
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Trilinolein, isolated from the traditional Chinese herb Sanchi (Panax notoginseng) (Hong et al.,
1993), has been used in treating circulatory disorders among the Chinese for hundreds of years.
The myocardial protective effect of trilinolein is proposed to be related to an antioxidant effect
through potentiation of superoxide dismutase (Chan et al., 1997). However, the cellular and

molecular mechanisms of the protective effect of trilinolein in the heart have not been elucidated.

FEop s

The aims of this study, therefore, were to investigate the effect of trilinolein on the angiotensin
I1-induced cardiomyocyte hypertrophy and to identify signaling protein kinase cascades that may
be responsible for the putative effect of trilinolein. In the present study, we clearly demonstrate
that trilinolein inhibits angiotensin Il-induced hypertrophy and h-myosin heavy chain gene
expression via attenuation of reactive oxygen species generation in cardiomyocytes.

v RRAERT

Trifi nolein, isolated from the traditional Chinese herb Sanchi (Panax notoginseng) (Hong et al.,
1993), has been used in treating circulatory disorders among the Chinese for hundreds of years. It
isatriacylglycerol with linoleic acid as the only fatty acid residue in al esterified positions of
glyceral. Trilinolein has various beneficial effects, including reducing thrombogenicity,
erythrocyte deformability and arrhythmias, and displaying antioxidant effects in various
experimental models (Chan et al., 2002). The antioxidant effect of trilinolein had a
concentration-response curve similar to a-tocopherol (Chan et al., 1996b). The myocardial
protective effect of trilinolein is proposed to be related to an antioxidant effect through
potentiation of superoxide dismutase (Chan et a., 1997). However, the cellular and molecular
mechanisms of the protective effect of trilinolein in the heart have not been elucidated.
Angiotensin Il is an important humoral factor responsible for cardiomyocyte hypertrophy
(Wollert and Drexler, 1999), and is associated with the induction of immediate-early genes, such
as c-fos (van Wamdl et a., 2001), which is followed by activation of fetal-type genes such as
h-myosin heavy chain gene (Yue et a., 2000). The recapitulation of fetal isoforms of cardiac
genes (i.e., h-myosin heavy chain) has historically been used as an indicator of cardiac
hypertrophy (Y ue et al., 2000). Mitogen-activated protein kinases (MAPKSs), including
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 have been
shown to be implicated in the hypertrophic response of cardiomyocytes to angiotensin Il (Shih et
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al., 2001; Thomas et al., 2002). Recent evidence indicates that reactive oxygen species function
as intracellular messengers to modulate signaling pathways (Cheng et al., 1999; Hirotani et al.,
2002). Transcriptional factors such as activator protein-1 (AP-1) (Cheng et al., 2003) and nuclear
factor-nB (NF-nB) are reported to be redox-sensitive (Higuchi et a., 2002) and involved in
cardiomyocyte hypertrophy (De Keulenaer et a., 2002; Omura et al., 2002; Purcell et al., 2001).
Moreover, several studies reported an increase in reactive oxygen species generation after
angiotensin 11 treatment in cardiomyocytes, and inhibition of reactive oxygen species generation
by antioxidants leading to the abolishment of cardiomyocyte enlargement (Hirotani et al., 2002;
Nakamura et a., 1998). Our previous study demonstrated that angiotensin |1 activates the ERK
pathway and increasing the hmyosin heavy chain promoter activity in part viathe generation of
reactive oxygen species in cardiomyocytes (Shih et al., 2001). However, no studies exist that
address the interference of trilinolein with angiotensin I1-induced signaling pathwaysin
cardiomyocytes.

g

Materials

The chimeric construct h-myosin heavy chain-chloramphenicol acetyltransferase (h-myosin
heavy chain-CAT) contained a 1.3 kb HindIl1-Pstl fragment of the 5V-flanking sequence of
h-myosin heavy chain gene linked to the prokaryotic chloramphenicol acetyltransferase (CAT)
reporter gene (Wang et a., 1992). PBLCAT2 (containing CAT reporter gene with its promoter)
and PBLCAT3 (containing CAT gene only) were constructed as previously described (Cheng et
al., 1999). The plasmid AP-1-Luc or NF-nB-Luc containing the firefly luciferase reporter gene
driven by a basic promoter element (TATA box) joined to tandem repeats of AP-1 or NF-kB
binding element was from Stratagene (La Jolla, CA, USA). 2',7 -Dichlorofluorescin diacetate
was obtained from Serva (Heidelberg, Germany). Hydrogen peroxide was purchased from Acros
Organics (Pittsburgh, PA, USA). Angiotensin I1, trilinolein, N-acetylcysteine, and all other
chemicals of reagent were obtained from Sigma (St. Louis, MO, USA).

Culture of cardiac myocytes

Primary cultures of neonatal rat ventricular myocytes were prepared as previously described
(Cheng et a., 1999). Briefly, ventricles from 1- to 2-day-old neonatal Sprague-Dawley rats were
cut into chunks of approximately 1 mm? using scissors and subjected to trypsin (0.125%, Gibco)
digestion in phosphate-buffered saline (PBS). Trypsin digested cells were collected by
centrifugation at 1200 rpm for 5 min. The cell pellet was re-suspended in a medium containing
80% F10 nutrient mixture, 20% fetal calf serum, penicillin (100 units/ml), and streptomycin (100
ug/ml) and then plated into a Petri dish. The non-attached myocytes in the medium were
collected and then plated on culture dishes (10- or 3-cm diameter) with cell density at 1x10’
cells/10-cm dish or 2x10° cells/3-cm dish. After 2 daysin culture, cells were transferred to
medium containing 90% Dulbecco’s modified Eagle’s medium (DMEM) nutrient mixture, 10%
fetal calf serum, penicillin (100 units/ml) and streptomycin (100 ug/ml). Myocytes cultures
obtained were >80% pure as revealed by their contractile characteristics under light microscopy.
Serum-containing medium from these cultured myocytes was replaced with serum-free medium



and exposed to agents as indicated. This study protocol complies with European Community
guidelines for the use of experimental animals and was approved by our institutional ethics
committee.

Protein synthesis measurement ([*H]leucine incorporation)

To measure synthesis of new protein, cardiomyocytes cultured in six-well plates were incubated
with 1.0 uCi/ml [*H]leucine in serum-free medium. After addition of agent indicated, cells were
harvested by incubation at 4 - C with trichloroacetic acid (5%) followed by solubilizationin 0.1 N
NaOH, and radioactivity was determined by scintillation counting.

Transfections

Cardiac cells were transiently transfected with different expression vectors by the calcium
phosphate method as previously described (Cheng et al., 1999). DNA concentration for all
samples was adjusted to equal amount in each experiment. Briefly, cardiomyocytes (1x10’
cells/10-cm diameter dish or 2x10° cells/3-cm diameter dish) were maintained in culture for 48 h
prior to transfection. The indicated expression vectors were mixed with cal cium phosphate, and
immediately added to the cardiomyocyte cell culture. After incubation for 5 h, cells were then
washed three times with PBS and incubated with 10% serumDMEM. After 24 h, cellswere
washed with serum-free medium and incubated in serum-free medium for an additional 24 h.

Cells were then treated with different agents. To correct for transfection efficiency, 5 ug of
pSV—galactosidase plasmid, which contains a beta-gal actosidase gene driven by the simian virus
40 promoter and enhancer, was cotransfected into cells.

Chloramphenicol acetyltransferase (CAT) assays and b-gal actosidase assays

The CAT and h-galactosidase assays were performed. The relative CAT activity was determined
by normalizing the CAT value to its respective h-galactosidase activity. Cotransfected

beta-gal actosidase activity was observed to vary by less than 10% within a given experiment and
was not affected by any of the experimental manipulations described. As positive and negative
controls, pBLCAT2 (with thymidine kinase promoter) and pBLCAT3 (without promoter) were
included in every assay.

Detection of intracellular reactive oxygen species

Intracellular reactive oxygen species was measured by previously described method (Shih et al.,
2001). Prior to the chemical or angiotensin Il treatment, cardiomyocytes were incubated in
culture medium containing dichlorofluorescein diacetate of 30 uM for 1 h to establish astable
intracellular level of the probe. The same concentration of dichlorofluorescein diacetate was
maintained during the chemical or angiotensin |1 treatment. Subsequently, the cells were washed
with PBS, removed from Petri dishes by brief trypsin digestion, and then measured for the
dichlorofluorescein fluorescence intensity. Dichlorofluorescein diacetate penetrating the cellsis
initially converted by cellular esterase, and isin turn oxidized to dichlorofluorescein in the
presence of reactive oxygen species. The dichlorofluorescein fluorescence intensity of the cellsis
an index of intracellular levels of reactive oxygen species, and it can be determined by
fluorescence spectrophotometry with excitation and emission wavelengths at 475 and 525 nm,
respectively. The cell number in each sample was counted and utilized to normalize the
fluorescence intensity of dichlorofluorescein.



Western blot analysis

Rabbit polyclonal anti-phospho-specific p38 MAPK, anti-phospho-specific extracellular
signal-regul ated kinases (ERK), and anti-phospho-specific c-Jun N-terminal kinase (JNK)
antibodies were purchased from New England Biolabs (Beverly, MA, USA). Anti-ERK, anti-p38
MAPK, and anti-JNK antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Western blot analysis was performed as previously described (Cheng et a., 2001).
Luciferase assay

Cardiomyocytes plated on 3-cm-diameter culture dishes were transfected with the luciferase
reporter construct possessing consensus AP-1 binding sites (AP-1-Luc) or NF-nB binding sites
(NF-nB-Luc) (Strategene, La Jolla, CA, USA). After incubation for 24 h in serum-free DMEM,
myocytes were cultured under different treatments as indicated for 48 h. Myocytes were assayed
for luciferase activity with aluciferase reporter assay kit (Strategene). The firefly luciferase
activitiesas AP-1 or NF-nB transcriptional activities were normalized for transfection efficiency
to its respective h-gal actosidase activity and expressed as relative activity to control

Statistical Analysis

Results are expressed as mean + SEM of at least three experiments unless designated otherwise.
Statistical analysis was performed using analysis of variance (ANOVA) and Student's t test as
appropriate. A value of p<0.05 was considered to be statistically significant.

FERom (7 8mEER)

Result

Effect of trilinolein on angiotensin |1-increased [*H]leucine incorporation and b-myosin heavy
chain promoter activity

The effect of angiotensin |1 on protein synthesis was analyzed by measurement of [*H]leucine
incorporation into the cardiomyocytes. Cardiomyocytes cultured in serum-free condition were
treated with angiotensin 11 (1, 10, 100, and 1000 nM) for 48 h. Angiotensin |1 (10, 100, and 1000
nM) significantly increased protein synthesis in cardiomyocytes (see Fig. 1A). Trilinolein was
solubilized in dimethyl sulfoxide (DM SO) at 10 mM stock. No significant difference was
observed between control and vehicle-[ DM SO (0.1%)]-treated groups on the protein synthesisin
cardiomyocytes (data not shown). As shown in Fig. 1B, cardiomyocytes were treated with
angiotensin 11 (100 nM) in the absence or presence of different concentrations of trilinolein
(0.01-10 uM). Trilinolein inhibited angiotensin I1-increased [*H]leucine incorporation in a
concentration-dependent manner in cardiomyocytes (see Fig. 1B). We then examined the effect
of trilinolein on angiotensin l1-increased beta-myosin heavy chain promoter activity. As shownin
Fig. 1C, treatment with angiotensin 11 (100 nM) for 48 h increased beta-myosin heavy chain
promoter activity. Trilinolein (1 and 10 uM) significantly inhibited angiotensin I1-increased
beta-myosin heavy chain promoter activity (see Fig. 1C). These dataindicate that trilinolein
inhibits angiotensin I1-increased protein synthesis and beta-myosin heavy chain promoter activity
in cardiomyocytes.
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Trilinolein inhibits angiotensin I1-increased intracel lular reactive oxygen species levels

Our previous study demonstrated that angiotensin 11 increases the generation of reactive oxygen
species in cardiomyocytes (Shih et a., 2001). We next examined whether trilinolein prevents the
angiotensin ll-increased intracellular reactive oxygen species generation. Cardiomyocytes were
treated with trilinolein (0.01, 0.1, 1, and 10 uM) in the absence or presence of angiotensin |1 (100
nM). The addition of trilinolein (1 and 10 uM) to cultured cardiomyocytes significantly inhibited
angiotensin l1-induced reactive oxygen species levels as measured after angiotensin |1 treatment
for 1 h (see Fig. 2A). The pretreatment of trilinolein (10 uM) or N-acetylcysteine (10 mM) to
cultured cardiomyocytes also significantly inhibited angiotensin Il or hydrogen peroxide
(H205)-induced reactive oxygen species levels (see Fig. 2B). These findings clearly demonstrate
that trilinolein inhibits angiotensin I1-increased intracellular reactive oxygen specieslevelsin

cardiomyocytes.
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Trilinolein inhibits angiotensin |1-activated MAPK's phosphorylation in cardiomyocytes



We further investigated whether trilinolein inhibits MAPK s pathway in angiotensin |1-treated
cardiomyocytes. We examined the phosphorylation of ERK, JNK, and p38 in cardiomyocytes
exposed to angiotensin |1 (100 nM) in the presence of trilinolein (10 uM) or NAC (10 mM). As
shown in Fig. 3A-C, cardiomyocytes exposure to angiotensin Il (100 nM) or H,O; (25 uM) for
30 min activated the phosphorylation of ERK, JNK, and p38. However, cardiomyocytes
pretreated with trilinolein or N-acetylcysteine showed significantly decreased angiotensin 11- or
H,O-induced ERK, JNK, and p38 phosphorylation. These findings imply that trilinolein inhibits
angiotensin ll-activated MAPK s signaling pathway in cardiomyocytes.
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Trilinolein inhibits angiotensin 11-increased AP-1 or NFKB binding activity in cardiomyocytes
We evaluated the effects of trilinolein on AP-1 or NF-kB activations which areinvolved in
angiotensin 11-induced reactive oxygen species-mediated signaling pathways (Shih et a., 2001).
The effects of trilinolein on angiotensin 11-induced AP-1 or NF-kB functional activity were
assessed in areporter gene assay. Angiotensin |1 had no effect on luciferase activity of the
background vector not containing AP-1 (or NF-kB) binding site (see Fig. 4A,C). Angiotensin 11
significantly increased both AP-1- and NF-kB-luciferase activities in a concentration-dependent



manner (see Fig. 4A,C). These results indicated that angiotensin 11 activated AP-1 and NF-kB.
We next examined the effects of trilinolein and N-acetylcysteine on AP-1 or NF-kB activities.
Either trilinolein (10 uM) or N-acetylcysteine (10 mM) significantly attenuated angiotensin 11- or
H2O2-induced AP-1 or NF-kB promoter activation (see Fig. 4B,D). These results suggest that
trilinolein inhibits angiotensin I1-increased AP-1 or NF-kB activation.
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Trilinolein inhibits angiotensin I1-increased protein synthesis and beta-myosin heavy chain
promoter activity via attenuation of reactive oxygen species generation

To further determine whether trilinolein affects the angiotensin I1-induced protein synthesis and
h-myosin heavy chain promoter activity via attenuation of reactive oxygen species generation, the
effects of trilinolein on protein synthesis and h-myosin heavy chain promoter activity were
examined under H,O, stimulation. As demonstrated in Fig. 5A, neither trilinolein nor
N-acetylcysteine alone had an effect on the basal protein synthesis. However, cardiomyocytes
treated with angiotensin 11 (100 nM) or H202 (25 uM) for 48 h led to the increase in protein
synthesis, as compared to unstimulated control cells (see Fig. 5A). In the presence of trilinolein
(or N-acetylcysteine), angiotensin I1- or H,O,- increased protein synthesis was significantly
inhibited. Furthermore, neither trilinolein nor N-acetyl cysteine alone had an effect on the basal
h-myosin heavy chain promoter activity (see Fig. 5B). However, cardiomyocytes treated with
angiotensin 11 (100 nM) or H,O, (25 uM) for 48 h led to the increase in CAT activity, as
compared with unstimulated control cells (see Fig. 5B). In the presence of trilinolein (or
N-acetylcysteine), angiotensin 11- or H,O,-increased beta-myosin heavy chain promoter activities
were significantly inhibited. These dataimplicate that trilinolein inhibits the angiotensin
I1-induced protein synthesis and hmyosin heavy chain promoter activity via attenuation of
reactive oxygen species generation in cardiomyocytes.
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Discussion

Cardiac hypertrophy can be induced by pressure or volume overload, injury, or neurohormonal
activation. In its early stages, hypertrophy is a compensatory response, but if prolonged, the heart
may undergo atransition to heart failure. Therefore, to prevent the process of cardiac hypertrophy
induced by extracellular signalsisimportant for any proposed therapy to regulate the myocardial
hypertrophic response. The major outcome of this work is that trilinolein inhibits angiotensin
I1-induced hypertrophy and h-myosin heavy chain gene expression viaits ability to attenuate
reactive oxygen species generation in cultured neonatal rat cardiomyocytes. These findings that
trilinolein inhibits angiotensin I1-induced protein synthesis and beta-myosin heavy chain gene
expression are supported by the following observations. First, trilinolein inhibited angiotensin
l1-increased protein synthesis and beta-myosin heavy chain promoter activity in cultured
cardiomyocytes. Second, trilinolein decreased angiotensin I1-generated intracellular reactive
oxygen species levels. Third, either trilinolein or antioxidant N-acetylcysteine inhibited the
MAPK phosphorylation, AP-1 (or NFkB) activation, h-myosin heavy chain promoter activity,
and protein synthesis induced by angiotensin 11 or H,O,.

Trilinolein has shown various beneficial effects and antioxidant effects in experimental models
(Chan et a., 2002). Pre-treatment with the antioxidants trilinolein and various other saturated and
unsaturated lipid compounds (0.01 nM-1 uM) quenched free radical-generated |uminal
chemiluminescence following the addition of phorbol myristic acetate in medium containing
leukocytes (Chan et al., 1996a). Trilinolein showed concentration dependent antioxidant activity
at concentrations between 0.1 nM and 1 uM, with amaximal free radical reduction of 48.0%,
whereas trolox, a water-soluble analogue of vitamin E, showed a maximal mean reduction of
39.2% (Chan et al., 19964). The antioxidant effect had a concentration-response curve similar to
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alpha-tocopherol (Chan et a., 1996b). In rat hearts pre-treated with 0.1 uM trilinolein and
subjected to 60 min of hypoxia, Cu2 +.Zn2 +-superoxide dismutase activity was increased
compared with the baseline and compared with hearts subjected to 60 min of hypoxia without
trilinolein (Chan et al., 1997). Pre-treatment with trilinolein was associated with better
preservation of left ventricular function during hypoxia and a more rapid return to recovery
during the subsequent normoxic perfusion. The myocardia protective effect of trilinolein may be
related to an antioxidant effect through potentiation of superoxide dismutase, particularly Cu2
+.Zn2 +-superoxide dismutase during hypoxia (Chan et a., 1997). However, previous studies
showed arole for trilinolein at concentrations >0.1 uM (Chan et a., 1997). Because the trilinolein
concentration in Sanchi is~10-20 uM, it is plausible that the effect of trilinolein described at
such concentrations would be observed in vivo.

However, we would suggest that trilinolein activities should be evaluated at physiologic
concentrations, i.e., ~1 uM. Furthermore, because the effects of trilinolein are observed after
prolonged uptake of Sanchi, along incubation time should be analyzed together with brief
incubations. It iswell known that angiotensin 11 causes hypertrophy of cardiomyocytes (Wollert
and Drexler, 1999), and multiple intracellular pathways in angiotensin |1 signaling have been
reported. Upon angiotensin Il stimulation, reactive oxygen species are generated via a membrane
bound NADPH oxidase and act as second messengers within cardiac cells (Sano et a., 2001). In
particular, it has been demonstrated that activation of MAPK is redox-sensitive (Sano et a., 2001;
Shih et al., 2001; Tanakaet al., 2001) and suppression of reactive oxygen species inhibits
angiotensin l1-induced hypertrophy (Hirotani et al., 2002; Nakamuraet al., 1998). In the present
study, trilinolein inhibited the phosphorylation of ERK, JNK, and p38. One possible explanation
for the antihypertrophic effect of trilinolein in cardiomyocytes may thus be its ability to act as an
antioxidant. However, further experiments will be necessary to identify the detailed mechanisms
by which trilinolein exerts its antigrowth effects in cardiomyocytes.

Transcriptional regulation is critical for molecular signaling in cellular response involving
interactions between the proteins of the general transcriptional apparatus and proteins that bind
gene-specific enhancer elements. Our results also indicate that trilinolein inhibits angiotensin
I1-induced AP-1 or NF-kB activation. Possibly, both AP-1 and NF-kB might play akey rolein
cardiomyocyte hypertrophy (Purcell et al., 2001; Takemoto et a., 1999). It has been reported that
induction of the brain natriuretic peptide promoter by mechanical strain depends on activation of
NF-kB in cardiomyocytes (Liang and Gardner, 1999). Direct inhibition of AP-1 activity also
significantly decreased cardiac hypertrophy (Omuraet a., 2002). The inhibitory effect of the
trilinolein on angiotensin I1-induced AP-1 or NF-kB activation suggested that scavenging of
angiotensin l1-induced reactive oxygen species by trilinolein leads to inhibition of AP-1 or
NF-kB.

We have demonstrated that angiotensin |1 induces the expression of beta-myosin heavy chain
gene in part viathe generation of reactive oxygen species in cardiomyocytes (Shih et al., 2001).
In the present work, we provide evidence suggesting an inhibitory effect of trilinolein on
angiotensin l1-induced hypertrophy and h-myosin heavy chain gene expression in cardiomyocytes.
We also demonstrated the antioxidant effect of trilinolein on angiotensin Il-increased reactive



oxygen species generation. In further Western blot analysis, we found that MAPK
phosphorylation was increased by angiotensin Il and inhibited by trilinolein or the antioxidant
N-acetylcysteine, suggesting that it could be a potentia site of action for trilinoleinin
cardiomyocytes. However, any site upstream of MAPK also could be implicated.

The present study delivers important new insights to the molecular mechanisms of action of
trilinolein in cardiomyocytes. For the first time we have definitively shown that trilinolein
significantly influences important angiotensin 11-activated pathways in cardiomyocytes.
Moreover, they suggest that trilinolein acts predominantly viathe MAPK pathway to reduce
angiotensin |1-mediated cardiomyocyte hypertrophy. It is plausible that the angiotensin |1
signaling pathway consists of redox-sensitive steps and trilinolein treatment could modulate the
redox state of the cell. In summary, our data show that trilinolein inhibits angiotensin I1-induced
hypertrophy and h-myosin heavy chain gene expression in part via attenuation of reactive oxygen
species generation and the suppression of MAPK pathway in cardiomyocytes. These findings
support the therapeutic potential of trilinolein in the prevention of cardiomyocyte hypertrophy
that may contribute to the proposed beneficia effects of trilinolein in cardiovascular disease.
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