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A normal-phase HPLC-MS method was established to analyze mitochondrial phospholipids quantita-
tively as well as qualitatively. An efficient extraction procedure and chromatographic conditions were
developed using twelve standardized phospholipids and lysophospholipids. The chromatographic con-
ditions provided physical separation of phospholipids by class, and efficient ionization allowed detection
of low abundance phospholipids such as phosphatidylglycerol and monolysocardiolipin. The chromato-
graphic separation of each class of phospholipid permitted qualitative identification of molecular species
without interference from other classes. This is advantageous for mitochondrial lipidomics because
the composition of mitochondrial phospholipids varies depending on tissue source, pathological con-
dition, and nutrition. Using the method, seven classes of phospholipids (phosphatidylethanolamine,
phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, phosphatidylserine, cardiolipin, and
monolysocardiolipin) were detected in rat heart and skeletal muscle mitochondria and all but phos-
phatidylserine were quantified. The concentration was calculated using standard curves with an internal
standard generated for each class of phospholipid. The method was validated for intraday and interday
variation and showed excellent reproducibility and accuracy. This new method, with each step docu-
mented, provides a powerful tool for accurate quantitation of phospholipids, a basic structural component
of mitochondrial membranes.
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1. Introduction Although mass spectrometry has been widely used to analyze

phospholipids [3-5], the large number of species makes analysis a

Phospholipids containing a hydrophilic head group and
hydrophobic acyl chains are an important component of mitochon-
dria in maintenance of membrane structure and proper enzyme
activity [1,2]. The polar head group determines the class of phos-
pholipid and each class consists of numerous species depending on
the acyl chains, which vary in chain length and degree of unsatura-
tion. With a combination of different head groups and acyl chains,
hundreds of different species of phospholipids exist in biological
samples.

Abbreviations: CL, cardiolipin; MLCL, monolysocardiolipin; PG, Phosphatidyl-
glycerol; P, phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphatidyl-
choline; PS, phosphatidylserine; SM, sphingomyelin; DLCL, dilysocardiolipin; SPE,
solid phase extraction; KPi, potassium phosphate buffer; PME, 1,2-dipalmitoyl-sn-
glycero-3-phospho-N-methylethanolamine.
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challenge; because of ion suppression, low abundance phospho-
lipids are often not detected when analyzed in the presence of
high abundance phospholipids [3,5]. Therefore, chromatographic
separation of each phospholipid class before mass analysis should
increase detection of low abundance phospholipids.

Chromatographic separation also provides a mass spectrum that
shows the species of only a specific class of phospholipid, which
makes it simple to identify compositional changes or the appear-
ance of new species within a class of phospholipids. In particular,
this profile of phospholipids is important for analysis of mitochon-
drial phospholipids, especially of cardiolipin (CL).

CL, an unusual phospholipid highly localized to the mitochon-
drial inner membrane, is essential for the proper function of
mitochondrial enzymes and for membrane integrity. Molecular
species of CL contain multiple polyunsaturated fatty acids, which
make CL highly susceptible to oxidative modification [6-9]. The
removal of these oxidized acyl chains of CL has been suggested to
be the major mechanism of CL remodeling under oxidative stress,
which often results in changes in composition or content of CL
species.
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CL affects mitochondrial function. For example, Barth syndrome
is a genetic disorder with mutations in the tafazzin gene resulting
in mitochondrial dysfunction caused by a decrease in the content
and/or a change in the composition of CL. These changes also have
been observed in various pathological conditions or with different
fatdiets [10,11]. However, the detailed mechanisms how CL is syn-
thesized or how mitochondrial pathology is related to the structure
of CL are not well understood.

In biological systems, CL is made by de-novo synthesis from
phosphatidylglycerol (PG) and by remodeling through monolyso-
cardiolipin (MLCL). Therefore, analysis of CL, PG, and MLCL will
provide mechanistic information concerning the biosynthesis
of CL. Recently, MALDI-TOF analysis of phospholipids in intact
mitochondria was reported [12]. The method provides a quick and
simple procedure and detection of various lipids classes, includ-
ing these low abundance phospholipids. Although content of MLCL
is enhanced in certain pathological conditions such as Barth syn-
drome [13], PG and MLCL usually are below the detection limit
of common analytical methods and the detailed compositions of
these phospholipids compared to CL have not been studied. Rea-
sons for their inconsistent detection may be ion suppression caused
by more abundant analytes. Therefore, separation of phospholipids
into their classes before mass analysis should increase the sensitiv-
ity and reproducibility, especially of low abundance phospholipids.

Since the pioneering work of W.W. Christie, traditionally normal
phase chromatography has been used to separate phospholipids
into their classes [14,15]. Previous studies successfully applied
HPLC-MS for phospholipids analysis [15-19]. The class separa-
tion enabled sensitive detection of phospholipids and extended the
application of mass spectrometry to various biological sources. We
have developed and validated a normal-phase HPLC-MS method
for quantitative and qualitative analysis of mitochondrial phospho-
lipids. The chromatographic conditions provide separation of 12
classes of standardized phospholipids. The sample simplification
procedure involves organic extraction followed by harvesting phos-
pholipids by means of a pre-packed silica gel solid phase extraction
(SPE) column optimized for recovery. We separated and detected
seven classes of phospholipids from mitochondria and six of these
phospholipids, including MLCL, were quantified. We examined rat
heart and mouse heart mitochondria for the composition of MLCL
compared to the composition of CL. The new method provides opti-
mized extraction and simplification and, in addition, reproducible
HPLC-ESI-MS analysis of mitochondrial phospholipids for quanti-
tative and qualitative analysis.

2. Materials and methods
2.1. Chemicals and materials

HPLC-grade solvents, chloroform (CHCls), acetonitrile (ACN),
isopropanol (IPA), methanol (MeOH), isooctane (IOA), ethylacetate
(EA), acetic acid (AcOH), and formic acid were obtained from Fisher
Scientific (Pittsburgh, PA, USA). tert-Butylmethylether (TBME)
was purchased from Alfa Aesar (Ward Hill, MA, USA). Standard
phospholipids of biological origin, PG from chicken egg, phos-
phatidylinositol (PI) from bovine liver, phosphatidylethanolamine
(PE) from bovine heart, phosphatidylcholine (PC) from bovine
heart, phosphatidylserine (PS) from porcine brain, sphingomyelin
(SM) from porcine brain, lyso-PE (LPE) from chicken egg, lyso-
PI (LPI) from bovine liver, and lyso-PC (LPC) from chicken
egg, and synthetic standard phospholipids, CL(14:0)4, CL(18:1)4,
PC(16:0),, PC(22:0);, and PC(18:0)(22:6), were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). CL from bovine heart, 1,2-
dipalmitoyl-sn-glycero-3-phospho-N-methylethanolamine (PME
used as the internal standard), butylated hydroxytoluene,

and ammonium formate were purchased from Sigma-Aldrich
(St. Louis, MO, USA). 1,2-Dipalmitoyl-sn-glycero-3-phospho-N,N-
dimethylethanolamine was purchased from 3B Scientific Corp.
(Libertyville, IL, USA). Bovine Albumin (BSA) Fraction V Solution
was purchased from Invitrogen (Carlsbad, CA, USA) and diluted in
100 mM (pH 7.4) potassium phosphate buffer (KPi). Pre-packed sil-
ica gel SPE columns were purchased from Biotage (Charlotte, NC,
USA). MLCL and dilysocardiolipin (DLCL) were prepared as previ-
ously reported [20]. Heart (subsarcolemmal) mitochondria were
isolated from Sprague-Dawley rat or C57BL/6 mouse, and skele-
tal muscle mitochondria from Sprague-Dawley rat by differential
centrifugation [21,22]. Reagent grade water was prepared using a
Milli-Q reagent water system (Millipore, Inc., Bedford, MA, USA).

2.2. Standardization of phospholipids

Stock standard phospholipids and PME solutions were prepared
by dissolving phospholipids in CHCl3:MeOH, 4:1; their concentra-
tions were determined by organic phosphorus analysis as described
by Bartlett [22,23]. The concentration of the stock solution was
expressed as molarity of phospholipid (2 M phosphate is equiva-
lent to 1M phospholipid for CL and MLCL). The purity and masses
of speciesin each class of phospholipid were examined by HPLC-MS
and were in accord with the manufacturer’s label.

A working solution of standardized phospholipid mixture in
CHCl3 was prepared by mixing standardized phospholipids to yield
final concentrations in wM of 80 (PE), 3.2 (PG), 16 (PI), 24 (CL),
0.8 (MLCL), and 120 (PC). Five additional solutions with different
concentrations were prepared by consecutive 1:1 dilution starting
with the original working solution in CHCl3. A total of six working
solutions were used to generate standard curves for each class of
phospholipid. The masses of each of these standardized phospho-
lipids are shown in Figure S1 (supplementary data).

2.3. Extraction of mitochondrial phospholipids

Isolated mitochondria were diluted in 50 pL of 100mM KPi
buffer and extracted by the method of Christiansen [24]. Mitochon-
dria (30 g or 15pg) in 50 wL of 100 mM KPi buffer was mixed
with 72 pmol of PME (internal standard) and extracted with 1mL
of CHCI3:MeOH, 2:1 containing 2 mM butylated hydroxytoluene as
an antioxidant. The mixture was vortexed for 2 min and centrifuged
for 10 min at 2000 x g. The supernate was decanted and evaporated
to dryness under Nj.

2.4. Sample simplification

Phospholipids were separated from the lipid mixture extracted
from mitochondria using a pre-packed silica gel SPE column (25 mg,
Biotage). To prepare the column for SPE, the column was washed
with 1 mL of 10 mM ammonium acetate in MeOH and equilibrated
with 0.5 mL of IOA:EA:AcOH (75:25:2)

The mitochondrial lipid residue was reconstituted in 0.2 mL of
IOA:EA:AcOH (75:25:2) and applied to the column. An additional
0.2 mL of IOA:EA:AcOH (75:25:2) was used to rinse the tube and
applied to the column. The lipid-loaded column was further washed
with 0.5 mL of IOA:EA:AcOH (75:25:2) followed by 0.5 mL of IOA:EA
(75:25). Finally, phospholipids were eluted with 1.5 mL of MeOH
and evaporated to dryness under N,.

2.5. Normal-phase HPLC-MS

The HPLC system (Agilent 1100 Series) to separate each class
of phospholipid was developed by modification of a previously
reported method [18]. A Nucleosil diol column (5 pm, 3 x 250 mm)
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from Macherey-Nagel (Duren, Germany) was used. Eluent A con-
tained IPA:TBME:ammonium formate (340:170:50) and eluent B
contained MeOH. Aqueous ammonium formate (pH ~2.5) was pre-
pared by dissolving 295 mg of ammonium formate and 2 mL of
formic acid in 50 mL of water. The gradients used for the 45 min
chromatogram were as follows: 100% A for 20 min, 100% A to 20% A
over 10 min, 20% A for 6 min, 20% A to 100% A over 1 min, and hold
100% A for 6 min. The flow rate was 0.3 mL/min and the column
temperature was 30 °C. At the end of each batch of analysis, which
includes both standardized and mitochondrial phospholipids, the
HPLC column was exhaustively washed with MeOH for 20 min.
For a new set of analysis, the HPLC column was equilibrated with
eluent A until the retention times of standardized phospholipids
stabilized (up to 5h). After equilibration, the phospholipid frac-
tion from the SPE was evaporated and reconstituted in 100 pL of
eluent A and 25 pL of this solution was injected in to the HPLC.
MS data were obtained with a Thermo LCQ Deca mass spectrome-
ter operated in the negative ion mode, collecting full scan MS data
from 400-2000 m/z. The source parameters were: sheath gas flow
(80U), auxiliary gas flow (30U), spray voltage (—5kV), capillary
temperature (300 °C), and capillary voltage (—25V).

2.6. Generation of standard curves

Standard curves were generated using standardized phospho-
lipids, which had been mixed and extracted from BSA. Briefly, each
working solution of standardized phospholipids was mixed with
PME (internal standard) and evaporated under N,. The residue was
mixed with 50 L of 0.2% BSA in 100 mM KPi and extracted by the
method of Christiansen. The extract was subjected to SPE and ana-
lyzed by HPLC-MS as described above. The intensity of each class
of phospholipid with six different concentrations was compared to
that of the same amount of PME to generate standard curves.

2.7. Influence of acyl chain on ionization efficiency

The influence of acyl chain on the ionization efficiency of
species of PC and CL was tested using two species of CL, CL(14:0)4
and CL(18:1)4, and three species of PC, PC(16:0),, PC(22:0),, and
PC(18:0)(22:6). Each of these phospholipids was analyzed by
HPLC-MS at the concentrations used to generate the standard
curves.

2.8. Efficiency of extraction solution

To assess the efficiency of extraction, 2 nmol each of 12 stan-
dardized phospholipids were mixed with 50 puL of 0.2% BSA in
100 mM KPi (pH 7.4) and phospholipids were extracted with 1 mL
of ACN:IPA, 3:1, 1 mL of ACN:MeOH, 3:1, the method of Folch [25],
or of Christiansen (1 mL of CHCl3:MeOH, 2:1) [24]. The phospho-
lipids extracted were subjected to pre-packed silica gel SPE column
(see below for details), mixed with PME (external standard), and
injected for HPLC-MS analysis. The same amounts of standard-
ized phospholipids and PME without extraction were used as the
control. Efficiency was determined by comparing the peak area
ratios of all species in each class of phospholipid recovered from
the extractions to those of control phospholipids. The recovery of
phospholipids from pre-packed silica gel SPE column alone also
was determined in a similar manner. The methods of Folch and of
Christiansen also were compared for extraction of phospholipids
from 30 g of mitochondria using the same procedure from BSA.

2.9. Recovery of standardized phospholipids from mitochondria

The Christiansen method was tested for phospholipid extrac-
tion efficiency from mitochondria by adding back the standardized

phospholipids. Standardized phospholipids in different concentra-
tions were mixed with 10 g (for PE and PC) or 30 pg (for PG, PI,
CL, and MLCL) of rat skeletal muscle mitochondria in the pres-
ence of PME. Both exogenous and endogenous phospholipids were
extracted from mitochondria by the method of Christiansen and
simplified by SPE as described above. The phospholipid fraction
was analyzed by HPLC-MS and the amount of each class of phos-
pholipid was calculated using the standard curve generated with
the same standardized phospholipids.

2.10. Precision of the method

To assess the precision of the method, quantitative analysis
of mitochondrial phospholipids was performed for intraday and
interday variations. Three aliquots of rat heart and skeletal muscle
mitochondria suspension were kept at —60°C and one aliquot of
each type of mitochondrion was thawed each day just before use.
Heart and muscle mitochondria were diluted to 1 mg/mL concen-
tration in 100 mM KPi buffer and 30 g each was distributed into
five or six tubes for skeletal mitochondria and 30 wg or 15 g for
heart mitochondria. Mitochondria in each tube were mixed with
PME and extracted by the procedure of Christiansen. Phospholipids
were separated by SPE and analyzed by HPLC-MS as described
above.

The same procedure was repeated on three different days; con-
centrations of mitochondrial phospholipids were calculated with a
different standard curve for each day.

3. Results
3.1. Phospholipids separation by chromatography

The HPLC system based on the method of Sommer et al. [18]
was significantly modified to detect and quantify all classes of
mitochondrial phospholipids, especially CL and MLCL. Different
polarities and charges on the head groups of phospholipids pro-
vided obstacles in identification of an eluting system for both
chromatographic separation and efficient ionization.

We tried multiple HPLC eluting systems, varying ratios of sol-
vents and pH, and identified optimal conditions for MS analysis of
all 12 standardized phospholipids of biological origin in a single ion
mode by reducing the pH of ammonium formate to ~2.5. This low
optimal pH also was essential to detect PS, because at higher pH, PS
gave no detectable chromatographic peak. This phenomenon may
be based on an intramolecular hydrogen bond between adjacent
carboxyl group and amine group in the serine moiety; formation of
this bond will be prevented by protonation on carboxylic group at
pH 2.5. Alternatively, the increased amount of proton has a similar
effect as did EDTA used by Myint et al. [26] by reducing the inter-
action of metal ions with PS. Representative ion chromatograms
of 12 standardized phospholipids are shown in Figure S2 (supple-
mentary data); ion chromatograms were generated using masses
of the most abundant species in each class. The retention times and
species of each class of phospholipid were determined by individual
HPLC-MS analysis of the standardized phospholipids of biological
origin.

Additionally, the eluting conditions, especially pH, increased the
sensitivity of negatively charged phospholipids in the negative ion
mode. For example, the lower limit of quantitation of PG, PI, CL,
and MLCL is 4pmol injected, whereas the limit of detection of
these phospholipids is 1 or 2 pmol injected. This high sensitivity
for negatively charged phospholipids is a great advantage for anal-
ysis of mitochondrial phospholipids, because mitochondria have
a lower content of negatively charged phospholipids compared to
positively charged phospholipids.
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Fig. 1. Mass spectra of phospholipids from skeletal muscle mitochondria. Mass spectra

window as standardized phospholipids.

Using the extraction method, SPE, and HPLC-MS, seven classes
of phospholipids, PE, PG, PI, PS, CL, MLCL, and PC were detected
in isolated heart and skeletal muscle mitochondria. The content of
PS was below the limit of quantitation and we excluded it from
analysis.

In the analysis of mitochondrial phospholipids, individual phos-
pholipid peaks were identified either by comparing the masses
to those of the standardized phospholipids of biological origin or
by MS/MS. One example of the MS/MS spectrum of a PE species
in rat skeletal muscle mitochondria is shown in the supplement
data (Figure S3). For each new sample, this procedure was fol-
lowed to establish an appropriate range for each phospholipid
class. Inspection of ions recorded provided a range from low-
est to highest mass; the range was used to generate the ion
chromatograms used for both quantitation and identification of
that particular phospholipid. The ranges for rat heart and skele-
tal muscle mitochondria in m/z were 737-800 (PE), 704-708 (PME,
internal standard), 744-775 (PG), 860-915 (PI), 1420-1520 (CL),
1185-1188 (MLCL), and 740-885 (PC), which were similar to the
ranges of standardized phospholipids of biological origin. The mass
spectra of these six phospholipids extracted from skeletal muscle
mitochondria are shown in Fig. 1 and the chromatograms are in
Fig. 2.

The HPLC method showed good long term reproducibility. The
retention times of standardized phospholipids used to generate
standard curves were evaluated over a 7 month period. A sample
from each day that contains the same concentrations was chosen
to compare the retention times. As shown in Table 1, coefficients of
variation of the retention time are less than 7% for all class of phos-
pholipids. All data were generated using the same column that had
been used to develop chromatographic conditions.
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3.2. Internal standard

Lysyl phosphatidylglycerol, 1,2-dipalmitoyl-sn-glycero-3-
phospho-N,N-dimethylethanolamine, and PME were tested as
internal standards. However, the former two were not chromato-
graphically well separated from the other phospholipids and
lysyl phosphatidylglycerol yielded broad split chromatographic
peaks under the final chromatographic conditions. PME eluted as
a well-defined peak between PE and LPE. Although PME eluted in
the early part of the chromatogram, its use as an internal standard
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Fig. 2. Representative ion chromatogram of skeletal muscle mitochondrial phos-
pholipids. Mass ranges for each chromatographic peak are PE, 737-800; PME,
704-708; PG, 744-775; PI, 860-915; CL, 1420-1520; MLCL, 1185-1189; PC,
740-885.
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Table 1
Long-term reproducibility of retention time of standardized phospholipids (N=17,
7 month period).

PE PME PG PI CL MLCL PC
Avg. 6.1 7.9 8.8 9.9 159 189 21
STDV 0.1 0.2 0.1 0.1 0.3 0.4 1.4
CV (%) 1.6 25 1.1 1.0 1.9 21 6.7

for late eluting phospholipids, such as CL and PC, provided a linear
mass response over a wide range of concentrations. Thus, for
quantitation of mitochondrial phospholipids, PME was a good
internal standard. The mass range for PME was 704-708.

3.3. Standard curves

There were large variations in the concentration of each dif-
ferent class of mitochondrial phospholipid. For example, the
concentrations of PE and PC were about 40 times greater than that
of PG and over 100 times greater than that of MLCL. Thus, it was
incumbent on us to find the ranges of standard curves that cover the
concentration of each phospholipid in mitochondria. Using chro-
matographic separation of each class of phospholipid, the final
method generated standard curves with excellent R? that covered
the required ranges. Fig. 3 shows typical standard curves with
the ranges generated during one of the days for validation of the
method.

We optimized the amount of mitochondria for extraction
based on the concentration of mitochondrial phospholipids in
relationship to the standard curve for each individual phospho-
lipid. Phospholipids extracted from 30 g of heart and skeletal
muscle mitochondria provided an adequate signal for all the phos-
pholipids to fit within their standard curves. At this amount of

109

mitochondria, the concentration of MLCL injected was at the low
end of its standard curve, and thus just above the limit of quantita-
tion. However, the amount of mitochondria extracted could not be
increased to obtain a larger signal for MLCL because the PE signal
was at the high end of its standard curve (2 nmol) and the linearity
of PE fell off quickly above this amount.

3.4. Influence of acyl chain on ionization efficiency

The ionization efficiency of phospholipids mainly depends on
the head group that determines the class of phospholipid [27].
Additionally, the chain length and the number of double bonds of
the acyl chains also affect the ionization efficiency and the response
over a range of concentrations [28,29]. However, the influence of
acyl chain becomes insignificant in dilute concentrations [29,30].
Han et al. stated that the acyl chain should not affect the quanti-
tation of phospholipids at lower than 10 pmol/pl [30]. Because we
used chromatography, whereas Han’s statement is based on infu-
sion studies, we tested the influence of acyl chain on ionization
efficiency under the conditions used for our assay.

We examined the ionization efficiency of two CL species,
CL(14:0)4 and CL(18:1)4, and three PC species, PC(16:0),,
PC(18:0)(22:6), and PC(22:0), at the highest concentrations used
for these phospholipids to generate the standard curves. The result
showed that two species of CL at 0.6 nmol total had almost identical
response (Fig. 4A) indicating that the concentration of CL was below
the concentration in which the influence of acyl chain is significant.
For PC species at the concentration of 3 nmol total, PC(16:0), and
PC(18:0)(22:6) had essentially identical responses but the response
of PC(22:0), was about 60% of the other two species (Fig. 4B). The
difference in the response of PC(22:0), was gradually reduced with
consecutive dilutions (Fig. 4B). We considered that the lower ion-
ization efficiency of PC(22:0), was derived from a combination

PE PG
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Fig. 3. Representative standard curves of six classes of phospholipids with PME as internal standard. Standardized phospholipids with six different concentrations were
extracted and analyzed by HPLC-MS. Each data point represents the relative areas of chromatographic peaks of phospholipid compared to that of PME at a given concentration.
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Fig. 4. The comparison of mass responses of two species in CL and three species in PC over a range of concentrations.

of long chain length and complete saturation of the acyl chain as
shown previously [29].

However, PC(22:0), is a synthetic, non-biological species and, if
found, would be at a level much below where acyl chains have an
influence on the ionization efficiency. PC(16:0), and PC(18:0)(22:6)
well represent PC species of biological origin and have the same ion-
ization efficiency. This indicates that the influence of acyl chains
is unlikely to be significant in the quantitation of actual bio-
logical samples. We examined PC species in various biological
origins and the molecular profiles are shown in the supplement
data (Figures S4-S9). The data clearly show that the majority of
PC species are within a mass window between PC(16:0), and
PC(18:0)(22:6). Therefore, we concluded that the influence of acyl
chain on the quantitation of phospholipid is negligible under the
conditions used with biological samples. Moreover, the use of stan-
dardized phospholipids, whose molecular patterns are similar to
those of analytes, further reduces the variation caused by acyl chain
as discussed previously [31].

3.5. Sample preparation

We previously reported sample simplification using a silica
gel column to harvest phospholipids from lipid extracts [25,32].
The direct application of this sampling procedure was unsuccess-
ful because the HPLC separation of phospholipids was altered by
unknown impurities, particularly in the Pl and CL area accompanied
by a high background. The method developed herein uses sig-
nificantly smaller amounts of mitochondria than previously used
[25,32]. We suspected that the impurities were from the silica gel
column and were noticeable because of the smaller mitochondria
sample. For this reason, we evaluated commercially pre-packed
smaller silica gel SPE columns. The impurities eluting from the
Biotage (25mg) column were greatly reduced. We additionally
examined washing procedures and found that washing the column
with 1 mLof 10 mM ammonium acetate in MeOH markedly reduced
any further eluting impurities.

The combination of the Biotage column and the washing pro-
cedure stabilized the chromatography of the extract. Because we
used a different silica gel column with a different washing and
eluting procedure from our previous work [25,32], we needed to
document the recovery of phospholipids from the SPE step. Using
the procedure given in Section 2, all 12 standardized phospholipids
were recovered in a quantitative fashion (Figure S10, supplemen-
tary data).

Four extraction systems were evaluated to determine extrac-
tion efficiency for standardized phospholipids from BSA, which
was used as a surrogate biological system. In general, Folch extrac-
tion provided good extraction efficiency for most phospholipids
except PS (60%), DLCL (66%), LPC (40%) and LPI (8%). The extraction
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phospholipids.

Fig. 5. Recovery of standardized phospholipids extracted from BSA and from pre-
packed silica gel SPE column (n=6). Standardized phospholipids were mixed with
0.2% BSA and extracted with ACN:MeOH (dark gray), ACN:IPA (light gray), method
of Folch (black) or method of Christiansen (white). The extracts were subjected
to the silica gel column and recovery was determined by comparing the amounts
of standardized phospholipids recovered from extraction and silica gel column to
the same amount of control standardized phospholipids using PME as an external
standard.

procedure described by Christiansen provided equal extraction effi-
ciency for phospholipids and improved extraction efficiency with
LPC (68%) and LPI (47%). We also tested two other extraction sys-
tems used in our lab, ACN:IPA (3:1, 1mL) [33] and ACN:MeOH
(3:1, 1mL) [34], and both were not as efficient as the method of
Christiansen (Fig. 5).

We next compared the methods of Folch [25] and Christiansen
[24] for phospholipid extraction from mitochondria. Although not
significant, there was a consistent trend in greater recovery with
Christiansen’s method (Fig. 6). With similar, or slightly improved,
extraction, but with the more convenient monophasic system, we
selected Christiansen’s method [24] for phospholipid extraction.

Finally, the extraction efficiency of the Christiansen method
of phospholipids over a range of concentration was tested. Stan-
dardized phospholipids in different concentrations were added to
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Fig. 6. Relative recovery of mitochondrial phospholipids (n =6). Mitochondria were
extracted by the method of Folch (black) or by the method of Christiansen (white)
and the amount of phospholipids extracted was compared using PME as an external
standard.
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Table 2
Validation-precision and reproducibility. Amount (nmol) detected in 25 nL injected of 100 p.L final extract.
Rat mitochondria PE PG PI CL MLCL PC Total
A - 15 pg heart
Trial 1 (N=6) Avg. 0.718 0.016 0.052 0.177 NQ 0.673 1.640
STDV 0.084 0.002 0.006 0.023 0.021 0.111
CV (%) 11 13 12 13 3.1 6.8
Trial 2 (N=6) Avg. 0.694 0.018 0.051 0.183 NQ 0.679 1.629
STDV 0.039 0.001 0.002 0.011 0.079 0.121
CV (%) 5.6 5.6 3.9 6.0 12 7.4
Trial 3 (N=6) Avg. 0.722 0.016 0.058 0.179 NQ 0.614 1.592
STDV 0.040 0.000 0.000 0.010 0.060 0.100
CV (%) 5.5 0.0 0.0 5.6 9.8 6.3
Total (N=18) Avg. 0.711 0.017 0.054 0.180 NQ 0.655 1.616
STDV 0.056 0.002 0.005 0.016 0.063 0.106
CV (%) 7.8 9.9 9.0 8.6 9.5 6.5
B - 30 pg heart
Trial 1 (N=5) Avg. 1.267 0.032 0.119 0314 0.006 1.212 2.950
STDV 0.132 0.003 0.011 0.029 0.002 0.073 0.218
CV (%) 10 9.4 9.2 9.2 33 6.0 7.4
Trial 2 (N=5) Avg. 1.275 0.035 0.102 0.291 0.004 1.152 2.860
STDV 0.138 0.011 0.004 0.025 0.000 0.144 0.089
CV (%) 10.8 314 3.9 8.6 10 125 3.1
Trial 3 (N=6) Avg. 1.277 0.029 0.103 0.304 0.005 1.164 2.882
STDV 0.064 0.002 0.006 0.015 0.001 0.064 0.133
CV (%) 5.0 6.9 5.8 49 20 55 4.6
Total (N=16) Avg. 1.241 0.031 0.107 0.296 0.005 1.142 2.887
STDV 0.105 0.007 0.010 0.024 0.001 0.095 0.149
CV (%) 8.3 20.8 9.6 7.8 29.8 8.1 5.1
C - 30 g skeletal muscle
Trial 1 (N=6) Avg. 1.401 0.018 0.155 0.356 0.010 1.491 3.431
STDV 0.066 0.001 0.008 0.024 0.002 0.087 0.143
CV (%) 4.7 5.6 52 6.7 20 5.8 4.2
Trial 2 (N=6) Avg. 1.316 0.021 0.143 0.349 0.006 1.474 3.308
STDV 0.069 0.001 0.011 0.017 0.000 0.086 0.170
CV (%) 52 4.8 7.7 4.9 0.0 5.8 5.1
Trial 3 (N=6) Avg. 1.415 0.020 0.160 0.369 0.008 1.434 3.407
STDV 0.087 0.001 0.010 0.021 0.001 0.063 0.153
CV (%) 6.1 5.0 6.3 5.7 13 4.4 4.5
Total (N=18) Avg. 1.377 0.020 0.153 0.358 0.008 1.466 3.372
STDV 0.083 0.002 0.011 0.022 0.002 0.079 0.156
CV (%) 6.1 8.6 7.5 6.0 259 5.4 4.6

mitochondria and both endogenous and exogenous phospholipids
were extracted and analyzed. Because of the high concentrations
of endogenous PC and PE in mitochondria, 10 g of mitochon-
dria was used for PE and PC, whereas 30 ug of mitochondria
was used for the remaining phospholipids. The amounts of each
class of phospholipid were quantified using standard curves
generated by the same standardized phospholipids mixed and
extracted from BSA. The amounts of phospholipids added were
plotted against amount detected. Fig. 7 shows that for all phos-
pholipids, the extraction was almost equally efficient from BSA
and mitochondria and the responses were linear in the ranges
examined.

3.6. Validation and quantitation

To assess the precision of the method, the concentration of each
class of phospholipid was determined on three different days with
standard curves on each day. Phospholipids were extracted from
30 g of heart or skeletal muscle mitochondria and 15 pg of heart
mitochondria for low concentration. The amount of each class of
phospholipid detected is shown in Table 2. The interday and the
intraday variations were within 10%, except for PG and MLCL. The
accuracy of the concentration of MLCL was limited by the fact that
the amount of MLCL detected by HPLC-MS was just above the quan-
titation limit where noise became significant.

In a preliminary experiment, the concentration of MLCL in
frozen mitochondria appeared to be ~2 or 3 times higher than in
fresh mitochondria, but no changes in the amount of other phos-
pholipids were observed. We believe that the level of MLCL is
artificially increased in frozen mitochondria and that the increase
is due to CL degradation. However, a two to three fold increase in
the content of MLCL (0.6 nmol in freshly isolated mitochondria) will
decrease CL only by ~1 nmol from 40 nmol of CL. The change is less
than 3%. The difference between 39 mmol and 40 nmol of CL is not
easily observed.

Using the developed method, the concentration of each class
of phospholipid in rat heart mitochondria and rat skeletal muscle
mitochondria was determined. Table 3 shows the concentrations of

Table 3
Phospholipid content in rat heart mitochondria (N=16) and rat skeletal muscle
(N=18) mitochondria (nmol/mg mitochondria protein).

PE PG PI CL MLCL PC Total
Heart 165.5 4.1 143 39.5 0.7 152.3 384.9
STDV 7.1 0.3 1.5 3.1 0.2 11.2 6.3
CV (%) 4.3 7.3 10.5 7.8 29 7.4 1.6
Muscle 183.7 2.7 20.4 47.7 1.1 195.5 449.6
STDV 7.2 0.3 1.2 1.3 0.3 3.9 8.7
CV (%) 3.9 11 59 2.7 27 2.0 1.9
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Fig. 7. Standardized phospholipids were added to mitochondria (circle) or BSA (square), extracted, and analyzed by HPLC-MS. The amount of each class of phospholipid was
calculated using the standard curve and plotted against the amount added to mitochondria (10 pg for PE and PC, 30 pg for PG, PI, CL, and MLCL).

each class of phospholipid per mg mitochondrial protein. Generally,
the concentrations of phospholipids were higher in skeletal muscle
mitochondria than in heart mitochondria, except for PG. The con-
centration MLCL was the lowest of the mitochondrial phospholipids
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observed and accounted for only about 0.2% of total phospholipid
content.

The concentrations of mitochondrial phospholipids were higher
than those previously reported using the organic phosphorous
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Fig. 8. Mass spectra of CL and MLCL extracted from rat heart and mouse heart mitochondria. The mass spectra show increased amounts of CL and MLCL species containing
docosahexaenoic acid (22:6) and oleic acid (18:1) in mouse heart. The structure of the peaks was assigned based on their molecular weights.
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assay [22,32]. We believe these differences are the result of the
method we used employs an internal standard added before extrac-
tion, thus compensating for any losses during extraction or in the
silica gel column. The phosphate assay starts with the organic PO4~
content of the phospholipid fraction obtained from the silica gel col-
umn [32], and thus does not account for any losses during the Folch
extraction or the silica gel step. Additionally, using the external
standard recovery method, we demonstrate that the Christiansen
method has a slightly higher efficiency than does the Folch extrac-
tion, a fact that may contribute to the observed difference.

3.7. Qualitative analysis of CL and MLCL

CL, a phospholipid mainly found in the inner membrane of
mitochondria, has been extensively studied for its role in the activi-
ties of electron transport chain complexes and translocase enzymes
[35,36]. The composition of CL varies depending on the species,
organ [37], and pathological conditions [38,39]. The composition of
CL depends mainly on the remodeling process. MLCL is suggested
to be the key intermediate for CL remodeling, but the composition
of MLCL, unlike that of CL, is not well characterized.

We compared the mass spectra of CL and MLCL between rat
heart and mouse heart mitochondria. A significant amount of the CL
species containing docosahexaenoic acid (22:6) or oleic acid (18:1)
was found in mouse heart mitochondria; the major species of CL in
mouse heart mitochondria were CL(18:2)4, CL(18:2)3(22:6)7, and
CL(18:2),(22:6),, whereas CL(18:2), was the only major species
in rat heart mitochondria (Fig. 8), in agreement with previous
results from our laboratory based on analysis of CLby reverse-phase
HPLC-MS/MS [37].

Interestingly, these same molecular patterns were observed
with MLCL (Fig. 8). The major species in MLCL from rat heart was
MLCL(18:2)3, indicated by the nominal peak at m/z 1186. The same
peak in the mass spectrum of MLCL in mouse heart indicated that
MLCL(18:2)3 was still the most abundant MLCL species. Consis-
tent with CL, the amounts of docosahexaenoic acid and oleic acid
were significantly increased in MLCL in mouse heart. This finding
is clearly shown in Fig. 8 by the increase in the nominal peaks at
m/z 1188, 1234, and 1282 corresponding to MLCL(18:2),(18:1);,
MLCL(18:2),(22:6);, and MLCL(18:2)1(22:6),, respectively. Thus
the composition of MLCL correlates with the composition of CL.

In rat heart mitochondria, Bird et al. reported a change in the
content of MLCL(18:2)3 compared to the total content of CL fol-
lowing different fat diets [40]. However, the interpretation of the
change using a single species of MLCL as reflecting the change in the
total content of MLCL needs to be more carefully addressed, because
different fat diets may have changed both the composition of MLCL,
as well as of CL, as shown in Fig. 8. Our data show the advan-
tage of chromatographic separation before MS analysis especially
of low abundance phospholipids. To the best of our knowledge, we
provide the first demonstration showing the species-dependent
composition of MLCL compared to CL. Further analysis of CL and
MLCL will help to understand the mechanisms of CL remodeling
with different fatty acyl chains.

4. Discussion

Each class of phospholipid is composed of various amounts of
individual species. The composition and content of these individual
species in each class of phospholipid vary depending on the tissue
and the species [11]. These variations in content and composition
and the large number of phospholipids limit the accuracy of MS
quantitative analysis because of ion suppression [41]. Moreover,
ion suppression will be even more significant in the presence of
other types of lipids, such as triacylglycerol and cholesterols.

Ion suppression can be significantly reduced by simplification of
the sample and chromatographic separation of the phospholipids
into their respective classes before MS analysis. Using chromato-
graphic separation, we can readily monitor the appearance of new
species in a class of phospholipid and quantitate them without
interference from other classes. Therefore, sample simplification
and normal-phase HPLC-MS provide more accurate quantitative
analysis of phospholipids.

The chromatographic separation also increased sensitivity,
especially of CL. And our procedure provide the most sensitive
method to detect CL. Bird et al. showed in their recent paper, 5 pmol
was close to the limit of detection of CL using Orbitrap MS [40]. This
sensitivity was comparable to the triple quadrupole LC-MS [42].
Herein, we report a limit of quantitation of 4 pmol and a limit of
detection of 1 pmol for CL using our new method.

5. Conclusions

A new method to analyze mitochondrial phospholipids was
developed using an efficient extraction procedure and normal-
phase HPLC-MS. The convenient Christiansen extraction provided
a better extraction efficiency than Folch extraction for most phos-
pholipids tested. The inclusion of PME as an internal standard
and standardization of phospholipids were used to generate the
standard curves to accurately quantify phospholipids in mitochon-
dria. Chromatographic separation and high sensitivity for each class
of phospholipid enabled quantitative as well as qualitative analy-
sis of mitochondrial phospholipids, including MLCL. Application of
this method to rat heart and skeletal muscle mitochondria showed
that the HPLC-MS method is a powerful tool for reliable and repro-
ducible quantitation of mitochondrial phospholipids.
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