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Analysis of cardiolipin in human muscle biopsy
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Abstract

Cardiolipin is a phospholipid that is specific to the inner mitochondrial membrane and essential for numerous mitochondrial functions. Accord-
ingly, a quantitative assay for cardiolipin can be a valuable aspect of assessing mitochondrial content and functional capacity. The current study
was undertaken to develop a simple and reliable method for direct analysis of the major molecular species of cardiolipin and with particular
application for analysis of human skeletal muscle. The method that is presented is based on derivatization of cardiolipin in a total lipid extract
with 1-pyrenyldiazomethane (PDAM), to form stable, fluorescent 1-pyrenylmethyl esters. The derivatization reaction takes 30 min on ice in a
two-phase system (chloroform:methanol:H2O:H2SO4) containing 0.5–1.0 mM PDAM and detergent. The contents of the major cardiolipin species
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n the derivatization mixture can be estimated by HPLC separation with fluorescent detection during a 20 min run on a reverse phase
ith HPLC grade ethanol/0.5 mM H3PO4 as the mobile phase. The recovery is about 80%. The method is specific and sensitive with qua

imits of 0.5–1 pmol cardiolipin. The response of the fluorescence detector (peak area) is linear across a range 5–40 pmol. The assay
he range between 0.3 and 3.0 mg of tissue (R2 = 0.998). The assay provides good reproducibility and accuracy (within 5–10%).
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. Introduction

Cardiolipin is a phospholipid that is contained within mito-
hondria[1–6]. Structurally, cardiolipin contains two phospho-
us and four fatty acyls and in mammalian heart or liver mito-
hondria, linoleic acid accounts for up to 85% of the fatty acid
esidues of cardiolipin[1,7]. It is synthesized in mitochondria
2,7,8] and has been found to be an essential structural compo-
ent of the inner mitochondrial membrane[1,6], modulating and
tabilizing activity of the complexes of the mitochondrial elec-
ron transport chain[9–13]. Phospholipid reconstitution experi-
ents reveal that cardiolipin is integral to all basic mitochondrial

unctions, including electron transport, ATP synthesis, and sub-
trate transport[1,14,15]. Cardiolipin also provides the binding
ite for cytochromec to the inner mitochondrial membrane
16,17]. Other possible roles of cardiolipin in mitochondria
nclude modulation of proton leak[18] and participation in the
arly events of apoptosis[3,19–22]. In mitochondria from rab-
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bit myocardium, cardiolipin accounts for 16% of total lip
phosphorus[23]. Because cardiolipin is unique to the in
mitochondrial membrane, and moreover, is present within
membrane in a relatively fixed ratio relative to protein and o
lipids, a determination of the amount of cardiolipin provide
quantitative assessment of the amount of inner mitochon
membrane. In support of this concept, cardiolipin conten
tissue has been found to correlate with activity of the elec
transport chain[24]. In Barth’s syndrome, a rare genetic disor
causing deficiency of cardiolipin, the clinical symptoms refl
impaired mitochondrial function[25]. Because of this potenti
to serve as a bio-marker of the inner mitochondrial memb
a sensitive, reliable and ideally, a simple assay for quantity
composition of cardiolipin could be a valuable tool in clini
investigation of mitochondrial diseases[26], as well as in mor
basic research.

The objective of the current studies was to develop a
diolipin assay for use in skeletal muscle, with sufficient se
tivity to be useful for small biopsy samples obtained in c
ical research. Recently developed procedures for analys
cardiolipin combine HPLC with mass spectroscopic detec
E-mail address: ritov@pitt.edu (V.B. Ritov). (LC–MS) [27,28]. However, currently this instrumental com-
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bination is not widely available. More commonly available is
HPLC chromatograph equipped with either UV- or fluorescence
detector. Fluorescent derivatization provides a high sensitivity,
and the possibility to monitor various molecular species of car-
diolipin. Schlame and Otten[29] developed a general approach
for derivatization of cardiolipin that was later evolved into a
highly sensitive HPLC-based assay for cardiolipin in biologi-
cal samples. That procedure uses a two-step derivatization of
cardiolipin to produce a fluorescent derivative, 2-(naphthyl-1′-
acetyl)-cardiolipin dimethyl ester[30]. A drawback of the first
step of this procedure is diazomethane treatment of the lipid
extract. Diazomethane is an unstable and potentially explosive
gas that needs to be prepared before each experiment. Thus, it
would be advantageous to find alternative approaches. Another
limitation is that the procedure is time consuming, including two
derivatization steps and two intermediary purification steps by
SPE, plus the need to heat the reaction mixture for 2 h at 40◦C
[30].

Therefore, the goal of the current study was to explore the
possibility of achieving fluorescent derivatization of cardiolipin
with a simplified procedure and without need for diazomethane,
yet retaining the high sensitivity of the previously established
HPLC-based method. The approach presented in this report per-
mits direct analysis of the major molecular species of cardiolipin
in a lipid extract prepared from just 1–2 mg of human mus-
cle tissue. A key point is the use of 1-pyrenyldiazomethane for
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2.3. Research volunteers

Volunteers were recruited and medically screened. Partici-
pants were of stable weight, in good general health and with
normal values for hematological, renal, thyroid and hepatic func-
tion. The University of Pittsburgh Institutional Review Board
approved the investigation, and all volunteers gave informed
written consent. Tissue from thevastus lateralis portion of
quadriceps femoris muscle was obtained after an overnight fast
using the percutaneous biopsy technique of Bergstrom[31].
Samples were frozen in liquid nitrogen and kept at−80◦C until
analysis.

2.4. Creatine kinase assay

Activity of creatine kinase was measured using an HPLC-
based assay as previously described[32].

2.5. Estimation of lipid phosphorus

An aliquot of a lipid solution was dried in a Pyrex tube
and after mineralization of the residue by HClO4 at 190◦C for
40 min, the phosphomolybdate/ascorbate assay was used to esti-
mate inorganic phosphate[33].

2.6. Lipid extraction

pre-
p
a g of
t ito-
c
c
a
( ded
t id in
fi ivati-
z was
d
i tan-
d for
c
d T
w son-
i n-
n
g the
p total
v
t d by
2
i
fi
f .

solid
r was
b med
one-step fluorescent derivatization of cardiolipin. Using
erivatization approach, cardiolipin can be analyzed by fluo
ent HPLC without preliminary separation and purification
uorescent cardiolipin derivatives.

. Materials and methods

.1. Reagents

Cardiolipin standards, bovine heart cardiolipin (BH-C
etralinoleoyl cardiolipin (TL-CL), tetramyristoyl cardiolip
TM-CL) and tetraoleoyl cardiolipin (TO-CL) were purchas
rom Avanti Polar lipids Inc. (Alabaster, AL) and used with
urther purification. The concentration of cardiolipin in th
tandards was estimated on the basis of phosphorus
is. HPLC grade chloroform, stabilized by 0.7% ethanol
btained from Fisher Scientific (Pittsburgh, PA). Other HP
rade solvents and reagents were purchased from Sigma C
als, (St. Louis, MO). 1-Pyrenyldiazomethane (PDAM) (Mo
lar Probes, Eugene, Oregon) was used without further p
ation.

.2. HPLC equipment

A Shimadzu high performance liquid chromatograph (m
C-10AT vp) equipped with an autosampler (model SIL-10A
nd a tray cooler, and a Shimadzu fluorescence detector (
F-10Axl) and a Waters UV–vis detector (model 486) was

or these studies. The analog signal of the detectors was
essed and stored in digital form with Shimadzu Class-VP
are (Shimadzu Scientific Instruments Inc., Columbia, MD
-
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i-

-
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-
-

For lipid extraction we used particulate fraction that was
ared from tissue homogenate as described earlier[32,34]. An
liquot of the particulate fraction, corresponding to 1–3 m

issue (wet weight) and containing more then 95% of tissue m
hondria[35], was re-suspended in 500�l of washing medium
ontaining 10 mM EDTA and 0.1 mg/ml BSA, (pH 8.3 at 21◦C)
nd then was centrifuged for 20 min at 4◦C at 22 000 rpm
45 000× g) in an Heraeus Stratos Biofuge. BSA was ad
o washing medium to decrease the content of free fatty ac
nal lipid extract because free fatty acids can react with der
ation reagent (PDAM). After centrifuging the supernatant
iscarded, and 40�l of methanol, 10�g BHT (1�l, 10 mg/ml

n methanol) with 100–300 pmol of TO-CL as an internal s
ard (1–3�l, 100�M in ethanol) was added to the pellet
hloroform/methanol extraction or 20�l of 5% n-dodecyl�-
-maltoside in H2O with the same amount of TO-CL and BH
as added for 2-propanol/hexane extraction. The pellet was

cated under nitrogen for 2–3 min at 4◦C using a horn probe co
ected to a Torbeo 36810 (Cole-Parmer,www.coleparmer.com)
enerator that was set to maximum power (20 dB). Then
ellet was extracted by chloroform/methanol mixture (2:1;
olume 300�l) according to modified Folch et al.[36] procedure
hat did not include a final wash, or the pellet was extracte
-propanol/hexane mixture (2:3; total volume 500�l) accord-

ng to the procedure of Kolarovic and Fournier[37]. The lipid
lm obtained after extraction was dissolved in 330�l of a chloro-
orm: methanol mixture (2:1) and kept at−80◦C under nitrogen

Second 2-propanol/hexane extraction after treatment of
esidue by proteinase K. To address whether cardiolipin
eing fully extracted, additional experiments were perfor

http://www.coleparmer.com/
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using the solid residue remaining after the first lipid extraction
(2-propanol/hexane extraction in the presence of dodecyl mal-
toside). This solid residue was dried in a Speed Vac. This dry
pellet was incubated with 20�l of the solution of proteinase
K (250 U/ml) for 120 min at 30◦C under nitrogen and then
extracted by 2-propanol/hexane mixture in the presence of inter-
nal standard. The lipid film was re-extracted using Folch et al.
procedure to remove residual products of proteolysis.

2.7. Preparation of red cell membranes and red cell lipid
extract

Fresh blood from healthy human donor was collected and
used immediately. All manipulations were on ice. Plasma and
buffy coat were separated from the cells after a 15 min cen-
trifugation at 1500× g. The cells were washed three times in
5 volumes of buffer, which contained: 150 mM NaCl, 5 mM
NaPi, (pH 8.0). Cell membranes (ghost) were prepared by lysis
of washed cells in hypotonic phosphate buffer (5 mM NaPi, pH
8.0) according procedure[38]. Lipids from red cell membranes
were extracted by using chloroform/methanol procedure.

2.8. Derivatization of cardiolipin in total lipid extract

The lipid film obtained after a lipid extraction was dissolved
in 330�l of a chloroform:methanol mixture (2:1). Two 150�l
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80�l of tetrahydrofuran. At this point, samples can be stored at
−80◦C under nitrogen without deterioration for several weeks.
Prior to HPLC, the samples were diluted by 20�l of H2O, and
transferred to autosampler glass vials using a Pasteur pipette.

2.9. Preparation of 1-pyrenylmethyl ester derivative of
TO-CL

1-Pyrenylmethyl tetraoleoyl cardiolipin was prepared by
derivatization of 250�g (0.167�mol) of tetraoleoyl cardiolipin
by PDAM in a molar ratio of 1:10. The standard procedure
was scaled upward by a factor of 10, except that the quantity
of detergent in the assay was kept the same. The derivative
was purified using a SPE procedure on a C-18 reverse phase
cartridge (Sep-Pak Cartridge C18, Waters,www@waters.com).
The cartridge was first washed with 100% tetrahydrofuran and
then preconditioned with 60% tetrahydrofuran. The chloroform
phase from the derivatization mixture was evaporated and solid
residue was re-dissolved in 0.6 ml of tetrahydrofuran. This solu-
tion was then mixed with 0.4 ml of water and applied onto the
pre-conditioned cartridge. After application of the sample, the
cartridge was washed by 5 ml of 60% tetrahydrofuran. The car-
diolipin derivative was eluted from the cartridge by 2 ml of 100%
tetrahydrofuran. The product showed essentially a single peak
under HPLC reverse phase separation, with absorbance detec-
tion at 205 or 342 nm (purity 95% at 342 nm) (Fig. 1B). The
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liquots of the lipid solution were transferred to glass tube
ach aliquot, 6�l of 50 mM H2SO4 was added and the mixtu
as vortexed to form a single phase. The tubes were all

o stand for 5 min on ice to complete ion-exchange, follow
hich, the solution was mixed with 100�l H2O or with 100�l
f water solution ofn-dodecyl�-d-maltoside (10 mg/ml). Th
ddition of this detergent is essential for derivatization of l
xtracts prepared in the absence ofn-dodecyl�-d-maltoside
f lipids were extracted in the presence ofn-dodecyl �-d-
altoside, the final lipid extract already contained a suffic
mount of detergent. The presence of a water phase extrac

uric acid and sulfates from the chloroform phase and prov
onditions for derivatization. The detergent facilitates mix
f the two phases: aqueous and organic (see Section3). The
ixture was vortexed and then centrifuged for 2 min in a Sp
ac (at∼3000 rpm, no vacuum) to achieve separation of the
hases and to collect the bulk of chloroform at the bottom o

ube. Both phases were left in the tube for the next step. A
oform solution of PDAM (2.5–5.0�l; 1.0 mg/ml) was added
he chloroform phase on the bottom of the tube. The tubes
gitated manually for 2–3 s, vortexed for 20 s, and then pl

or 30 min on ice, under nitrogen, to complete the derivatiza
wo microliters of concentrated acetic acid were added at th
f this incubation. The resulting mixture was vortexed and
n ice for 5 min to eliminate the excess of PDAM in the reac
ith acetic acid. Then, 100�l of chloroform plus 500�l of 50%
ethanol in water was added, tubes were vortexed, and the

rifuged for 2 min in a Speed Vac (at∼3000 rpm, no vacuum
fter phase separation, the chloroform phase was transf

o glass tubes and the solvent was evaporated using a
ac vacuum concentrator. The solid residue was re-dissolv
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alculated yield of 1-pyrenylmethyl tetraoleoyl cardiolipin w
pproximately 70% of the theoretical.

.10. HPLC separation

Aliquots of prepared samples (2–10�l) were injected
nto a C-18 reverse phase column (Zorbax XDB-C
.6 mm× 150 mm; Agilent Technologies,www.agilent.com
hem). The column was protected by a guard cartridge (Ec
DB-C18; Agilent Technologies) and was connected to fluo
ence and UV detectors. The column was eluted (1 ml/min)
obile phase composed of HPLC grade ethanol and 0.5
3PO4. In the eluate, fluorescence of 1-pyrenylmethyl e
erivatives of cardiolipin was monitored at an emission
95 nm, after excitation at 340 nm. The UV detector was
t 205 or 342 nm. All separations were performed at a s
mbient temperature (21◦C).

. Results and discussion

.1. Fluorescent derivatization of cardiolipin

The first objective was to assess whether a fluores
erivatization of cardiolipin could be obtained using
yrenyldiazomethane. PDAM readily reacts with carbox
cids, including prostaglandins, at room temperature and
ut need for a catalyst[39–41]. The resulting esters a
ighly fluorescent and stable[39]. The diazomethyl analo
f PDAM, 9-anthryldiazomethane, has been used to o
fluorescent derivative of polyphosphoinositides and p

hatidic acid [42,43]. Initial attempts at the incubation

mailto:www@waters.com
http://www.agilent.com/chem
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Fig. 1. (A) Fluorometric detection of 1-pyrenylmethyl ester derivatives of bovine heart cardiolipin (trace 1) in the derivatization mixture using HPLC separation on
reverse phase column. Twenty nanograms of derivatized bovine heart cardiolipin standard was injected. Derivatization was performed without addition of cardiolipin
(trace 2), or PDAM was preliminarily exhausted in reaction with acetic acid (trace 3). (B) Reverse phase separation of purified 1-pyrenylmethyl esterderivative of
tetraoleoyl cardiolipin. Injected amount: 100 pmol. Absorbance at 342 nm.

1-pyrenyldiazomethane with cardiolipin standards, including
bovine heart cardiolipin obtained from Avanti Polar Lipids as
a sodium salt, did not result in the formation of 1-pyrenylmethyl
ester derivatives of cardiolipin. This was regardless of the type of
solvent that was used for the derivatization mixture (chloroform,
ethyl acetate or chloroform/methanol mixture). However, if car-
diolipin derivatization takes place within in a two-phase solvent
system (chloroform and H2O/methanol), and in the presence
of H2SO4, it was found that the 1-pyrenyldiazomethane easily
reacts with cardiolipin to form fluorescent derivatives, and that
this occurs even carrying out the reaction on ice. The derivatives
of the various molecular species of cardiolipin can be monitored
by an isocratic, reverse-phase HPLC separation with fluores-
cence or UV detection, using HPLC grade ethanol containing
0.5 mM H3PO4 as a mobile phase.

In Fig. 1A (trace 1), a typical chromatogram is presented,
obtained after reverse-phase separation of a 10�l aliquot of
the derivatization mixture, containing 20 ng of a highly purified
preparation of commercially obtained bovine heart cardiolipin.
Several peaks with retention times from 8 to 15 min, corre-
sponding to the different molecular species of cardiolipin can
be identified. To verify that these peaks corresponded to car-
diolipin derivatives, it was shown that there were not peaks in
this region when derivatization was performed without either the
addition of cardiolipin (trace 2), or if PDAM was preliminarily
exhausted in reaction with acetic acid (trace 3). Tetraoleoyl car-
d dar
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F CL
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o r U
d pm
o

Derivatized lipid extracts from human skeletal muscle
revealed the same set of cardiolipin peaks as did bovine heart
cardiolipin standards, though in slightly different proportions
for the molecular species. InFig. 2A (trace 1), a typical chro-
matogram is presented, obtained with fluorescent detection dur-
ing reverse phase separation of a 10�l aliquot of the derivatiza-
tion mixture. This mixture contained the total lipid extract from
∼0.15 mg (wet weight) of human skeletal muscle (0.75 nmol
lipid phosphorous) plus 13 pmol of tetraoleoyl cardiolipin as
an internal standard. The retention times for the major peaks
(peaks I–III) corresponding to the 1-pyrenylmethyl ester deriva-
tive of cardiolipin species in tissue lipid extract, are in a range
from 8 to 14 min and are located between TM-CL and TO-CL
standards (Fig. 2B, trace 1). These same peaks can be seen
on the chromatogram obtained with UV detection at 342 nm
(Fig. 2A, trace 2). The identity of the cardiolipin peaks was
established on the basis of retention times. The major cardi-
olipin peak (peak I) in the tissue extract had the same retention
time (9.3 min) as tetralinoleoyl cardiolipin (Fig. 2B, trace 2).
The finding that tetralinoleoyl cardiolipin is the major peak in
human skeletal muscle is consistent with a previous analysis
of cardiolipin species in this tissue[30]. The other prominent
peaks (II and III), also identified from relative retention times
and height, are trilinoleoyl-oleoyl cardiolipin and dilinoleoyl-
dioleoyl cardiolipin, respectively[30].

The cardiolipin assay that was developed combines two pro-
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f
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iolipin was used in these experiments as an internal stan
nd it was observed that following its derivatization, there
single fluorescence peak (and a single absorbance peak
retention time of approximately 15 min. This is illustrate
ig. 1B, in which a chromatogram for 1-pyrenylmethyl-TO-

s shown that was prepared by derivatization and purifica
n an SPE cartridge. The response of the fluorescence o
etector (peak area) was linear across a range from 5 to 40
f injected 1-pyrenylmethyl-TO-CL (R2 = 0.999).
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edures, conversion of cardiolipin to an acidic form followed
erivatization. The first step, that of the conversion of cardio

o an acidic form, was achieved in a one phase mixture b
ddition of a small aliquot of 50 mM H2SO4 to the lipid solution

n chloroform/methanol. The presence of methanol was fo
o be essential for a high yield of cardiolipin derivatives. T
s because methanol helps to form a one-phase mixture n
or effective ion exchange between cardiolipin and H2SO4. The
ffect of H2SO4 concentration on the yield of 1-pyrenylmet
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Fig. 2. (A) Detection of cardiolipin in lipid extract from human skeletal muscle. Aliquot of derivatized lipid extract (corresponding∼0.17 mg tissue wet weight)
and containing 13 pmol of tetraoleoyl cardiolipin (TO-CL) as internal standard was applied on the column. Absorbance at 342 nm. Peaks I–III are cardiolipin
molecular species corresponding to the 1-pyrenylmethyl ester derivative of tetralinoleoyl-, trilinoleoyl-oleoyl- and dilinoleoyl-dioleoyl cardiolipin, respectively. (B)
1-Pyrenylmethyl ester derivatives of cardiolipin standards and cardiolipin molecular species in lipid extract from human muscle. (1) Lipid extract corresponding
to 0.1 mg of tissue (wet weight) plus 10 pmol of tetraoleoyl cardiolipin (TO-CL) as internal standard; (2) 15 pmol of tetralinoleoyl-cardiolipin and (3) 15 pmol of
tetramyristoyl-cardiolipin. Peaks I–III are cardiolipin molecular species in the lipid extract corresponding to the 1-pyrenylmethyl ester derivative of tetralinoleoyl-,
trilinoleoyl-oleoyl- and dilinoleoyl-dioleoyl cardiolipin, respectively.

ester derivatives of cardiolipin in a two-phase system can be seen
in Fig. 3. In the absence of H2SO4, the product yield is low. Prod-
uct yield is sharply increased after the addition of 3�l of 50 mM
H2SO4. An increase in H2SO4 concentration by factor of two or
three had no additional effect on yield (Fig. 3). Hydrochloric or
phosphoric acids, when tested, showed significantly less effect
to increase yield of product than did H2SO4.

The second step is cardiolipin derivatization. A necessary
condition for a smooth derivatization of cardiolipin by PDAM

F 1-
p stan
d
d
( ation
m

is the formation of two phases (chloroform and H2O/methanol).
Even after conversion of cardiolipin to an acidic form by H2SO4-
treatment, a derivatization reaction carried out in a one-phase
system (chloroform or ethyl acetate) during 2 h on ice, or at
30◦C, was found to yield a negligible amount of cardiolipin
derivatives. Formation of a two-phase system was achieved by
the addition of an excess of water (see Section2) to a solution
of lipid in a chloroform/methanol/H2SO4 mixture.

Tetraoleoyl cardiolipin was used as an internal standard in our
method. Human muscle normally contains only trace amounts
of this molecular form of cardiolipin, making it a good choice
to use as an internal standard. Another choice is tetramyristoyl
cardiolipin, and this is also commercially available, and not nor-
mally present in tissue (Fig. 2B). A major problem of analytical
methods that are based on fluorescent derivatization can be inter-
fering peaks caused by derivatization reagents[41]. Fortunately,
because of the high molecular mass of cardiolipin, interferences
due to the derivatization mixture were found to not be an issue
because these components have substantially shorter retention
times than do the cardiolipin derivatives. The column load and
accordingly, the sensitivity of the assay can be increased with a
reduction in PDAM concentration in the derivatization mixture
from 5.0 to 2.5�g per assay.

3.2. The specificity of cardiolipin assay

ed
b xyl
g lop-
m d was
w tifi-
c in
ig. 3. Effect of H2SO4 on derivatization of bovine heart cardiolipin by
yrenyldiazomethane. Two hundred nanograms of bovine heart cardiolipin
ard was derivatized by 1-pyrenyldiazomethane in the absence of H2SO4 in the
erivatization mixture (3) or in the presence of 3 or 6�l aliquot of 50 mM H2SO4

1 and 2, respectively) and then the aliquot equivalent to 10% of derivatiz
ixture was applied on the column.
-

Cardiolipin is not only lipid that that can be derivatiz
y PDAM. Other lipids containing free phosphate or carbo
roup also can react with PDAM and therefore, in the deve
ent of this assay it a question that needed to be addresse
hether such derivatives might interfere in the HPLC iden
ation of cardiolipin. To probe the possibility of interference
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the cardiolipin assay, red blood cells, which do not contain mito-
chondria but do contain all basic membrane lipid classes except
cardiolipin[44], were used. A lipid extract from red cell mem-
branes (ghosts) was derivatized in the presence or in the absence
of internal cardiolipin standard (TM-CL). Derivatized lipids
from red cells (20�g) do not show interfering peaks with reten-
tion times close to those for cardiolipin. In the lipid extract from
red cells to which an internal cardiolipin standard, was added,
the cardiolipin peak can be identified, which demonstrates the
specificity of this assay for cardiolipin (data not shown).

3.3. Calibration of fluorescence and absorbance detectors

To quantitate cardiolipin molecular forms with fluores-
cence or UV detector, a purified (HPLC purity∼95%) 1-
pyrenylmethyl ester derivative of TO-CL was prepared as
described in Section2. A solution of 1-pyrenylmethyl ester
derivative of TO-CL dissolved in ethanol/tetrahydrofuran mix-
ture (10:1, v/v) was used to calibrate fluorescence or UV detec-
tor. Analysis of the phosphorus content was used to estimate
the concentration of the 1-pyrenylmethyl ester derivative of TO-
CL in the stock solution. InFig. 4, the absorbance spectrum
of a 1-pyrenylmethyl ester derivative of TO-CL is presented.
The spectrum is typical for pyrenyl derivatives, with character-
istic peaks at 276 and 344 nm. The specific fluorescence peak
area for 1-pyrenylmethyl-TO-CL that was estimated from the
c ance
p areas
o u-
l cent
p on of
c tec-
t 6 is
s lent
t ec-
t

F Sol-
v thyl-
t yl-
t

Fig. 5. Suggested structure of di-(1-pyrenylmethyl) ester derivative of cardi-
olipin.

3.4. Stoichiometry of reaction between PDAM and
cardiolipin

The stock solution of 1-pyrenylmethyl ester derivative of
TO-CL was also used to estimate the molar extinction coef-
ficient at 344 nm (ε344) (Fig. 4). The analysis of phosphorus
and pyrenyl absorbance showed that the molar extinction coeffi-
cient of 1-pyrenylmethyl ester derivative of TO-CL at 344 nm is
81 900 cm−1 M−1. This value is approximately two-fold higher
than the corresponding value for various types of molecular
probes that contain only one pyrenyl residue per molecule
(35–41 000 cm−1 M−1) [45]. A two-fold higher molar extinction
coefficient for cardiolipin derivatives indicates that the deriva-
tization product of cardiolipin obtained with PDAM is actually
a di-(1-pyrenylmethyl) ester derivative, one that contains a 1-
pyrenylmethyl on both phosphates of cardiolipin (Fig. 5). Fur-
thermore, this derivatization converts cardiolipin from an acidic
to a neutral form and consistent with this, the addition of phos-
phoric acid to the mobile phase did not affect the retention time
for 1-pyrenylmethyl-cardiolipin on a reverse phase column (data
not shown).

3.5. Improving the yield and reproducibility of the assay

The reaction between PDAM and cardiolipin was found to
t lated
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use of an internal standard provides good reproducibility and
accuracy (within 5–10%) of assay. The recovery of the internal
standard (TO-CL) across the whole procedure, including lipid
extraction and derivatization, is approximately 80%.

The cardiolipin assay was observed to have a wide dynamic
range. The amount of muscle TL-CL detected by the assay was
highly linear across a range from 2.5 to 25 nmol of total tissue
lipid phosphorus (R2 = 0.998). With respect to human skeletal
muscle, this range corresponds to 0.3–3 mg of tissue wet weight.

3.6. Probing a possible effect of adventitious cations of
transition metals on cardiolipin assay

In the preparation of the tissue samples there is a potential for
contamination by adventitious cations of transition metals, enter-
ing the sample from sources such as the stainless steel shearing
assembly of the Polytron homogenizer. Cations of iron or nickel
could interfere with the cardiolipin assay if these became tightly
bound to the cardiolipin phosphate moiety since this would hin-
der derivatization. To examine the sensitivity of the cardiolipin
assay to the presence of transition metals, FeSO4 was used as
a source of transition metal and 8-hydroxy-5-quinolinesulfonic
acid was added as a chelating agent[46]. The addition of FeSO4
to the chloroform/methanol solution in a molar ratio to car-
diolipin of 1:1 had no effect on the yield of the cardiolipin
derivative. Also, the addition to the water phase of 2.5 mM of 8-
h
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Fig. 6. Extraction of cardiolipin by 2-propanol/hexane mixture in the presence
of n-dodecyl�-d-maltoside. Aliquot of derivatized lipid extract (corresponding
0.1 mg of tissue wet weight) and containing 10 pmol of tetraoleoyl cardiolipin
(TO-CL) or containing the mixture of 10 pmol of tetraoleoyl cardiolipin (TO-
CL) plus 10 pmol of tetramyristoyl cardiolipin (TM-CL) was applied on the
column. (1) First lipid extraction and (2) second lipid extraction after digestion
of residue from first extraction by proteinase K (second extract reveals only
traces amount of cardiolipin).

tion of the protein residue, obtained after first 2-propanol/hexane
extraction by proteinase K[48], did not release additional
cardiolipin (Fig. 6). The 2-propanol/hexane procedure can be
recommended for extraction of isolated sub-cellular fractions.
The chloroform/methanol procedure can be recommended for
extraction of tissue homogenates and cell cultures. The chlo-
roform/methanol procedure provides lower fluorescent back-
ground in the chromatograms, probably as result of better sepa-
ration of lipids from non-lipid contaminates.

3.8. Analysis of cardiolipin in biopsy from human skeletal
muscle

The derivatization of cardiolipin with PDAM provides a sen-
sitivity that is sufficient to estimate cardiolipin content in a
0.5–1 mg wet weight sample of human skeletal muscle. It can
be estimated that this amount of tissue contains 150–300 ng
(100–200 pmol) of cardiolipin. It is important to know the mini-
mal weight of the tissue sample that can be used for an accurate
analysis of cardiolipin content in muscle. To estimate hetero-
geneity in the distribution of cardiolipin in small samples of
tissue, three fragments, each of∼1–4 mg wet weight, were taken
randomly from the same biopsy sample. The tissue samples were
homogenized and separated by centrifugation into particulate
and soluble fractions, as described earlier[32,34]. The super-
natant was used for determination of creatine kinase activity
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Table 1
Analysis of cardiolipin content in the tissue samples taken randomly from the same biopsy

Tissue samplea (mg w-w) Creatine kinase (U/sample) Cardiolipin (pmol/sample) Cardiolipin (pmol/mg w-w) Cardiolipin (pmol/U CK)

1.0 4.5 190.0 190.0 42.4
1.8 11.2 516.8 287.1 46.1
3.9 16.5 851.7 218.4 51.7

a Wet weight.

latter reflecting the content of muscle fibers in the biopsy sam-
ple [49]. As revealed in this comparison, expressing cardiolipin
content relative to CK activity has an advantage compared to
using tissue wet weight in the denominator. The variance in the
replicate determination of cardiolipin content in tissue is signif-
icantly smaller when normalized to tissue CK activity, which
may be useful for statistical comparisons across groups and the
heterogeneity of cardiolipin content, even for small fragments
of tissue (1–4 mg), does not exceed±10%.

Table 2 shows the relative content of the major molecu-
lar forms of cardiolipin (tetralinoleoyl cardiolipin, trilinoleoyl-
oleoyl and dilinoleoyl-dioleoyl cardiolipin) in these tissue sam-
ples, each processed from the same biopsy. As can be seen in
Table 2, there is strong consistency in the relative distribution
of the different cardiolipin species. The major molecular form
of cardiolipin is tetralinoleoyl cardiolipin and this represents
∼81% of total cardiolipin in human skeletal muscle. The sensi-
tivity of the assay even at a column load of only 10% of the total
volume of the derivatization mixture is sufficient to reliably esti-
mate cardiolipin content in an aliquot of lipid extract from just
0.5–1 mg muscle tissue containing 150–300 pmol cardiolipin,
as shown inTable 1. However, from a practical point of view,
it seems reasonable that the amount of tissue used to prepare
homogenate and the particulate fraction should be 10–20 mg of
wet weight. The particulate fraction prepared from this amount
of tissue can be used not only for analysis of cardiolipin, but
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stable and highly fluorescent. Combined with a good method
for lipid extraction, the approach that was achieved was found
to attain accurate quantitation of cardiolipin and delineation of
cardiolipin species even when used with quite small amounts of
tissue. With UV detection, the procedure provides the same sen-
sitivity as the previously developed technique[30]. Fluorescence
analysis increases sensitivity by more than 10-fold. We suggest
that the significant improvement in assay sensitivity with both
UV and fluorescence detectors is due to the attachment of two
pyrenyls to cardiolipin. The assay takes fewer steps then the
previous procedure and does not expose cardiolipin to a long
incubation at elevated temperature[30]. The robust quality of
this derivatization procedure has the further advantage that it can
be conducted under mild conditions with samples placed on ice.
This decreases the possibility for oxidation of cardiolipin. Over-
all, because of its sensitivity and reliability, the cardiolipin assay
developed in these experiments can be used as a valuable tool
in clinical and basic research studies of mitochondrial function.
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