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Abstract

12(S)-Hydroxyeicosatetraenoic acid (12-HETE) is one of the metabolites of arachidonic acid involved in pathological conditions asso-
ciated with mitochondria and oxidative stress. The present study tested effects of 12-HETE on mitochondrial functions. In isolated rat
heart mitochondria, 12-HETE increases intramitochondrial ionized calcium concentration that stimulates mitochondrial nitric oxide
(NO) synthase (mtNOS) activity. mtNOS-derived NO causes mitochondrial dysfunctions by decreasing mitochondrial respiration and
transmembrane potential. mtNOS-derived NO also produces peroxynitrite that induces release of cytochrome c and stimulates aggrega-
tion of mitochondria. Similarly, in HL-1 cardiac myocytes, 12-HETE increases intramitochondrial calcium and mitochondrial NO, and
induces apoptosis. The present study suggests a novel mechanism for 12-HETE toxicity.
� 2007 Elsevier Inc. All rights reserved.
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12(S)-Hydroxyeicosatetraenoic acid (12-HETE)1 is an
arachidonic acid metabolite produced in lipoxygenase
pathway. 12-HETE is involved in several oxidative stress-
related pathological conditions including ischemia–reperfu-
sion [1], hypertension [2,3], atherosclerosis [4], pancreas
beta cells dysfunction [5] and diabetic nephropathy [6].
Moreover, pro-oxidant mediators such as 12-HETE along
with increased NO synthesis may lead to progression of
Alzheimer’s disease [7]. However, the exact role of 12-
HETE in pathological conditions is yet to be established.
Elevation of 12-HETE causes oxidative stress [4,8] and
decrease in 12-HETE decreases oxidative stress [8]. Mito-
0003-9861/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.abb.2007.09.018

* Corresponding author. Fax: +1 614 2474373.
E-mail address: Pedram.Ghafourifar@osumc.edu (P. Ghafourifar).

1 Abbreviations used: 12-HETE, 12(S)-hydroxyeicosatetraenoic acid;
NO, nitric oxide; mtNOS, mitochondrial nitric oxide synthase; [Ca2+]m,

intramitochondrial ionized calcium concentration; Dw, mitochondrial
t r a n s m e m b r a n e p o t e n t i a l ; C C C P, ca r b o n y l c y a n i d e m -
chlorophenylhydrazone.
chondria are primary cellular sources of oxidative radicals
and they are involved in oxidative stress-related conditions.
While 12-HETE has been shown to interact with mitochon-
dria [9,10], whether 12-HETE increases mitochondrial oxi-
dant radicals is not fully understood.

The present study shows that in isolated rat heart mito-
chondria, 12-HETE increases intramitochondrial ionized
calcium concentration ([Ca2+]m) that stimulates mitochon-
drial nitric oxide (NO) synthase (mtNOS) activity.
mtNOS-derived NO decreases mitochondrial respiration
and transmembrane potential (Dw). 12-HETE also
increases mitochondrial peroxynitrite that induces cyto-
chrome c (cyto c) release, tyrosine nitration of mitochon-
drial proteins, and aggregation of mitochondria. The
present study also shows that in cardiac myocytes HL-1
cells, 12-HETE increases [Ca2+]m and mitochondrial
NO, and induces apoptosis of those cells. Our study sug-
gests a crucial role for [Ca2+]m and mtNOS in 12-HETE-
induced apoptosis.
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Material and methods

Purification of rat heart mitochondria

Mitochondria were isolated from hearts of Sprague–Dawley rats by
differential centrifugation and purified using Percoll (25%) gradient puri-
fication as described [11]. Purity of the mitochondria preparation was
tested by measuring the cytochrome a content using e605–630 nm

12 mM�1 cm�1 [12]. Only mitochondria with less than 5% impurity were
used in this study. Broken mitochondria were prepared by freezing the
intact mitochondria in liquid nitrogen followed by thawing as described
[13].
Cell culture

Cardiac myocyte cell line HL-1 (gift from Dr. Claycomb, LSUHSC,
LA) were cultured in Claycomb medium (JRHBiosciences) supplemented
with 10% fetal bovine serum, 0.1 mM norepinephrine, 2 mM L-glutamine,
100 U/ml penicillin, 100 U/ml streptomycin, and 0.25 lg/ml amphotericin
B.
Treatment

Mitochondria were treated with 12-HETE (3 or 5 nM) for 20 min at
room temperature. Control samples were treated with equal volume of
the vehicle (ethanol) under the same conditions. In order to inhibit
mtNOS activity, mitochondria were incubated with L-NMMA (150 lM)
for 20 min on ice priory to 12-HETE treatment. Confocal microscopy
studies used HL-1 cells treated with 12-HETE (3 nM) or equal volume of
ethanol and cultured for 24 h. To measure apoptosis, HL-1 cells were
treated with 12-HETE (3–20 nM) or equal volume of ethanol, cultured
for 24 h and apoptotic cells were counted using trypan blue exclusion
test.
Intramitochondrial ionized calcium

[Ca2+]m was measured by using the highly sensitive dual-wavelength
excitation fluorometric assay recently established in our laboratory [11,14].
Briefly, mitochondria were loaded with fura-2/AM for 20 min at room
temperature followed by twice wash. Fura-2/AM loaded mitochondria
were excited at 352–362 nm and emission was collected at 510 nm.
Mitochondrial nitric oxide synthase activity

mtNOS activity was measured using the following three assays.
Oxyhemoglobin assay
Oxyhemoglobin assay was performed as described [12]. Broken mito-

chondria (30 lg) were added to a cuvette containing Hepes buffer
(100 mM, pH 7.1), L-arginine (100 lM), tetrahydrobiopterin (10 lM), and
Cu/Zn-superoxide dismutase (1 KU/ml). After reaching a steady state,
oxyhemoglobin (4 lM) was added and DOD was detected at 401–420 nm.
Quantitation was performed using e401–420 nm 100 mM�1 cm�1.
Citrulline radioassay
Mitochondria (1 mg) were supplemented with L-[3H]arginine (30,000–

50,000 cpm) as described [15]. The exchange resin (Dowex) columns were
prepared as described [16]. Samples were loaded on columns and the
radioactivity of the effluents was determined.
Chemiluminescence assay
A sample of mitochondria (1 mg protein) was injected into the purge

vessel containing vanadium chloride (0.8% in 1 M HCl), thermostated at
95 �C and NO was measured using the NO chemiluminescence analyzer as
described [14]. Standard curve was prepared by using NO saturated
solution.

Dw Determination and mitochondrial oxygen consumption

K+-succinate (800 lM) supported Dw was measured at 511–533 nm in
the presence of safranin (10 lM) as described [16]. Mitochondria samples
were suspended in a final volume of 1 ml Hepes buffer (100 mM, pH 7.1),
respiration was supported by K+-succinate (800 lM) and the oxygen
consumption was measured using a Clark-type oxygen electrode as
described [16].

Mitochondria aggregation

Aggregation of mitochondria was tested as described [17]. Mitochon-
drial samples were placed on a Petroff–Hausser counting chamber
(Hausser Scientific). 12-HETE or equal volume of vehicle was added and
microphotographs were captured by a digital camera (Nikon Coolpix
4500, Japan).

Immunoblotting for tyrosine nitration and cytochrome c release

Mitochondrial proteins (25 lg) were separated on 10% gels, blotted
onto nitrocellulose membranes, and probed with monoclonal anti-
nitrotyrosine antibody (Alexis Biochemicals). For cyto c release,
mitochondria were centrifuged at 100,000g for 10 min and the
supernatant was re-centrifuged at 100,000g for 30 min. Cyto c was
detected in the supernatant of the second centrifugation by Western
blot using monoclonal anti-cytochrome c antibody (eBioscience) as
described [14].

Confocal imaging

To measure [Ca2+]m, cells were loaded with Rhod2-AM (Molecular
Probes; 5 lM) simultaneously with mitotracker green (Molecular Probes;
200 nM) under 5% CO2 at 37 �C. To measure mitochondrial NO, cells
were incubated with mitotracker red (Molecular Probes; 200 nM) and
membrane permeable NO probe, 4,5-diaminofluorescein diacetate (DAF-
2DA; Calbiochem, 5 lM) under 5% CO2 at 37 �C. Probed cells were
permeabilized with digitonin (10 lM) to eliminate the cytosolic fraction of
Rhod-2 and DAF.

The cover slips were mounted on glass slides with Vectashield
(Vector Lab. Inc.) and images were captured with confocal microscope
(Carl Zeiss) equipped with LSM 5 META software and 63· water
objective. Fluorescent measurements were performed using multichannel
detection of excitation of 488 nm line of an argon 543 nm line of
HeNe1 and 633 nm lines of HeNe2 laser at room temperature. Fluo-
rescence of mitotracker green and DAF were acquired using emission at
516 nm. Fluorescence of mitotracker red and Rhod-2 were acquired
using emission at 579 nm. Images were obtained at 12 bit resolution by
taking a single z-stack 1 lm steps. Merged images were obtained using
LSM 5 software. Fluorescent intensities were measured using ImageJ
(http://rsb.info.nih.gov/ij/).

Results

Mitochondrial ionized calcium concentration ([Ca2+]m) and

mtNOS activity

It has been suggested that alteration of cellular cal-
cium homeostasis contributes to cytotoxicity of 12-
HETE. Fig. 1 shows that 12-HETE increased [Ca2+]m
that was abolished with EGTA. Increase in [Ca2+]m
was not sensitive to L-NMMA and L-NMMA did not

http://rsb.info.nih.gov/ij/


Fig. 1. 12-HETE and [Ca2+]m. [Ca2+]m was measured real-time in isolated
rat heart mitochondria using the highly sensitive fluorescent [Ca2+]m
determination assay. Where indicated, 3 or 5 nM 12-HETE was added
(HETE) in the presence or absence of L-NMMA (+L-NMMA). Control
(Ctr) was treated with same amount of vehicle. Representative of n = 6.
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interfere with the assay. mtNOS is [Ca2+]m-sensitive and
elevation of [Ca2+]m stimulates mtNOS activity. Calcu-
lated Km value of mtNOS for Ca2+ is 23.5 lM [11]. Thus
the present study tested whether 12-HETE stimulates
mtNOS activity. Both oxyhemoglobin assay (Fig. 2a)
and radioassay (Fig. 2b) show that 12-HETE increased
mtNOS activity that was inhibited by NOS inhibitor L-
NMMA. Increased mtNOS activity was also confirmed
by chemiluminescence assay (Fig. 2c).
Fig. 2. 12-HETE and mtNOS. mtNOS activity was measured by using (a)
citrulline assay, (b) oxyhemoglobin assay, and (c) chemiluminescence
assay where mitochondria were treated with 12-HETE (3 nM or 5 nM) or
vehicle for control (Ctr). Where indicated, mtNOS was inhibited by
L-NMMA (150 lM; +L-NMMA). *Statistically different from Ctr
(p < 0.05). **Statistically different from HETE sample without L-NMMA
(p < 0.05).
Effect of 12-HETE on mitochondrial functions

The present study tested the effect of 12-HETE on
mitochondrial oxygen consumption and Dw. Fig. 3a
shows that 12-HETE significantly decreased oxygen
consumption and that this effect of 12-HETE was pre-
vented when mtNOS was inhibited. The Dw was dra-
matically lowered by 12-HETE (Fig. 3b) and this
affect of 12-HETE was also prevented when mtNOS
was inhibited.

mtNOS-derived NO forms peroxynitrite that
increases protein tyrosine nitration [14]. Fig. 4a shows
that 12-HETE increased protein tyrosine nitration.
Increased mtNOS-derived peroxynitrite causes cyto c

release from the mitochondria [16]. Fig. 4b shows 12-
HETE induced release of cyto c from the mitochondria.
mtNOS-derived peroxynitrite also causes aggregation of
mitochondria [14]. Fig. 4c shows that mitochondria
treated with 12-HETE formed aggregates and that this
effect of 12-HETE was prevented when mtNOS was
inhibited.
Effect of 12-HETE on cardiac myocytes

In order to confirm our results obtain on isolated
mitochondria, [Ca2+]m and mitochondrial NO were
determinated for cardiac myocytes. Consistent with iso-
lated mitochondria results, Fig. 5a shows that 12-HETE
significantly increased [Ca2+]m in the mitochondria of
cardiac myocytes. Likewise, results presented in Fig. 5b
show that 12-HETE increased mitochondrial NO in car-
diac myocytes (Fig. 5b). In order to confirm 12-HETE
induced cytochrome c release and aggregation of isolated
mitochondria, apoptosis was measured in HL-1 cells.
Fig. 5c shows that 12-HETE induced apoptosis of HL-
1 cells.



Fig. 3. Mitochondrial respiration and Dw. Succinate-supported mito-
chondrial respiration (a) and Dw (b) were measured for mitochondria
treated with 12-HETE (3 nM or 5 nM) or vehicle (Ctr). At the end of the
measurements, Dw was collapsed by uncoupling mitochondria with
carbonyl cyanide m-chlorophenylhydrazone (CCCP; 1 lM). Where indi-
cated, mtNOS was inhibited by L-NMMA (+L-NMMA). Representative
of n = 6.
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Discussion

12-HETE is an arachidonic acid metabolite that con-
tributes to dysfunctions of various tissues [1–7]. It has
been shown that 12-HETE alters Ca2+ homeostasis and
that this effect of 12-HETE could be involved in its
cytotoxicity [10,18,19]. Mitochondria play a crucial role
in cellular Ca2+ homeostasis. The Dw that renders
mitochondrial inner membrane negatively charged is
the driving force for mitochondria to take up large
amounts of Ca2+ very rapidly. However, mitochondria
maintain the [Ca2+]m very low by precipitating the
[Ca2+]m to non-ionized Ca2+ stores known as matrix
electron-dense granules [14,20]. Mitochondria maintain
a dynamic intra-organelle Ca2+ homeostasis by contin-
uously precipitating [Ca2+]m to the matrix granules
and releasing [Ca2+]m from the granules. We and oth-
ers have shown that conditions associated with oxida-
tive stress increase [Ca2+]m [11,14,20–22] that initiates
mitochondrial and cell injury [11,14]. Our laboratory
recently introduced a sensitive dual-wavelength excita-
tion fluorometric assay that allows real-time detection
of [Ca2+]m under various conditions [11,14]. We used
this assay and tested the effect of 12-HETE on
[Ca2+]m. Fig. 1 shows that 12-HETE causes a dramatic
increases in [Ca2+]m. This novel finding suggests that
elevation of [Ca2+]m by 12-HETE contributes to alter-
ation of cellular Ca2+ homeostasis that may stimulate
oxidative stress [11,14,23]. Mitochondria produce NO
via Ca2+-sensitive mtNOS [13,14,24–28]. Release of
Ca2+ from matrix granules leading to increased
[Ca2+]m stimulates mtNOS activity [11,14]. Results pre-
sented in Fig. 2a–c clearly show that 12-HETE
increases mtNOS activity, and that this effect of 12-
HETE was sensitive to L-NMMA. NO generated by
mtNOS affects mitochondrial functions [29]. NO com-
petes with oxygen for the oxygen binding site at com-
plex IV and inhibits the activity of complex IV that
results in decreased mitochondrial respiration and Dw
[13,29,30]. Fig. 3a shows that 12-HETE decreased oxy-
gen consumption of mitochondria, and that this effect
of 12-HETE was prevented when mtNOS was inhib-
ited. Increased mtNOS-derived NO decreases Dw [13].
Therefore, the present study tested the effect of 12-
HETE on Dw. Fig. 3b shows that 12-HETE dramati-
cally decreased Dw and that this effect of 12-HETE
was partially prevented when mtNOS was inhibited.
Mitochondria maintain [Ca2+]m in response to Dw
and decreased Dw causes Ca2+ efflux from the mito-
chondria. Thus, elevated [Ca2+]m (Fig. 1) along with
decreased Dw (Fig. 3b) caused efflux of [Ca2+]m from
mitochondria. This can contribute to 12-HETE-induced
increased cellular Ca2+ reported by several groups
[10,18,19].

mtNOS-derived NO readily and potently produces
peroxynitrite [16]. Thus, we tested whether 12-HETE
increases peroxynitrite in the mitochondria. Tyrosine
nitration is one of the widely used and reliable biomark-
ers of peroxynitrite. Several studies have shown that ele-
vated mitochondrial peroxynitrite increase tyrosine
nitration of mitochondrial proteins [11,14,31,32].
Fig. 4a shows that 12-HETE increased tyrosine nitration
of mitochondrial proteins, indicating that 12-HETE ele-
vated peroxynitrite in the mitochondria. Release of cyto
c from mitochondria is one of the key events during per-
oxynitrite-induced apoptosis [11,14,33]. Our previous
studies showed that mtNOS stimulation induces cyto c

release [11,14,16]. Fig. 4b shows that 12-HETE releases
cyto c from the mitochondria. Increased protein tyrosine
nitration together with cyto c release suggests a novel
mechanism for 12-HETE-induced apoptosis reported by
several studies [6,34].

Mitochondrial morphology is altered in various condi-
tions. Under oxidative stress conditions and during
apoptosis, mitochondria fuse and form aggregates [33].
Recently we showed that mtNOS-derived peroxynitrite
causes aggregation of mitochondria [14]. Fig. 4c shows
that 12-HETE stimulates mitochondrial aggregation that
was prevented when mtNOS was inhibited. Those results
further indicate a role for mtNOS in 12-HETE-induced
mitochondrial oxidative stress. Several studies suggest
crucial role of antioxidants in preventing oxidative stress
induced by arachidonic acid metabolites [34,35]. Trolox
that is a lipid-soluble antioxidant, and N-acetyl-L-cysteine



Fig. 4. Mitochondrial aggregation, tyrosine nitration and cytochrome c release. (a) Protein tyrosine nitration, and (b) cytochrome c release were
detected in mitochondrial sample incubated with 12-HETE (3 nM or 5 nM) or vehicle (Ctr), in the absence or presence of L-NMMA (+L-NMMA).
Samples were subjected to SDS–PAGE and Western blot using anti-nitrotyrosine or anti-cytochrome c antibodies. (c) Aggregation of mitochondria
was detected before treatment (T0) or 20 min after treatment (T20) with 12-HETE (3 nM or 5 nM) or vehicle (Ctr). Inhibition of mtNOS by L-
NMMA (+L-NMMA) prevented 12-HETE-induced aggregation. Typical aggregation is marked by arrows. Microphotographs are representative of
4–6 experiments.
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that is the precursor of glutathione, decrease oxidative
stress and protect neurons against toxicity caused by ara-
chidonic acid metabolites [35].

Our studies on isolated mitochondria provided impor-
tant insight into the molecular mechanism of 12-HETE
toxicity. In order to verify isolated heart mitochondria
results, the present study tested effect of 12-HETE on
[Ca2+]m and mitochondrial NO, and apoptosis of HL-1
cardiac myocytes. Consistent with results on isolated mito-
chondria, Fig. 5 shows that 12-HETE at nanomolar con-
centration [36] increased [Ca2+]m and mitochondrial NO
of those cells. Alteration of Ca2+ homeostasis contributes
to pathological conditions including ischemia–reperfusion
[11] and myocardial infarction [37], increase oxidative
modification of cells components [23], and induces apopto-
sis [14,36]. Thus, our findings strongly suggest that 12-
HETE increased [Ca2+]m and mitochondrial NO contrib-
utes to apoptosis induces by 12-HETE.

Taken together, our study suggests a novel mechanism
for 12-HETE-induced mitochondrial dysfunction. Our
study for the first time shows that 12-HETE increases
[Ca2+]m and stimulates mtNOS activity, decreases respira-
tion and Dw, increases mitochondrial peroxynitrite,
releases cyto c, and causes mitochondrial aggregation.
Our studies also show for the first time that 12-HETE
increases [Ca2+]m and mitochondria NO in HL-1 cardiac



Fig. 5. 12-HETE and HL-1 cardiomyocytes [Ca2+]m, mitochondrial NO, and apoptosis. (a) Control (Ctr) and 12-HETE treated (HETE) HL-1 cells were
probed with, mitotracker green (Mito) and Rhod-2 (Calcium) and confocal images were acquired. Yellow areas in merge (Merge) indicate mitochondrial
calcium. (b) Mitochondria of control (Ctr) and 12-HETE treated (HETE) HL-1 cells were visualized by mitotracker red (Mito) and NO by NO-sensitive
probe DAF (NO). Yellow areas in merge (Merge) indicate mitochondrial NO. Fluorescence intensities are shown in right panels. (c) Apoptosis of HL-1
cells control (Ctr) or treated with 12-HETE (3–20 nM) is expressed as percent apoptotic cells. *Significantly different (p < 0.05) from the Ctr. Images are
representative of 4–6 experiments.
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myocytes and cause apoptosis of those cells. Findings pre-
sented in the present study suggest a molecular mechanism
underlying toxicity of 12-HETE that might be involved in
pathological conditions associated with elevated 12-HETE,
oxidative stress and mitochondrial dysfunction.
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