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Abstract
Isoketals (IsoKs) are γ-ketoaldehydes formed via the isoprostane pathway of arachidonic acid
peroxidation and are among the most reactive byproducts of lipid peroxidation. IsoKs selectively
adduct to protein lysine residues and are highly cytotoxic, but the targets and molecular events
involved in IsoK-induced cell death are poorly defined. Our previous work established that
physiologically-relevant aldehydes induce mitochondrial dysfunction (Kristal, et. al., 1996). We
therefore examined whether IsoKs induced mitochondrial dysfunction. Incubation of mitochondria
with synthetic IsoKs in the presence or absence of Ca2+ was associated with alterations in
mitochondrial respiration, membrane potential (ΔΨ), and pyridine nucleotide redox state. IsoKs
dose-dependently (0.5–4 μM) accelerated liver mitochondria swelling induced by low
concentrations of Ca2+ and Zn2+ or by the pro-oxidant tert-butylhydroperoxide, and release of
cytochrome c, with similar observations in heart/brain mitochondria. The mitochondrial
permeability transition (mPT) inhibitor cyclosporin A delayed IsoK-induced mitochondria
dysfunction. The actions of IsoKs are consistent with interactions with cytochrome c, a protein
rich in the lysine residues. Direct reaction of IsoKs with select lysines in cytochrome c was
demonstrated using high resolution mass spectrometry. Overall, these results suggest that IsoKs
may, in part, mediate their cytotoxic effects through induction of the mPT and subsequent
activation of downstream cell death cascades.
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INTRODUCTION
Membrane lipid peroxidation plays a critical role in the propagation of oxidative damage
and in cell death cascades, in part through the formation of reactive aldehydes [1]. These
secondary products of lipid peroxidation, which include malondialdehyde, a potential cross-
linking agent, and the reactive hydroxyalkenals, are known to contribute and partially
mediate the effects of lipid peroxidation [1,2]. These reactive aldehydes can be derived from
the most abundant class of polyunsaturated fatty acids in the membranes and can undergo a
number of reactions with critical biomolecules – lipids, proteins, and DNA. Such reactions
amplify and propagate the biochemical consequences of the lipid peroxidation reactions.
Lipid peroxidation byproducts rapidly accumulate in tissues following a range of
pathological conditions, including myocardial ischemia/reperfusion injury, arrhythmias,
atherosclerosis, heart failure, chronic and acute neurodegeneration [3–11,30,33,50,51].

More recent work has identified isoketals (IsoKs), a family of 64 regio- and stereo-isomers
of levuglandin-like γ-ketoaldehydes, as some of the most reactive products of lipid
peroxidation [12–16]. IsoKs are produced from the arachidonic acid via prostaglandin H2-
like endoperoxide intermediates (H2-isoprostanes) that undergo concerted rearrangement to
form γ-ketoaldehyde [12–16]. IsoKs react several orders of magnitude more rapidly than
hydroxyalkenals with lysine residues of proteins and potently induce cross-links [16]. For
this reason, IsoKs have been proposed as markers and mediators of oxidative damage [16–
17]. Elevated levels of IsoKs in plasma and tissues have been observed in multiple
pathological conditions, including end-stage renal disease, atherosclerosis, acute myocardial
injury, hyperoxic injury, and allergic inflammation [16–19,33].

Although IsoKs are highly cytotoxic, the molecular targets and mechanisms by which these
compounds induce cell death have not been fully elucidated. IsoKs react with lysine residues
on proteins and induce cross-links at rates much faster than other lipid peroxidation
byproducts, including hydroxyalkenals [16]. IsoK-adduction to proteins can alter protein
function and IsoK- adducted proteins have also been shown to be poorly degraded by the
proteasome and inhibit proteasome function [20,21].

Previous work from our group has established that other physiologically-relevant aldehydes
can induce mitochondrial dysfunction [22–24]. The byproducts of norepinephrine and
dopamine metabolism by monoamine oxidase - 3,4-dihydroxyphenylglycolaldehyde
(DOPEGAL) and 3,4-dihydroxyphenylacetaldehyde (DOPAL), respectively, accelerate
induction of the mitochondrial permeability transition (mPT), an event that sits directly
upstream of some cell death cascades [25–28]. DOPAL was shown to be active in both
isolated mitochondria and cultured cells. These aldehydes have been implicated in
neurodegenerative disorders [29]. Furthermore, lipid peroxidation-derived aldehydes
including hydroxyhexenal, hydroxynonenal, and acrolein (acrylaldehyde) also accelerate the
mPT [22–24]. Hydroxyhexenal is the most potent yet discovered, with observable effects
beginning at femtomolar concentrations [22]. These aldehydes primarily react with cellular
thiols, including cysteine residues and gluthathione, via Michael addition, whereas IsoKs
primarily react with lysine residues through pyrrole intermediates. We therefore tested
whether the more reactive, lysine-targeted aldehydes, IsoKs, could also induce
mitochondrial dysfunction.

We now demonstrate that IsoKs are potent mediators of mitochondrial dysfunction. Our
results show that IsoKs are a previously unrecognized class of lipid peroxidation byproducts
that mediate mitochondrial dysfunction and may thus contribute to disease and pathology.
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MATERIAL AND METHODS
Chemicals

Tetramethylrhodamine methyl ester (TMRM) and Ca-Green-5N were purchased from
Invitrogen, Inc. (Carlsbad, CA). Rat/mouse cytochrome c immunoassay kit “Quantikine®”
was purchased from R&D Systems, Inc. (Minneapolis, MN). All other chemicals except
IsoKs were purchased from Sigma-Aldrich Company (St. Louis, MO).

Synthesis of isoketals
There are eight regioisomers of IsoKs, and as each IsoK regioisomer has 3 stereocenters and
therefore 8 stereoisomers, there are 64 total IsoK isomers. To test the effect of IsoKs, we
synthesized one regioisomer of IsoK, 15-E2-IsoK, from its stable dimethoxyacetal precursor
by incubation with Mont K-10 to convert it to the active aldehyde as previously described
[15]. This synthesis procedure generates the eight stereoisomers of 15-E2-IsoK in
approximately equal abundance. The concentration of total IsoK isomers generated was
quantified using Ehrlich’s reagent and a 10 mM stock stored in DMSO at −20°C until use.

For the mitochondrial experiments, we attempted to approximate physiological levels by
using concentrations of IsoKs that generated equivalent levels of IsoK protein adducts when
added to cultured cell as the levels of IsoK protein adducts found in vivo [53].

Isolation of liver, heart and brain mitochondria
Liver mitochondria were isolated from ~6 month old male Fisher 344 x Brown Norway F1
rats by the standard differential centrifugation method in sucrose-based buffers as described
and as used previously in our lab [34]. Liver isolation buffer contains 0.25 M sucrose, 10
mM HEPES, 1 mM EGTA, 0.5% bovine serum albumin (BSA).

Hearts were rapidly removed from sacrificed ~ 6 month old rats and placed in ice cold buffer
(220 mM mannitol, 70 mM sucrose, 10 mM HEPES, pH 7.4, 1 mM EGTA, 0.05% BSA)
[35,36]. Hearts were washed to remove blood, minced with a press, and homogenized with a
polytron. The homogenate was centrifuged at 1000 x g for 10 min. Supernatants were
removed and centrifuged at 10,000 x g for 10 min. Pellets were washed twice in the buffer
and centrifuged at 10,000 x g to repellet. Following the final wash, mitochondria were
resuspended in buffer without EGTA. Described technique allowed us to isolate
subsarcolemmal fraction of heart mitochondria [36].

Isolation of nonsynaptosomal rat brain mitochondria from ~ 2–3 month old male Fisher 344
x Brown Norway F1 rats was achieved using a discontinuous Ficoll gradient according to the
commonly used method of Lai and Clark [37], with slight modifications as previously
described [38]. Mitochondrial protein concentration was determined by the Lowry method
using BSA as a standard [39].

Mitochondrial respiratory assays
Mitochondrial respiration rates were measured using a Clark electrode and a Strathkelvin
Oxygraph or Oroboros Systems, as described [40]. Briefly, isolated liver mitochondria (0.25
mg/ml) were added to buffer A (250 mM sucrose, 10 mM HEPES, pH 7.4, 2 mM KH2PO4)
containing the complex I substrate glutamate/malate (5 mM) or the complex II substrate
succinate (5 mM) and rotenone (1 μM). Respiration in the presence of these substrates only
corresponds to state 2 respiration (V2). Addition of ADP (200 μM) initiated ATP synthesis
coupled to proton reentry across the membrane, which corresponds to state 3 (V3). ADP
exhaustion led to a reduction of the respiratory rate and corresponds to state 4 (V4).
Dinitrophenol (DNP) (20 μM) was added after state 4 respiration had proceeded for at least
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2 min. The respiratory control ratio (RCR) was calculated as the ratio between rates of
respiration in state 3 and 4.

Measurement of mitochondrial Ca2+ uptake capacity, membrane potential, NAD(P)H
oxidation, and swelling

Liver and heart mitochondria were incubated in buffer containing 5 mM succinate or
glutamate/malate. Liver mitochondria were used at a concentration of 0.25 mg/ml; heart
mitochondria were used at 0.15 mg/ml. Brain mitochondria (0.15–0.2 mg/ml) were
incubated in buffer containing 100 mM sucrose, 65 mM KCl, 10 mM HEPES, pH 7.4, 2 mM
KH2PO4, 150 μM ATP, 150 μM MgCl2, 3 μM EDTA, and 5 mM glutamate/malate.).
Mitochondria were challenged to single or sequential Ca2+ additions. For liver
mitochondria, each addition was ~30 nmol Ca2+/mg mitochondrial protein; for heart ~34
nmol Ca2+/mg protein; and for brain ~50 nmol Ca2+/mg mitochondrial protein.

All fluorescence measurements were performed simultaneously on a multichannel
fluorimeter (C&L Instruments, Inc., www.fluorescence.com) as described in [41].
Mitochondrial membrane potential (ΔΨ) was estimated as the change in TMRM (60 nM)
fluorescence intensity (λex= 543 nm and λem = 590 nm). TMRM was used at a concentration
sufficient to cause self-quenching of the fluorescence in the mitochondrial matrix. TMRM as
a rhodamine 123 derivative can accumulate in mitochondria to levels that exceed those
predicted by the Nernst equation (42). Excess accumulation may be due to fluorophore
stacking and formation of aggregates. Formation of aggregates causes fluorescence
quenching and a red shift of absorbance. In the experimental design we used (cuvette and
multiwell assays), decreased fluorescence due to quenching signifies an increase of Δϕm,
and an increase in TMRM fluorescence corresponds to depolarization of mitochondria (43).
Mitochondrial Ca2+ uptake and release capacities were measured as changes in CaGreen-5N
(125 nM) fluorescence intensity. (λex= 482 and λem = 535 nm). The redox state of pyridine
nucleotides were measured as the NAD(P)H autofluorescence (λex= 350 nm and λem = 450
nm). Mitochondrial swelling was measured as a function of light scattering at excitation and
emission wavelengths of 587 nm or by a standard spectroscopic assay at 540 nm.

Cytochrome c release was measured using immunoassay kit Quantikine® (R&D Systems,
Inc). Aliquots for detection of release of cytochrome c were taken every 3 min after Ca2+

addition in parallel with the measurement of other parameters. Mitochondrial samples (50
μl) were placed into 150 μl buffer containing 125 mM KCL, 10 mM HEPES, pH 7.4 and 15
μl Protease Inhibitor Cocktail (Sigma-Aldrich). Samples were then centrifuged for 2 min at
14,000 x g. The pellet and supernatant were separated and stored at −80 °C as described [44]
for further analysis.

Kinetic model of mPT in populations of isolated mitochondria
Kinetic analysis was performed using a recently introduced kinetic model [41]. Intensity of
Ca-Green-5N fluorescence is modulated by Ca2+. Since the dye is nonpermeable, changes in
fluorescence intensity reflect changes in concentration of extramitochondrial Ca2+. Thus, the
concentration of Ca2+ in the assay medium was determined according to a calibration curve.
The calibration plot of intensity of CaGreen-5N fluorescence vs. Ca2+ concentration was
done as described previously in [41]. The experimental data on Ca2+ -induced mPT were
fitted into this model using numerical fitting routines implemented into Matlab (Mathworks,
www.mathworks.com). Such fitting parameters as k1, k2′ and n were found using
Levenberg–Marquardt algorithm and quality of fitting determined as adjusted R2. In all the
cases R2 was >0.97. The model presented below functionally resolves possible sites of
action for different mPT modulators:
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Here [MH-(Ca2+)i]A represents the population of active, unswollen mitochondria ([MH]A)
and i represents the number of Ca2+ ions already adsorbed by a given mitochondrion. Ca2+

absorption occurs during the k1 step shown in the scheme as formation of [MH-(Ca2+)i+1]A,
and it initiates the mPT process that we describe as a sequence of two steps. The kinetic
parameter k2 represents the rate of formation of the intermediate state [MH]I. k2 is a
complex function of the number of Ca2+ ions absorbed by the mitochondria,

, where [Ca2+ is the concentration of Ca2+ that has been
absorbed by mitochondria. Thus, the ratio [Ca2+]M/[MH]A is essentially the average number
of Ca2+ ions absorbed per active mitochondrion. The parameter n is an apparent order of the
k2 step with respect to Ca2+ and k2′ is a reaction constant of this step. The kp step is fast and
leads to the formation of a population of inactive (swollen) mitochondria, represented as
[MH]N, with all Ca2+ released back to the medium. [Ca2+]out is the concentration of free
Ca2+ in the medium, available for absorption by mitochondria.

Mass spectrometry
The procedure for modification of cytochrome c was adapted from Isom et al. [48]. Briefly,
bovine heart cytochrome c (2 mg/ml) was incubated with IsoKs (4 μM) in a buffer
containing 250 mM sucrose, 10mM HEPES, pH 7.4 at 37°C for 2 h. The control sample was
treated with vehicle (DMSO). The reaction was terminated by the addition of 25 μl of 1%
formic acid. Samples were then desalted by ultrafiltration using Amicon Ultra-4 devices
with a 10k molecular weight cutoff (Millipore Corp.). The desalted samples were
reconstituted into a 1:1 acetonitrile:water solution containing 0.2% formic acid.
Measurements were performed on an LTQ-Orbitrap mass spectrometer (MS) (Thermo
Electron) in the positive ion mode. Samples were introduced into the MS by direct infusion
with a flow rate of 5 μl/min. MS2 fragments of the unmodified and modified cytochrome c
were produced by collision-induced dissociation (CID) in the LTQ with an isolation width
of 6 m/z and normalized collision energy of 35%. Both the full scan and MS2 were acquired
in the orbitrap at a resolving power of 60,000 and 30,000, respectively. The orbitrap was
externally mass calibrated immediately before the analyses. Scans were collected with
automated gain control settings as 2×106 for full scan and 2×105 for MS2, and microscan
settings as 5 and 2, respectively. To obtain the exact mass of the intact protein, Xtract
software from Thermo was used to convert the m/z values of the multiply charged ions to the
molecular masses of the uncharged molecular ions.

Statistical analysis
The statistical significance between population means was estimated using two-sample t-test
in OriginPro v.8 (OriginLab Corp., Northhampton, MA). Differences were considered
statistically significant when p < 0.05.

RESULTS
IsoKs impair mitochondrial calcium metabolism and accelerate large amplitude swelling

IsoKs (0.5–4 μM) dose-dependently accelerated swelling of rat liver mitochondria as much
as 75% as compared with 5 μM Ca2+ alone (Fig. 1A, section d and Fig. 1B). Rat liver
mitochondria were chosen for the initial studies as they are the best characterized system
with which to study the effect of different agents on mitochondrial functions, especially with
respect to the mPT. IsoK-induced mitochondrial swelling was also associated with (i) a
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dose-dependent decrease in ΔΨ (Fig. 1A, section a); (ii) an accelerated oxidation of
NAD(P)H to NAD(P)+ after Ca2+ addition (Fig. 1A, section c); and (iii) a reduction of Ca2+

retention time measured as the time between Ca2+ addition and Ca2+-induced Ca2+ release
(Fig. 1A, section b and 1C). Extended dose-response analysis (from 0.1 nM to 40 μM IsoKs)
revealed a sigmoidal effect curve between 0.5 to 20 μM IsoKs (Fig. 1B). The maximal effect
on mitochondrial swelling was observed in the presence of 10–20 μM IsoKs. The half
maximal effect was observed at 1.56±0.16 μM. IsoKs induced visible mitochondrial
precipitation at 40 μM and above.

IsoKs were found to induce dysfunction in brain (Fig. 2A and B) and heart (see
supplemental) mitochondria similar to that observed in liver mitochondria. Brain
mitochondria were challenged with sequential Ca2+ additions until spontaneous Ca2+ release
from mitochondria occurred (Fig. 2A, section b), which in turn was associated with swelling
(Fig. 2A, section d), decreased ΔΨ (Fig. 2A, section a), and oxidation of pyridine
nucleotides (Fig. 2A, section c). Concentration dependence was qualitatively and
quantitatively similar on a μM/mg of mitochondria basis for brain and heart mitochondria.

IsoKs induce mitochondrial dysfunction in the absence of endogenous Ca2+

Mitochondria were incubated with IsoKs (4 μM) in the presence of EDTA (50 μM) to
eliminate potential effects of low concentrations of Ca2+ or other divalent cations in the
buffer. Under these conditions, IsoKs behaved as weak mitochondrial toxins, initiating
swelling and other swelling-associated dysfunction only after 40 min incubation (Fig. 3A,
data can be compared with effects at 10–15 minutes when Ca2+ is present). Decreases in ΔΨ
and oxidation of pyridine nucleotides also occurred slowly. Similar observations were made
in isolated brain and heart mitochondria (data not shown). To determine whether IsoKs
action might involve endogenous calcium stores, liver mitochondria were incubated with
IsoK in the presence of the Ca2+ ionophore A23187 (0.5 μg/ml) and EDTA (50 μM). IsoKs
were observed to induce slowly evolving dysfunction similar to that described above (Fig.
3B), suggesting that in the absence of another inducer of mPT, such as Ca2+, IsoKs are weak
inducers.

Classical inhibitors and co-inducers provide evidence that IsoK-induced mitochondrial
dysfunction results from induction of the mPT

The mPT has been largely defined and investigated in isolated liver mitochondria.
Therefore, we used this model to test the hypothesis that IsoKs mediate mitochondrial
dysfunction, at least in part, by facilitating induction of the mPT. Addition of the mPT
inhibitor cyclosporin A (CsA) delayed IsoK-mediated mitochondrial swelling and prevented
loss of ΔΨ, Ca2+ release from mitochondria, and the oxidation of pyridine nucleotides (Fig.
4). Two other classical mPT inhibitors, ADP in the presence of oligomycin and Mg2+,
exerted similar protection (data not shown). Two FDA-approved tricyclic drugs,
promethazine and nortriptyline, recently shown in our lab to be mPT inhibitors [25,34] also
provided protection in liver (data not shown) and brain mitochondria (see supplemental).
Surprisingly, these drugs were not effective against the mPT in heart mitochondria (data not
shown).

Conversely, IsoKs accelerated tert-butylhydroperoxide (tBH)-induced swelling of
mitochondria (Fig. 5A and B). Similar effects were observed with Zn2+, which has been
more recently described as an mPT inducer [49,50]. The dose dependence for co-induction
by IsoKs with tBH and Zn2+ had the same pattern as observed for Ca2+. The half maximal
effect of IsoKs was observed at 2.97 ±0.25 and 1.85±0.12 μM for Zn2+ and tBH,
respectively.
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IsoKs effects on mitochondrial calcium dysregulation might be attributed to impairment of
the mitochondrial Ca2+ transport system (which mediates the uptake, release, and intra-
mitochondrial sequestration of Ca2+). A kinetic analysis approach that functionally
distinguishes possible sites of action for mPT modulators was used to further localize the
functional effects of IsoKs on the calcium system. Analysis revealed that IsoK (0.5–4 μM)
did not affect the kinetic parameter k1, which directly relates to the rate of the net Ca2+

uptake (Fig. 6A). This result suggests that IsoKs do not affect the Ca2+-uniporter system. In
contrast, IsoK-mediated acceleration of Ca2+-induced mPT was associated with an increase
of parameter k2. Kinetic parameter k2 is related to the ability of the Ca2+ sequestered by
mitochondria to induce the mPT, and is proportionally dependent on the reaction constant
k2′ (see equation in “Experimental Procedures”). IsoK-mediated increase in parameters k2
(Fig. 6C) through the parameter k2′, thus suggests an increase in [Ca2+] available for mPT
induction. IsoKs did not affect kinetic parameter n (Fig. 6B), which appears to relate to the
number of Ca2+ ions needed to initiate the mPT [41].

IsoKs also facilitate release of cytochrome c from mitochondria through an mPT
dependent pathway

Induction of an mPT is also generally associated with release of cytochrome c, which can
then activate downstream stages of cell death. To determine if IsoKs could also accelerate
cytochrome c release, mitochondria were incubated with 0.5–4 μM IsoKs added 1 min prior
to 5 μM Ca2+, and the extent of cytochrome c release determined. Mitochondria treated with
IsoKs released cytochrome c faster than mitochondria incubated with Ca2+ alone. Samples
treated with 2–4 μM IsoKs (Fig. 7, samples 4,5) underwent observable release of
cytochrome c within 2 min after Ca2+ addition (Fig. 7C). Release of cytochrome c preceded
complete swelling of mitochondria (Fig. 7D), and was inhibited by inhibitors of the mPT.

Modification of mitochondrial respiration is a potential target for IsoKs
We further examined the effect of IsoKs on mitochondrial respiration to provide insight into
potential intra-mitochondrial targets of IsoKs and estimate whether IsoKs affect
mitochondrial respiration with the same efficacy as they act on mitochondrial parameters
tested above. The effects of IsoKs on mitochondrial respiratory parameters were measured
in different metabolic states [state 2 (V2), state 3 (V3), state 4 (V4), and DNP-stimulated
respiration (VDNP)]. Glutamate/malate was used to stimulate respiration initiated at complex
I and succinate and rotenone were used to stimulate respiration initiated at complex II.
Results observed were qualitatively similar for both substrates (Fig. 8A, data for succinate/
rotenone not shown). IsoKs dose-dependently impaired respiration in active states, including
state 3 (coupled to ADP phosphorylation, V3) and DNP-stimulated respiration (VDNP),
suggesting a direct effect of IsoKs on the portion of the electron transport chain between the
Q-cycle and complex IV. In contrast, IsoKs dose-dependently accelerated respiration in
resting states, including state 2 (before ADP addition, V2) and state 4 (after ADP
phosphorylation, (V4), suggesting an increase in futile cycling of calcium or a generalized
proton leak. The RCR, measured as the ratio between rates of respiration in state 3 and 4
(V3/V4), was thus dose-dependently reduced by IsoKs with a maximum effect at 4 μM for
both substrates (Fig. 8B).

Therefore, our data indicated that IsoKs affect mitochondrial respiration with the same
efficacy as they act on mitochondrial, Δψ, redox state of pyridine nucleotides, swelling and
cytochrome c release, suggesting a possible target within respiratory chain as well. It is
widely accepted that mPT induction is associated with an increase of the respiration rate
while we observed quite opposite effect - the inhibition of ADP or DNP-stimulated
respiration. This might suggest the uniqueness of IsoKs as mPT inducers, and represent an
additional evidence of Isok-induced impairment of the respiratory chain.
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Exogenously added cytochrome c restores affected by IsoKs and Ca2+ mitochondrial
respiration

The respiration data described above suggest that there is an effect of IsoKs on the portion
of the electron transport chain between the Q-cycle and complex IV Cytochrome c sits in
this portion of the respiratory chain, has 19 lysine residues and one of these lysines has been
previously shown to be modified by hydroxynonenal [59]. We hypothesized that
cytochrome c might be one of the possible targets of IsoKs within mitochondria.
Specifically, we hypothesized that IsoKs modified cytochrome c, reducing its affinity for the
electron transport chain complex, leading to its release from the complex and thereby
disrupting of respiration. To test our hypothesis, we measured mitochondrial respiration
under conditions when mitochondria undergo mPT, e.g., in the presence of IsoKs (4 μM)
and Ca2+ (20μM) (Fig. 9). As in the above experiments, this treatment was associated with
an impairment of maximal respiration. The addition of unmodified cytochrome c essentially
restored maximal respiration, consistent with our working hypothesis that it is the
modification of cytochrome c that is inhibiting maximal respiration.

Modification of cytochrome c by IsoKs
To further explore our working hypothesis, we used high resolution mass spectrometry to
examine whether IsoKs could adduct with cytochrome c under our assay conditions (i.e.,
incubation of purified cytochrome c with IsoKs), and whether this in vitro modification
would be site-specific. If IsoK-induced modification of cytochrome c is responsible for its
release, then IsoKs would be expected to modify lysine residues that are important for the
interaction of cytochrome c with cardiolipin. Full scans of intact cytochrome c after
incubation with and without IsoKs were acquired in the orbitrap (Fig. 10A and B), and the
results show that IsoK-modified cytochrome c is formed (as indicated by the “*” marks in
Fig. 10B). The molecular masses of unmodified and modified cytochrome c were
determined by Xtract software as 12222.3359 and 12520.5110, respectively. This mass shift
of +298.1751 (Fig. 10C) corresponds to the anhydro pyrrole form of IsoKs (+298.1933) with
a measured mass error of 1.45 ppm. The structures and exact masses of the known forms of
IsoK-lysyl adducts are shown in Fig. 10D as follows from Davies et al. [16].

MS2 spectra generated by selecting the most abundant charge states of unmodified and
IsoK-modified cytochrome c to CID fragmentation provide clues to the possible locations of
the IsoK-lysyl-adduct. Theoretical fragmentation (b and y) ions of cytochrome c were
generated by using the Protein Prospector MS-Product tool
(http://prospector.ucsf.edu/cgi-bin/msform.cgi?form=msproduct), and the measured b and y
ions were compared to the theoretical b and y ions to reveal the location of modification.
Bovine cytochrome c has the sequence
GDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFSYTDANKN
KGITWGEETLMEYLENPKKYIPGTKMIFAGIKKKGEREDLIAYLKKATNE as
obtained from the NCBI protein database (Locus# ABA06541), which has a theoretical
molecular mass of 11565.0280. When this theoretical mass and the measured mass
(12222.3359) are compared, there is a mass discrepancy of 657.3079, which corresponds to
the N-acetyl group (42.0106) and the heme group (615.2973) of cytochrome c. The N-
terminal acetylation of cytochrome c has been well documented in the literature, and the
mass of the heme group agrees with the mass (615±0.4) reported elsewhere [59,60]. The
MS2 fragmentation of the unmodified cytochrome c generated a series of y ions such that
their masses are in agreement with that of the theoretical y ions. However, all of the b ions
measured (from b21 to b62) have a mass shift of 657.1779±0.0044 (see supplemental, Table
1), which is likely due to the fact that the heme group is bound to cytochrome c by three
covalent linkages to Cys14, Cys17, and His18 [61,62]. The MS2 spectra of the IsoK-
modified cytochrome c contain a series of y ions, the masses of which again agree with
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those of the theoretical y ions, but the b ions (b21to b50) have an additional mass shift of
+298.1933 (see supplemental, Table 2), indicating that IsoKs bind to the region spanning
amino acid residues 1–20. There are four lysine residues in this region, namely Lys5, 7, 8,
and 13. This region, particularly the section spanning residues 1–12, appears to be on the
surface of the molecule based on the reported three-dimensional structure of cytochrome c
determined by X-ray crystallography [61,63].

DISCUSSION
Enhanced production of isoprostanes has been shown to be associated with a broad range of
pathological conditions, including ischemia/reperfusion injury, diabetes, inflammatory
vascular diseases, atherosclerosis, and chronic neurodegenerative conditions [14,16–
19,30,51,52]. Since IsoKs are formed as products of the isoprostane pathway, some of the
injurious effects in these conditions may in part be due to the formation of IsoKs owing to
their ability to irreversibly adduct to and crosslink proteins. While the pathobiology of IsoKs
is likely quite complex, in these studies we focused on the effects of IsoKs on mitochondrial
function as mitochondrial dysfunction is a common feature of many disorders involving
oxidative damage.

IsoKs – evidence for action at the level of the mPT
Mitochondria are well established as both a major source and a major target for free radicals
and reactive species. Studies noted in the introduction describe the effects of other aldehydes
on mitochondrial dysfunction, including induction of the mPT. The sensitivity of IsoK-
mediated dysfunction to the classical mPT inhibitor cyclosporin A suggests the involvement
of an mPT-dependent mechanism [54]. This conclusion was strengthened by the data
obtained with other well established mPT inhibitors that act via different mechanisms, ADP
and Mg2+, as well as nortriptyline and promethazine [34]. Although it is difficult to compare
concentrations across studies from different labs and different systems, we note that the
concentrations that accelerate mPT induction are comparable to those that inhibit the Na+

channel [53]. Whether induction of mitochondrial dysfunction by IsoKs could potentially
contribute to IsoK-induced Na+ channel dysfunction is unknown.

IsoKs as probes of the mPT
Mitochondrial calcium metabolism ranges from physiological responses to stimuli to
induction of the mPT by pathophysiological levels of Ca2+. The ability of mitochondria to
take up and retain calcium is in close functional relationship with all-important
mitochondrial functions such as maintenance of ΔΨ and the redox state of pyridine
nucleotides [54,55]. IsoKs dose-dependently reduced mitochondrial ability to maintain ΔΨ,
thus compromising their Ca2+ transporting function and redox state. Compromising the
redox state of pyridine nucleotides has also long been known to increase mitochondrial
sensitivity to other inducers, like Ca2+, and to promote mPT induction [54–58].

Maintaining ΔΨ, in turn, directly depends on respiratory chain function, and the results of
the respiration studies are consistent with the notion that IsoKs affect the mitochondrial
respiratory chain within or downstream of the Q-cycle portion of complex III (Fig. 8). In our
respiration assays, effects at the level of cytochrome c are indistinguishable from those on
complex III itself, indicating feasibility that our respiration effects could be explained by
IsoK-modification of cytochrome c. This working hypothesis is consistent with the nineteen
lysines of cytochrome c, which make it a chemically attractive target. Our data showed that
at least in vitro, IsoKs primarily adducts to a lysine in the N-terminus of the protein, the
portion of the cytochrome c previously established to participate in electrostatic interaction
with cardiolipin, and thereby bind cytochrome c to the outer surface of the inner membrane.
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This interaction is known to be sensitive to peroxidation of cardiolipin, ionic strength,
surface-charge density, and pH [64,65]. It appears a reasonable speculation that modification
of positively charged lysine residues by the negatively charged IsoKs might potentially
disrupt this interaction and facilitate a relatively early cytochrome c release (See Figure 7D,
mitochondria exposed to calcium plus IsoKs release cytochrome c earlier relative to
swelling than those mitochondria exposed to calcium alone). Future studies will, however,
clearly be needed to determine whether cytochrome c or other interacting proteins are targets
of IsoKs modification in mitochondria and how such modification alters their function.
Nevertheless, IsoKs appear to offer insight into involvement of a previously unrecognized
critical lysine residues and the mPT, in much the way as previous studies have implicated
critical thiol, arginine and histidine residues [55–57]. We are continuing to examine these
interactions.

Current Limitations and Future Studies—Further studies are needed in two areas: (i)
to extend these findings from the isolated systems described here to progressively more
(patho)physiologically relevant systems, e.g., intact isolated mitochondria, cell culture, and
eventually animal models of cell death, and; (ii) to determine whether the apparent effect on
cytochrome c is sufficient to underlie the observed effects on mPT or whether there are other
direct targets. For example, it remains possible that cytochrome c release is mediated by
IsoK-induced modification of other structural (protein) components involved in the mPT
that contain lysine residues. For instance, Bernadi et al [54–57] have proposed that
modification of lysine residues of mitochondrial pore structures by any agent may lead to
structural remodeling of mitochondrial domains and subsequent induction of the mPT.

Summary—In summary, the data presented suggest that IsoKs facilitate mitochondrial
calcium dysregulation and promote entry into cell death cascades under pathophysiological
conditions. These effects are broadly conserved across at least three tissues and respond to
known physiological inhibitors and inducers. Although their mechanisms of reaction vary
distinctly from other previously characterized aldehydes that are formed by lipid
peroxidation and disrupt mitochondrial function, their net effect is quite similar. These data
are consistent with a role for IsoK-induced mitochondrial dysfunction during
pathophysiological conditions. The results obtained herein may help shed light on the
mechanisms underlying lipid peroxidation-induced changes in mitochondrial function.
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ABBREVIATIONS

IsoK isoketals, γ-keroaldehydes

mPT mitochondrial permeability transition

ΔΨ membrane potential

tBH tert-butylhydroperoxide

TMRM Tetramethyl Rhodamine Methyl Ester
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DNP dinitrophenol

BSA bovine serum albumin

Cs A cyclosporine A

RCR respiratory control ratio

MS mass spectrometry

CID collision induced dissociation

FDA Food and Drug Administration
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Fig. 1.
IsoKs induce concentration-dependent dysfunction in liver mitochondria. A. Basic
mitochondrial parameters were measured in the presence of Ca2+ either alone or in the
presence of IsoK (0.5–4 μM). Section a. Mitochondrial ΔΨ was measured as changes in
TMRM fluorescence signal Addition of mitochondria into incubation buffer, indicated by
arrow, induced the drop of TMRM signal (i.e., TMRM concentration in the buffer) due to
the accumulation of the dye by mitochondria. The addition of Ca2+ induced an increase of
TMRM signal (TMRM release from mitochondria), which corresponds to lower ΔΨ, and a
subsequent decrease of the TMRM signal, which indicates a restoration of ΔΨ. The final
gradual increase of TMRM signal corresponds to gradual loss of ΔΨ due to Ca2+ induced
damage to mitochondria. Section b. Ca2+ concentration in the mitochondrial suspension was
measured as Ca-Green 5N fluorescence signal. A higher signal corresponds to an increase of
Ca2+ concentration in the buffer. Addition of Ca2+ into incubation buffer induced an
increase of Ca-Green 5N fluorescent signal following by its decrease due to the uptake of
Ca2+ by mitochondria, and gradual increase of Ca-Green 5N signal due to Ca2+ release from
mitochondria. Section c. NAD(P)H autofluorescence signal. A lower signal corresponds to a
more oxidized state of NAD(P)H. The addition of Ca2+ to mitochondria was associated with
gradual decrease in NAD(P)H autofluorescence. Section d. Mitochondrial swelling was
measured as changes in light scattering of the mitochondrial suspension. A decrease in the
fluorescence signal indicates an increase in swelling. Mitochondria were incubated with
succinate (5 mM) under conditions as noted in the Experimental Procedures. Spikes
resulting from additions of Ca2+ and IsoKs to the assay chamber and from removing an
aliquot for cytochrome c detection were manually reduced; arrows are used to indicate
where these manipulations occurred. Applied spike reduction did not affect data analysis.
Representative traces from 6 experiments are shown. B. An extended concentration-
response curve for the swelling response, as determined by following the absorbance signal.
Mitochondria (1mg/ml) were treated with IsoKs (0.1–100 μM) in the presence of Ca2+ (5
μM). IsoKs concentrations above 40 μM are not plotted as they appear to precipitate
mitochondria. Data were calculated as the integrated area under the swelling curve
normalized to the control. A sample without IsoKs was used as the control. Data were
expressed in arbitrary units and plotted as the mean ± sem, N=7, *, p<0.05. C. Calcium
retention time is plotted as a function of IsoKs concentration. Retention time is defined as
the time between Ca2+ addition and complete Ca2+ release. Data were plotted as the mean ±
sem, N=6, *, p<0.05.
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Fig. 2.
IsoKs induce concentration-dependent dysfunction in nonsynaptosomal brain mitochondria.
Mitochondria were challenged with sequential Ca2+ additions (5 μM each) in the presence of
IsoKs (0.5–2 μM, lines 2–5) until Ca2+ was spontaneously released. Mitochondria were
incubated with glutamate/malate (5 mM). To induce complete swelling a non specific pore
forming agent, alamethicin (Ala) was added at the end of each incubation. Sections are the
same as in Fig. 1. Representative traces from 6 experiments are shown. B. Dependence of
brain mitochondria Ca2+ retention capacity on IsoKs concentration. Data were plotted as the
mean ± sem, N=3, *, p<0.05.
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Fig. 3.
IsoKs compromise liver mitochondria function in the absence of Ca2+. A. Basic
mitochondrial parameters were measured in the presence of IsoKs (4 μM). Section a.
Mitochondrial ΔΨ was measured as changes in the TMRM fluorescence signal, as described
in Fig. 1. Section b. NAD(P)H autofluorescence signal. Section c. Mitochondrial swelling
was measured as changes in the fluorescence of the mitochondrial suspension. B. The
mitochondrial parameters in the presence of IsoKs (4 μM), ionophore A 23187 (0.5 μg/ml),
and EDTA (50 μM). Sections are the same as in panel A. Representative traces from 3
experiments are shown.
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Fig. 4.
Cyclosporin A delays IsoK-mediated mitochondrial dysfunction in liver tissue.
Mitochondrial parameters were measured in the presence of Ca2+ (5 μM) and IsoKs (2 μM)
in the presence or absence of cyclosporin A (0.5 μM, line 2). Sections are the same as on
Fig. 1. Representative traces from 3 experiments are shown.
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Fig. 5.
Dependence of Zn2+- and tBH-induced swelling of liver mitochondria on the presence of
IsoKs. A. An extended concentration-response curve for the swelling response, as
determined by following the absorbance signal. Mitochondria were treated with IsoKs (0.1–
100 μM) in the presence of Zn2+ (2 μM). IsoKs concentrations above 40 μM are not plotted
as they appear to precipitate mitochondria. Data were calculated as the integrated area under
the swelling curve normalized to the control. A sample without IsoKs was used as the
control. Data were expressed in arbitrary units and plotted as the mean ± sem, N=5, *, p <
0.05. B. An extended concentration-response curve for the swelling response, as determined
by following the absorbance signal. Mitochondria were treated with IsoKs (0.1–100 μM) in
the presence of tBH (100 μM) and Ca2+ (2 μM). IsoKs concentrations above 40 μM are not
plotted as they appear to precipitate mitochondria. Data were calculated as described above
and plotted as the mean ± sem, N=3, *, p < 0.05 compare with IsoKs untreated
mitochondria.
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Fig. 6.
IsoKs accelerate the rate of the mPT induction but not the order of the reaction. A.
Dependence of k1 (the Ca2+ uptake rate) on the presence of IsoKs. B. Dependence of n (the
reaction order) on the presence of IsoKs. C. Dependence of k2′ (rate of the mPT induction)
on the presence of IsoKs. The kinetic analysis was performed using a recently introduced
kinetic model (54). The model functionally resolves possible sites of action for different
mPT modulators.

where [MH-(Ca2+)i]A represents the population of active, unswollen mitochondria ([MH]A),
i being the number of Ca2+ already adsorbed by a given mitochondria. Ca2+ uptake occurs
during the k1 step shown in scheme as formation of [MH-(Ca2+)i+1]A, and it initiates the
mPT process that we describe as a sequence of two steps. The k2 step is rate-limiting step of
the mPT induction that results in the formation of the intermediate state [MH]I and depends
on the reaction constant k2′. The next step (kp) leads to the formation of a population of
inactive (swollen) mitochondria, represented as [MH]N, with all Ca2+ released back to the
medium. [Ca2+]out is the concentration of free Ca2+ in the medium, available for absorption
by mitochondria. Data were plotted as the mean ± sem, N=3, *, p < 0.05 compare with
IsoKs untreated mitochondria.
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Fig. 7.
IsoKs accelerate cytochrome c release from liver mitochondria. A. Changes in the
absorbance of a mitochondrial suspension treated with Ca2+, either in the absence (line 1) or
presence of IsoKs (0.5–4 μM), (lines 2–5). Samples (50 μL) were taken every 3 min before
or after Ca2+ addition. Cytochrome c concentration was measured by immunoassay kit. B.
Dependence of the time of maximum cytochrome c release on the presence of IsoKs. C.
Cytochrome c was released into the medium after the addition of Ca2+ and IsoKs. D.
Relationship between the concentration of cytochrome c released into the medium and
mitochondrial swelling. Data were plotted as the mean ± sem, N=3, *, p < 0.05 compare
with IsoKs untreated mitochondria.
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Fig. 8.
IsoKs affect mitochondrial respiratory parameters. Mitochondrial respiration was measured
in the presence of IsoKs (0.5–4 μM). A. Isolated liver mitochondria (0.25 mg/ml) were
supplemented with the complex I substrate glutamate/malate (5 mM). The incubation buffer
also contained 2 mM KH2PO4, 3 μM EDTA. The rate of mitochondrial respiration in the
presence of substrates corresponds only to state 2 (V2). Addition of ADP (200 μM) initiated
ATP synthesis coupled to proton reentry across the membrane, which corresponds to state 3
(VADP or V3). ADP exhaustion led to the reduction of respiratory rate and corresponds to
state 4 (V4). Addition of DNP (20 μM) is followed by state 4. Data are expressed as a
percentage change of respiration parameters in the presence of IsoKs compare with IsoKs
untreated mitochondria and plotted as a mean ± sem, N=3, *, p < 0.05. B. RCR was
calculated as the ratio between the rates of respiration in state 3 and 4. Data plotted as a
mean ± sem, N=3, *, p < 0.05 compare with IsoKs untreated mitochondria.
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Fig. 9.
Addition of exogenous cytochrome c restores mitochondrial respiration affected by IsoKs
and Ca2+. Line 1 represents mitochondrial respiration measured in the presence of Ca2+ (20
μM), line 2 – in the presence of IsoKs (4 μM) and Ca2+, line 3 - in the presence of IsoKs (4
μM) and Ca2+ and exogenously added cytochrome c (10 μM). Experimental conditions were
the same as on Fig. 1. Representative traces from 3 experiments are shown.
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Fig. 10.
High resolution mass spectrometry reveals IsoKs adducts on intact cytochrome c. Full scans
of intact cytochrome c after incubating with and without pre-incubations with IsoKs. A. The
full scan of the cytochrome c control sample (containing no IsoKs). B. The full scan of the
cytochrome c sample preincubated with IsoKs. Peaks labeled with ‘*’ represent the IsoK-
modified cytochrome c. Representative traces from 3 experiments are shown. C. The result
of B analyzed by Xtract software. The masses shown in C are uncharged molecular masses.
D. Structures and masses of known IsoK-lysyl adducts.
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