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ABSTRACT

We previously identified a novel endogenous substance, serofendic acid, from a lipophilic
extract of fetal calf serum. The compound, a low-molecular-weight sulfur-containing
atisane-type diterpenoid, exhibited potent protective action against neurotoxicity induced
by glutamate, nitric oxide, and oxidant stress. We investigated whether this substance hasa
cardioprotective effect. Primary cultures of neonatal rat cardiac myocytes were exposed to
oxidant stress (H,03) to induce cell death. Pretreatment with serofendic acid significantly
suppressed cell death induced by H, O3, and the cytoprotective effect was closely associated
with the preservation of mitochondrial function. Serofendic acid inhibited H203-induced
loss of mitochondrial membrane potential in a concentration-dependent manner (with satu-
ration by 100 M), by attenuating matrix calcium overload and intracellular accumulation
of reactive oxygen species. The protective effect of serofendic acid was comparable to that
of a mitochondrial ATP-sensitive potassium (mitoK stp) channel opener, diazoxide. Fur-
thermore, mitoK srp channel blocker, 5-hydroxydecanoate, abolished the protective effect
of serofendic acid. Serofendic acid and diazoxide, administered together, at 100 M each,
had no additive effects. Thus, serofendic acid inhibited the oxidant-induced mitochondrial
death pathway, presumably through activation of the mitoKarp channel. In conclusion,

Address correspondence and reprint requests to: Masaharu Akao, MD, PhD, Department of Cardiovascular
Medicine, Kyoto University Graduate School of Medicine, 54 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606~
8507, Japan. Tel.: +81-75-751-3194; Fax: +81-75-751-4284; E-mail: akao@kuhp kyoto-u.ac.jp

Conflict of Interest: The authors have no conflict of interest.

333

—518-



334 M AKAO ET AL.

serofendic acid appears to protect cardiac myocytes from oxidant-induced cell death by
preserving the functional integrity of mitochondria. Our findings suggest that serofendic
acid may represent a novel candidate for cardioprotective therapy in ischemia/reperfusion

injury.

INTRODUCTION

Ischemic heart disease, as the underlying cause of acute myocardial infarction (AMI),
congestive heart failure, arrhythmias, and sudden cardiac death, is the leading cause of
morbidity and mortality in all industrialized nations. As the population grows older and
comorbidities such as obesity and diabetes become more prevalent, the enormous public
health burden caused by ischemic heart disease is likely to increase even further.

The importance of limiting myocardial ischemia/reperfusion injury has been appreciated
for more than 3 decades. In 1971, Braunwald et al. published a landmark study (Maroko
et al. 1971) in which they proposed the groundbreaking idea that the extent and severity
of tissue damage after coronary occlusion were not predetermined at the onset of ischemia
but could be modified by therapeutic manipulations applied during ischemia (Maroko et al.
1971). This concept produced a major paradigm shift, and enormous effort to identify
cardioprotective therapies has been made during the last 3 decades. Especially, the infarct
size-limiting effect of ischemic preconditioning, a mechanism by which brief episodes of
ischemia produce protection against subsequent longer ischemic insults (Murry etal. 1986),
was remarkable. Up to now, a number of experimental interventions (both pharmacologic
and nonpharmacologic) have been claimed to limit myocardial infarct size in experimental
animals. Unfortunately, few of these results have been reproducible and none has been
translated into clinical practice.

Mitochondria play critical roles in cell death in response to a variety of stresses such as
myocardial ischemia/reperfusion (Green and Kroemer 2004; Kroemer et al. 1998; Weiss
et al. 2003). Opening of the mitochondrial permeability transition pore (MPTP), a nonspe-
cific pore, that opens at the contact site between outer and inner mitochondrial membranes,
results in the loss of mitochondrial inner membrane potential (A Wp,), matrix swelling, and
the release of cytochrome ¢ and other proapoptotic factors that lead to cell death (Crompton
1999; Crow et al. 2004; Halestrap et al. 2004). Mitochondrial matrix calcium ([Ca®* ]n)
overload and reactive oxygen species (ROS) favor MPTP opening (Brookes et al. 2004).
Inhibition of MPTP opening by preventing [Ca®* ]y overload and ROS generation has
been an effective strategy for the protection of hearts from ischemia/reperfusion injury
(Bouchier-Hayes et al. 2005)..

‘We have shown that ATP-sensitive potassium channels located in the inner mitochondnial
membrane (mitoK oTp channels) play a central role in the signaling cascade of protection
against oxidative stress in the cardiac ventricular myocytes (Akao et al. 2001, 2002) and
the cerebellar granule neurons (Teshima et al. 2003a, 2003c). MitoK op channels prevent
[Ca?t], overload and ROS generation, thereby inhibiting the MPTP opening in both types
of cells (Akao et al. 2003a, 2003b; Murata et al. 2001; Teshima et al. 2003¢). Diazoxide, a
selective opener of mitoK oTp channels, has been shown to have protective effects against
myocardial ischemia/reperfusion both in vitro (Garlid et al. 1997; Liu et al. 1998) and
in vivo (Fryer et al. 2000; Miura et al. 2000). Unfortunately, the clinical use of this agent
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has been hampered due to unwanted side effects, such as excessive hypotension, edema,
and so on. On the basis of these discoveries, new cardioprotective drugs should have been
discovered and made clinically available a long time ago.

In search for novel protective substances of mammalian origin, we purified and isolated
a novel factor from an extract of fetal calf serum based on its ability to protect cultured
cortical neurons from nitric oxide neurotoxicity (Kume et al. 2002). We found that this
substance has a cardioprotective effect.

CHEMISTRY

As stated above, we purified a novel neuroprotective substance from fetal calf serum
(Kume et al. 2002). Briefly, we searched for the active compounds in the ether extract of fetal
calf serum (EE-FCS) by testing the effects of HPLC fractions from EE-FCS in an in vitro
bioassay with cultured cortical neurons. Lipophilic substances in heat-inactivated fetal
calf serum were extracted with diethyl ether, and the residue of EE-FCS was subjected to
reversed phase HPLC. Serial fractionation steps resulted in the presence of two compounds
with the same molecular weight 382 in the active fraction. We assumed that these compounds
were stereoisomers with the same planar structure.

To determine the chemical structure of the isolated compounds, we performed a large-
scale extraction from 250 L of fetal calf serum. Two peaks of prominent ions in the purified
fraction with final yields of 1.7 and 1.4 mg were confirmed.

The 'H nuclear magnetic resonance (NMR) spectra revealed the alicyclic nature of the
compounds and demonstrated the presence of a methylsulfoxide group. A standard set
of two-dimensional NMR experiments revealed that the two compounds possessed same
planar structure. Chemical structure established by these experiments was 15-hydroxy-
17-methylsulfinylatisan-19-oic acid, a sulfur-containing atisane-type diterpenoid (Fig. 1).
The identified compounds were named “serofendic acid” (SFA), since they were isolated
from serum (sero-), showed cytoprotective effect (-fend), and possessed carboxylic acid.
The discovery of atisane derivatives has not been documented in animals, although a few
atisane derivatives of plant origin, distinct from SFA, have been reported (Appendino et al.
2000).

Our unpublished data show that SFA is contained in fetal calf serum in a considerable
amount, but the content in adult bovine is below detectable level. Similarly, we were
unable to detect SFA in adult human serum, although there is a possibility that fetal human

FIG. 1. Chemical structure of serofendic acid.
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serum may contain SFA. The biosynthesis or the metabolism of SFA have not yet been
investigated. :

PHARMACOLOGY

Neuroprotective Action

The compound exhibited the ability to protect cultured neurons from a variety of cellular
stress, such as induced by glutamate, nitric oxide, or HyO, (Akaike et al. 2003; Kume et al.
2002; Kume et al. 2005, 2006; Osakada et al. 2004; Taguchi et al. 2003). The neuroprotective
effect of SFA has been demonstrated also in a rat model of Parkinson disease, where
oxidative stress is involved (Inden et al. 2005). Furthermore, we discovered recently that
SFA, by intracerebroventricular administration, reduces infarct size and ameliorated the
neurologic deficit score after cerebral infarction in a rat model of middle cerebral artery
occlusion (unpublished). Suppression of intracellular ROS generation may constitute an
important mechanism of the neuroprotective actions of SFA, since the compound exhibits
hydroxyl radical-scavenging activity in electron spin resonance analysis (Kume et al. 2002).
The suggested mechanisms of neuroprotective action of SFA were summarized in our
previous publications (Akaike et al. 2003; Kume et al. 2004).

Cardioprotective Activity

Given that oxidative stress is also responsible for the tissue injury during myocardial
ischemia/reperfusion, we hypothesized that SFA may have cardioprotective effects against
ischemia/reperfusion injury. In isolated neonatal rat cardiac myocytes, SFA suppressed the
cell death induced by H, O3, as evidenced by the fewer TUNEL-positive nuclei, preservation
of nuclear morphology, and better MTS cellular viability assay results in the SFA-treated
preparations (Takeda et al. 2006). v

To examine whether preservation of A W, is associated with the cardioprotective effects
of SFA, we assessed the H>O5-induced changes of TMRE, a fluorescent marker of AW,
using fluorescence-activated cell sorter (FACS) analysis. The majority of cells in the control
group (Fig. 2A, panel C) belonged to a population with a high TMRE fluorescence level
(indicated by vertical dashed line). Exposure to H,O» shifted the predominant population
to a lower TMRE fluorescence (Fig. 2A, panel H). SFA protected against the H,O»-
induced loss of AW, preserving a population of cells with a normal AW, level (Fig.
2A, panel SFA). These observations were quantitated by plotting the percentage of cells
with high TMRE (>300, in this case), as shown in Figure 2B. Exposure to 100 uM
H;O; for 1 h resulted in mitochondrial depolarization, whereas SFA prevented the loss of
AW, ina concentration-dependent manner. The AW -preserving effect of SFA reached its
maximum level at 100 .M. We further compared the protective effects of SFA with those of
diazoxide, a mitoK atp channel opener. In isolated cardiac myocytes, we previously reported
that diazoxide prevents the loss of AW, induced by oxidative stress in a concentration-
dependent manner (Akao et al. 2001). As shown in Figure 2C, the protective effect of
100 M SFA was comparable to that produced by 100 M diazoxide [maximal protective
concentration of diazoxide (Akao et al. 2001)] in preventing the loss of AW, induced by
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FIG. 2. Mitochondrial inner membrane potential (AW ) in neonatal rat cardiac myocytes. (A) FL-2 histograms
of FACS data from TMRE-loaded cells are shown. C, Control ceils; H, cells exposed to 100 uM H,0; for 1 h;
SFA, cells pretreated with 100 zM SFA for 30 min followed by 100 uM H202 for 1 h. In all of the histograms,
the position of the major population of control group is indicated by a vertical dashed line. (B) Representative
data of the percentage of cells that maintain high (>300) TMRE fluorescence. Cells were pretreated with various
concentrations of SFA for 30 min, followed by 100 M H,0; for 1 h. C, Control cells. SFA preserved AWy, in
a concentration-dependent manner. (C) Summarized data of the percentage of cells that maintain high (>300)
TMRE fluorescence. Cells were pretreated with various drugs for 30 min followed by 100 uM H;O, for 1 h.
SFA, 100 uM SA; DZ, 100 uM diazoxide; SHD, 500 #M 5-hydroxydecanoate. *P < 0.05 versus H. #P < 0.05
versus corresponding SHD-absent group. N.S., not significant.

100 uM H0,. The protection afforded by either SFA or diazoxide was completely blocked
by a mitoK atp channel blocker, 5-hydroxydecanoate [SHD, 500 4M (Akao et al. 2001)].
Co-application of 100 uM diazoxide and 100 M SFA had no additive effect (Fig. 2C), since
the protective effect of the combined treatment did not exceed the effect of each single drug.

To further confirm the protective effect of SFA in preventing the loss of AWy, we
examined the time-dependent changes of AW, in single cells (Fig. 3). Time-lapse confocal
analysis of cardiac myocytes loaded with TMRE was performed at 2-min intervals. Time-
lapse scanning began immediately after the application of HO,. At first, we confirmed
that TMRE fluorescence did not change during the 60 min of observation in the control
group (Fig. 3A, panels C). In contrast, cells treated with HO, progressively lost their red
fluorescence intensity, indicating the irreversible loss of AW, (Fig. 3A, panels H). TMRE
fluorescence was remarkably preserved in the SFA-treated group (Fig. 3A, panels SFA).
Figure 3B shows the average of TMRE fluorescence intensity from 25 randomly selected
cells in each group, indicating the significant protective effects of SFA.

Furthermore, we showed that the preservation of mitochondrial integrity was most likely
achieved by the partial inhibition of [Ca®t ] overload and ROS accumulation (Takeda et al.
2006).
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FIG. 3. Time-lapse analysis of AW loss in neonatal rat cardiac myocytes. (A) Representative sequential images
of TMRE fluorescence in each group. C, Control cells; H, cells exposed to 50 uM H;0; for 1 h; SFA, cells
pretreated with 100 uM SFA for 30 min followed by 50 uM H,O,, for 1 h. (B) Time course of TMRE fluorescence
of 25 cells randomly selected in each group. (C) Mean fluorescence intensity from 25 cells randomly and
prospectively selected in each group. *P < 0.05 versus H at the end of the experimental period.

Suggested Mechanisms of Action
Prevention of MPTP by SFA

In recent studies, ROS generation and [Ca?* ], overload have been proposed to explain
the pathogenesis of ischemia/reperfusion injury of the heart (Griendling and Alexander
1997; Weiss et al. 2003). ROS and [Ca?*]y, are the most important inducers of MPTP
opening. A growing body of evidence supports the concept that the inhibition of MPTP
is an effective and promising strategy to prevent ischemia/reperfusion injury of the heart
(Halestrap et al. 2004; Hausenloy et al. 2003; Murphy 2004; Weiss et al. 2003). We showed
that SFA prevents MPTP opening, as reported by the preservation of the cell population
with fully polarized (intact) AW, levels (Takeda et al. 2006). Notably, SFA only partly
suppressed the increases of [Ca2t ]y, and ROS, but this partial inhibition might decrease
the number of cells that reach the threshold of the catastrophic loss of AW, (Takeda et al.
2006). In neurons, SFA similarly inhibited loss of AWy, induced by glutamate exposure,
but did not affect glutamate-induced increase in intracellular Ca?t (Kume et al. 2006).
In both types of cells, preservation of AW, level should be directly associated with the
cytoprotective effect, but the underlying mechanisms may not necessarily be the same in
neurons and cardiac myocytes.

As reported by us previously, oxidant stress produces a stereotyped progression of cel-
lular changes in cardiac myocytes (Akao et al. 2003b). We call the first phase “priming”:
mitochondria undergo [Ca?*],-dependent morphological changes, but AW, remains un-
changed. The next phase is a sudden dissipation of AW, mediated by the opening of MPTP
(“depolarization” phase); eventually, cells break up into smaller fragments (“fragmentation”
phase). SFA markedly decreases the likelihood that cells would undergo priming: [Ca®t |
overload is attenuated, and, consequently, many mitochondria remain fully polarized. SFA
not only decreases the number of cells undergoing A ¥, depolarization, but also delays the
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onset of AWy, loss, whereas it does not change the duration of depolarization in unprotected
cells (Takeda et al. 2006). This mode of action is equivalent to that of the mitoK o1p channel
opener diazoxide (Akao et al. 2003a), raising the possibility that the cytoprotective effects
‘of SFA are, directly or indirectly, mediated by the mitoK o7p channel.

SFA and mitoK 4rp channel

Cardioprotective effect can be recruited by mitoK op channel openers, and mitoK aTp
channel blockers (SHD or glibenclamide) prevent both preconditioning and pharmaco-
logical cardioprotection (Gross 1995; O’Rourke 2000). Furthermore, mitoKap channel
opening prevents mitochondrial injury, presumably by inhibiting the opening of MPTP
(Akao et al. 2003a, 2003b). MitoK aTp channel activation induces partial and modest AW,
depolarization, thereby reducing the driving force for calcium uptake by mitochondria and
preventing [Ca®* ] elevation (Murata et al. 2001). This is further supported by the observa-
tion that partial AW, depolarization elicited by the overexpression of uncoupling protein-2
also protected cardiac myocytes (Teshima et al. 2003b). The protective effect of SFA was
comparable to that of diazoxide, and there was no additive effect with co-application of SFA
and diazoxide. Furthermore, the mitoK a1p channel blocker, SHD, abolished the protective
effect of SFA (Takeda et al. 2006). These results strongly suggest that the protective effect
of SFA may be mediated by the activation of mitoK o1p channels.

SFA and mitochondrial apoptotic pathway

We recently demonstrated that SFA prevented the loss of AWy, following glutamate
exposure in cultured cortical neurons (Kume et al. 2006). SFA reduced the activation
of caspase-3 induced by glutamate, and directly inhibited the activity of recombinant
human caspase-3, -7, and -8. These results indicate that SFA prevents glutamate-induced
mitochondrial apoptotic pathway in cultured neurons by preventing the loss of AW, and
reduction of caspase-3 activation. In good agreement with these effects of SFA, the anti-
apoptotic properties of mitoK o7p channel agonists have also been demonstrated both in
cardiac myocytes (Akao et al. 2001, 2002; McCully et al. 2002) and neurons (Liu et al.
2002; Teshima et al. 2003a, 2003¢).

FUTURE PROSPECTS

Many pharmacological agents and strategies have been administered for cardiac protec-
tion during acute myocardial infarction (Kloner and Rezkalla 2004). However, none has
been translated into clinical practice (Bolli et al. 2004). Therapeutic interventions designed
to prevent MPTP opening during ischemia/reperfusion hold major promise as a novel strat-
egy for reducing cardiac injury from ischemia/reperfusion (Weiss et al. 2003). Our findings
suggest that SFA could be a novel candidate for cardioprotection from ischemia/reperfusion
injury. As an endogenous substance, SFA could be expected to have minimal, if any, un-
predictable side effects. SFA has been used in cardiomyocytes at a high concentration
(100 uM), but this concentration is achievable in vivo. In our cerebral ischemia model,
we administered SFA, at 10 mg/kg i.v. This dose could theoretically lead to approximately
300 «M SFA in the circulating blood. Despite the positive prospect of SFA as a novel

Cardiovascular Drug Reviews, Vol. 25, No. 4, 2007

—-524—-



340 M. AKAO ET AL.

cardioprotective agent, further investigations in animal models are needed to assess the
infarct size-limiting effect. Those experiments are currently underway in our laboratory.

ADDENDUM
Selected Abbreviations

SFA = serofendic acid
AW, = mitochondrial membrane potential
mitoK zp channel = mitochondrial ATP-sensitive potassium channel
MPTP = mitochondrial permeability transition pore
[Ca?* | m = mitochondrial matrix calcium
" ROS = reactive oxygen species
TMRE = tetramethylrhodamine ethyl ester
5-HD = 5-hydroxydecanoate
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The Effects of Long-term Smoking on Endothelial Nitric
Oxide Synthase mRNA Expression in Human Platelets as
Detected With Real-time Quantitative RT-PCR
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Sumemary: Endothelium-derived nitric oxide (NO) plays an impor-
tank role in the prevention of platel=t aggregation and adhesion to the
vascular wall. Endothelial nivic oxide synthase (eNOS) and L-argi-
nine/NO pathway are both present in human platelets. Platelet-de-
rived NO inhibits excessive activation and aggregation of platclets.
However, the expression leve] of the eNOS gene in human plaelets
has yrt to be eluddated. The current study investigates the individual
expression level af platelet eNOS mRNA using the real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) detection method.
eNOS mRNA expression was examined in plaielets isolaved from 50
subjects: 11 male smokers, 15 male noasmokers, and 24 female non-
smokers. After extraction of platelet total RNA, ¢NOS (target) and
GAPDH (imerna! control) mRNA expression levels were qeantitated
using real-time RT-PCR. The exptession levels of eNOS mRNA (refa.
tive copy numbers) were significantly lower in male smokers
(59217) than in male noasmokers (195271, P < .03), and higher in

female nonsmokers (285:60) than in the male nonsmokers
(195271, P < 03). By mukiple lincar regression analysis, cigarette
smoking (P = .008) and diabetes mellieus (P « .047) were found 10
be significantly negative predictors, and antioxidant (vitamin E)
treatmet (P = .01) was a significantly positive predictor of platelet
eNOS mRNA expression. Age, ather medications, 2nd other risk fac-
tors for coromary artery disease were not sigrificant. Using this
method, eNOS mRNA abuadance in human platelets was detected
aod quantitated in realtime. The intraplacelet eROS mRNA expres-
sion levels were significandy decreased in cigarere smokers. Low
platefet NO synthesis in smokers may resule in the augmentation of
platelet aggregation and thrombus formation, developing into acute
coronary

Ky Wards: Plareles—Nitric axide synthase—Cigarette smoking—
Risk facrors.

Nitric oxide (NO) is synthesized from the
" guanidino nitrogen atom(s) of L-arginine through
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a reaction catalyzed by three isoforms of nitric
oxide synthase (NOS). The third isoform, en-
dothelial NOS (eNOS or NOS-[II), a 133-kDa
membrane-bound protein, is constitutively ex-
pressed primarily in endeathelial cells and is con-
sidered critical for physiologic endothelial func-
tion and cardiovascular homeostasis (1-3).
However, recent reports have shown that the
level of eNOS gene expression can be altered by
a growing number of different stimuli, including
shear stress, estrogens, lysophosphatidylcholine,
tumor necrosis factor (TNF)-a, lipopolysaccha-
ride, hypaxia, and so on (4). Biocactive NO pro-
duced by eNOS in vascular endothelium plays a
key role in the regulation of vascular tone.
Endothelium-derived NO has been shown to
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