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Abstract
Mitochondrial sphingolipids play a diverse role in normal cardiac function and diseases, yet a
precise quantification of cardiac mitochondrial sphingolipids has never been performed.
Therefore, rat heart interfibrillary (IFM) and subsarcolemmal (SSM) mitochondria were isolated,
lipids extracted, and sphingolipids quantified by LC-tandem mass spectrometry. Results showed
that sphingomyelin (~10,000 pmols/mg protein) was the predominant sphingolipid regardless of
mitochondrial subpopulation, and measurable amounts of ceramide (~70 pmols/mg protein)
sphingosine, and sphinganine were also found in IFM and SSM. Both mitochondrial populations
contained similar quantities of sphingolipids except for ceramide which was much higher in SSM.
Analysis of sphingolipid isoforms revealed ten different sphingomyelins and six ceramides that
differed from 16 to 24 carbon units in their acyl side-chains. Sub-fractionation experiments further
showed that sphingolipids are a constituent part of the inner mitochondrial membrane.
Furthermore, inner membrane ceramide levels were 32% lower versus whole mitochondria (45
pmols/mg protein). Three ceramide isotypes (C20-, C22-, and C24-ceramide) accounted for the
lower amounts. The concentrations of the ceramides present in the inner membranes of SSM and
IFM differed greatly. Overall, mitochondrial sphingolipid content reflected levels seen in cardiac
tissue, but the specific ceramide distribution distinguished IFM and SSM from each other.
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Introduction
Sphingolipids are a diverse class of lipids that collectively play important roles in membrane
ordering reactions, signal transduction, and cell recognition [1;2]. These compounds consist
of a sphingosine backbone linked to a fatty acyl side-chain of varying lengths. Subclasses of
sphingolipids are further structurally categorized by different head-groups attached to the
long-chain base. Metabolically, different sphingolipids often have opposing actions on cell
function [3]. For instance, ceramide (e.g. N-acylsphingosine) promotes cell differentiation

Correspondence: Tory M. Hagen, 571 Weniger Hall, Linus Pauling Institute, Oregon State University, Corvallis, OR 97331,
tory.hagen@oregonstate.edu, Phone: (541) 737-5083, Fax: (541) 737-5077.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 July 23.

Published in final edited form as:
Biochem Biophys Res Commun. 2010 July 23; 398(2): 272–277. doi:10.1016/j.bbrc.2010.06.077.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and growth arrest and is considered as an integral part of apoptosis initiation [4]. In contrast,
an increased level of sphingosine-1-phosphate tends to induce cellular proliferation and
survival [5]. Thus, altering levels of a particular sphingolipid subclass relative to another
often has significant effects on cell and tissue metabolism [6;7].

Mitochondria, key organelles involved in cellular bioenergetics and regulation of apoptosis
[8], also appear to be important sub-cellular sites for sphingolipid action [9;10]. Both inner
and outer mitochondrial membranes contain sphingomyelinases with neutral and acidic pH
optima [6;11], and ceramidases have also been detected in mitochondrial-enriched fractions
[12].

In concert with these enzymes, mitochondrial membranes normally contain a variety of
sphingolipids. For example, mitochondria from brain, heart, and liver have discernable
levels of ceramide [13] and sphingomyelin [14]. Additionally, in one of the most complete
studies to date, Ardail et al. showed that rat liver mitochondria contain 3-ketosphinganine,
sphinganine, and a variety of ceramide isoforms differing in acyl side-chain length [15].
This latter attribute may be important as different side-chains confer specific and sometimes
opposing biological actions on sphingolipids [3]. Thus, mitochondria appear competent to
metabolize at least certain sphingolipids and may therefore be responsive to external stimuli
that could affect sphingolipid pools within the organelle.

In vitro studies also show that altering mitochondrial sphingolipid levels markedly affect
organelle function. Addition of ceramides composed of certain acyl side-chains (e.g. C16-
ceramide) to mitoplasts results in inhibition of Complex IV [16], and induction of reactive
oxygen species (ROS) [16;17]. Furthermore, accumulation of mitochondrial ceramides
promotes apoptogenesis by causing dephosphorylation of Bcl-2 family heterodimers
[18;19]. Alternatively, sphingosine-1-phosphate protects cells from mitochondrial-driven
apoptosis [20]. These examples highlight the concept that altering the mitochondrial
sphingolipid pool significantly affects both cellular bioenergetics and the propensity for
programmed cell death. However, even though it appears that certain sphingolipids are
constituents of mitochondrial membranes and can affect their function, a precise analysis of
the overall mitochondrial sphingolipid pool has not been fully achieved.

The current study was undertaken to provide a more thorough characterization of the
mitochondrial sphingolipid pool using LC-tandem mass spectrometry (LC/MS/MS). Cardiac
mitochondria were chosen for this analysis because the heart contains two unique
mitochondrial subpopulations that are either located along the myofibrils (interfibrillary
[IFM]) or adjacent to the sarcoplasmic reticulum (subsarcolemmal [SSM]) [21]. Differences
with respect to respiratory activity, propensity for oxidative damage, and their contribution
to pathophysiologies have been reported for these two mitochondrial subpopulations
[22;23]. As sphingolipids may theoretically be involved in the divergent functional
properties of the IFM and SSM, the current study was intended to not only understand
cardiac mitochondrial sphingolipids per se, but also to discern potential differences in
sphingolipid content and composition in IFM and SSM.

Materials and Methods
Reagents

The following reagents were used: genistein, Triton X-100, and Tween 20 (Sigma-Aldrich,
St. Louis, MO); subtilisin A (type VIII) and bovine serum albumin (EMD Biosciences, La
Jolla, CA); and digitonin (Thermo Fisher Scientific, Pittsburg, PA). Purified sphingolipid
standards were purchased from Avanti Polar Lipids (Alabaster, AL). Rabbit polyclonal
antibody to the voltage-dependent anion channel protein (VDAC) and mouse monoclonal
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antibody to protein disulfide isomerase (PDI) were purchased from Abcam, Inc (Cambridge,
MA).

Ethical treatment of vertebrate animals
Fischer 344 rats (male, 4–6 months old) were obtained from the National Institute on Aging
animal colonies. Animals were housed in approved facilities and maintained by the
Department of Laboratory Animal Resources and Care, OSU. All animal procedures were
performed in accordance with OSU guidelines for animal experimentation.

Mitochondrial and microsome isolation
Cardiac mitochondria were isolated using differential centrifugation and a brief protease
digestion as previously described [21]. One noted change from this method is the use of
subtilisin A instead of nagarse to release mitochondria from the myofibrils. Microsomes
were obtained by subjecting the supernatant from the SSM isolation to centrifugation at
100,000 × g for one hour. All steps of the isolation were performed on ice or at 4°C. Protein
values were determined using the BCA protein assay kit.

Mitochondrial inner membrane isolation
The outer mitochondrial membrane was selectively removed using digitonin [24]. Six mg/ml
digitoninin at 37°C in isotonic buffer (225 mM mannitol, 75 mM sucrose, 10 mM KCl, 10
mM tris-HCl, 5 mM KH2PO4, pH 7.2) was determined to be optimal for removing outer
membranes (Figure 1C). This procedure resulted in a highly purified inner mitochondrial
membrane (IMM) fraction with less than 2% contamination of the outer membrane. The
IMM could not be further purified by Percoll density centrifugation as yields were too low
to allow LC/MS/MS analysis.

Assessment of mitochondrial purity
Sphingolipids are found in all cell membranes; therefore, it was necessary to determine the
extent of non-mitochondrial membrane contamination in IFM and SSM. The levels of
microsomes and lysosomes in the mitochondrial preparations were chosen for the
assessment because they are the most likely sources of contamination for any cardiac
mitochondrial isolation scheme [2]. Results showed that the extent of ER contamination was
minimal as shown by the lack of PDI, a marker protein for the ER (Figure 1A). Similarly,
mitochondrial contamination with lysosomes, as measured by N-acetyl-β-D-
glucosaminidase (NAG) activity, was limited to ≤ 1.5% of that found in tissue homogenates
(Figure 1B). These results, along with rigorous purification of the IMM from isolated
mitochondrial subpopulations (Figure 1C), indicate that cardiac mitochondria and their
isolated inner membranes were sufficiently free of extra-mitochondrial contaminants to
properly assess sphingolipid content. However, outer mitochondrial membranes were found
to be of insufficient purity to properly monitor sphingolipids. Thus, only the sphingolipid
profile from IMM or intact mitochondria could be reported.

Western blotting
Western blotting was performed as detailed in Petersen Shay et al. [25].

Phospholipid phosphate determination
The amount of phospholipid phosphate was determined using a colorimetric assay
developed by Bartlett et al. [26].
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Lipid extraction
All samples were prepared as in Sullards and Merrill Jr. [27] with the exception that samples
were not digested in KOH. Briefly, a sphingolipid internal standard (25 μl) was added to
mitochondria (1 mg protein). Lipids were extracted with 1.5 ml of chloroform:methanol
(1:2). After an overnight incubation at 48ºC, phases were separated by adding chloroform (2
ml) and H2O (4 ml). The chloroform layer was aspirated and dried under N2. The sample
was reconstituted in 200 μl chloroform:methanol (3:1) and diluted 1:4 with
acetonitrile:methanol:acetic acid (97:2:1) containing 5 mM ammonium acetate. Recovery of
lipids was monitored by LC/MS/MS (see below); all sphingolipids of the internal standard
were detected in quantifiable and reproducible amounts.

LC-Tandem mass spectrometry
Lipids were separated using a Shimadzu HPLC and a Supelco Discovery column (2 mm ×
50 mm). The flow rate was set at 300 μl per minute. Mobile phase (A) contained
methanol:water (60:40) while mobile phase (B) was composed of methanol:chloroform
(60:40). Both solvents contained 0.2% (v/v) formic acid and 10 mM ammonium acetate. The
column was pre-equilibrated at 100% (A) followed by a sample injection. The solvent was
maintained at 100% (A) for one minute, followed by a linear gradient to 40% (B) after 8.0
minutes. Finally, the solvent mix was brought to 70% (B) after 13 minutes and then
maintained at this percentage for the remainder of the 20 minute run.

The HPLC system was coupled through a TurboIon Spray source to a triple-quadrupole
mass spectrometer operated in positive mode (Applied Biosystems/MDS Sciex, API 3000).
Analytes were detected using Multiple Reaction Monitoring (MRM), which selectively
detects fragment ions from the collision-induced dissociation (CID) of the parent molecular
ion. Please see Supplemental Table I for a list of molecular ions and CID transitions.
Quantification was based on comparison to sphingolipid standards.

Statistics
Data are presented as mean ± SEM. Samples were assessed for statistical significance using
Student’s t test. A p value <0.05 was considered statistically significant.

Results and Discussion
Analysis of rat heart sphingolipids

IFM and SSM sphingolipid profiles—Mitochondrial sphingolipids were monitored
using LC/MS/MS and quantified according to Leibisch et al. [28]. Sphingomyelin was the
predominant sphingolipid (10,000 pmols/mg protein) in cardiac IFM and SSM (Figure 2A).
While ceramide (Figure 2B), sphingosine (Figure 2C), and sphinganine (Figure 2D) were
measurable, these sphingolipids were at least 150-fold lower than sphingomyelin levels.
Cardiac IFM and SSM thus contain similar quantities of each sphingolipid sub-class, which
suggests that differences in their general sphingolipid profiles are not likely responsible for
the functional divergence between these two mitochondrial subpopulations. In addition to
these aforementioned sphingolipids, attempts were made to quantify sphingosine-1-
phosphate, sphinganine-1-phosphate, as well as glucosylceramides in both IFM and SSM.
However, while detectable in limited quantities, all fell below the quantitative limit of our
assay. Thus, SSM and IFM primarily contain sphingomyelin and ceramide with minor
amounts of other sphingolipids.

Comparison of mitochondrial sphingolipids to other cardiac membranes—In
order to place the mitochondrial sphingolipid profile in context to other cardiac membranes,
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sphingolipids were measured in lipid extracts from heart tissue and isolated microsomes.
Figure 2 shows that mitochondrial sphingolipid content generally reflects the sphingolipid
profile in cardiac tissue, but is noticeably lower relative to the levels seen in microsomes.
Thus, even though mitochondria often form contiguous networks with the ER [29], the
relatively low levels of mitochondrial sphingolipids suggest that lateral diffusion from the
ER is not the sole means of regulating mitochondrial sphingolipid levels.

Sphingolipids of the inner mitochondrial membrane—Because the IMM is
relatively impervious to proton and solute translocation, we hypothesized that sphingolipids,
which participate in membrane ordering, may be components of this specialized membrane
[30]. Determination of sphingolipid subclasses revealed that inner membranes of both IFM
and SSM contained sphingomyelin, ceramide, sphingosine and sphinganine (Figure 2).
While this profile was similar to intact mitochondria, IMM were markedly enriched in
sphingomyelin versus whole mitochondria. This relative enrichment was observed for both
SSM and IFM inner membranes, which were 58% and 64% higher, respectively.

Large differences in ceramide levels between IFM and SSM inner membranes were
observed (Figure 2B). SSM inner membrane ceramides were elevated at least 3-fold relative
to the IFM (Figure 2B), suggesting potential ceramide-specific characteristics in the SSM.
While not currently examined, it is known that elevated ceramides inhibit the respiratory
chain [16], which indicates that higher SSM ceramide levels may be a factor in the lower
rates of respiratory activity evident for this subpopulation [21]. Further work will be
necessary to define the potential functional consequences of the asymmetric distribution of
ceramides in IFM and SSM inner membranes.

Quantification of mitochondrial sphingolipid isoforms
A significant advantage of using LC/MS/MS is the opportunity to monitor not only a
particular sphingolipid class, but also the distribution of sphingolipid isotypes based on acyl
side-chain length. Analysis of specific sphingolipid species revealed that rat cardiac
mitochondria contain numerous isoforms differing in side-chain unsaturation and acyl chain
length (16–24 carbons).

Specific sphingomyelin isoforms in cardiac mitochondria—As shown in Table I,
no discernable differences in sphingomyelins were evident between the mitochondrial
subpopulations. C20- and C22-sphingomyelin were the predominant mitochondrial isotypes,
each of which comprised approximately 33% of the total sphingomyelin pool. As with the
general sphingomyelin profile (Figure 2), the distribution patterns of specific sphingomyelin
isoforms generally reflect that seen for cardiac tissue, and not for microsomes (Table I).
Purified cardiac mitochondria contain low amounts of C16-, C18-, and C24-sphingomyelin
when compared to microsomes. The limited levels of these sphingomyelins are notable
because ceramides with similar acyl side-chains accumulate during stress insult [31;32].
Thus stress-activated sphingomyelinase production of ceramide may not be the sole route of
ceramide elevation in mitochondria, which could implicate extra-mitochondrial transfer
[33].

Specific ceramide isoforms in cardiac mitochondria—Distinct differences in
ceramide isoform patterns were evident when compared to the mitochondrial sphingomyelin
profile (Figure 3). Regardless of subpopulation, mitochondria contain six ceramides having
acyl chain lengths that range from 16- to 24-carbon units (Figure 3 and Table I). As opposed
to the sphingomyelins which had five unsaturated species, the ceramide pool contained only
one isoform (C24:1-ceramide) with a site of unsaturation (Figure 3). The general profile of
mitochondrial ceramide is similar to that found in brain [34] and liver [15]; however, the
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absolute amounts of a particular ceramide isotype are different between cardiac
mitochondria and mitochondria from other organs [15;34].

In terms of ceramide distribution, C24-ceramide is the most abundant mitochondrial
ceramide (~40%) in both IFM and SMM, while C16- and C18-ceramide are the most limited
(Figure 3A). IFM and SSM contain similar amounts of C16- and C18-ceramide but all other
species are higher in the IFM as compared to the SSM (>50%, P < 0.05).

Ceramide isoforms in IFM and SSM inner membranes—Analysis of inner
membrane ceramides showed that both IFM and SSM contained all 6 isotypes that were
present in intact mitochondria. However, overall, inner membrane ceramide levels and the
amount of a particular ceramide varied markedly between IFM and SSM. As shown in
Figure 2B, the SSM inner membrane contained significantly higher ceramide levels than
intact mitochondria. This enrichment stemmed from elevated levels of all six ceramide
species (Figure 3B). In particular, C16- and C18-ceramide were 21- and 9-fold higher,
respectively, in the inner membrane than corresponding levels in the intact SSM. Also, all
other ceramide isoforms were at least 2-fold higher than whole SSM.

When comparing ceramides in intact mitochondria with the inner membrane fraction, it was
found that the IFM inner membrane is enriched in C16- and C18-ceramide, while being
limited in ceramides with longer acyl chain lengths (Figure 3C). This apparent ceramide
isoform asymmetry in mitochondrial membranes was independent of protein content, as a
similar distribution pattern was also observed when based on phospholipid phosphate levels
in lieu of protein amounts (Supplemental Figure 1).

IFM inner membrane ceramide isotypes were generally less abundant versus the intact
organelle (Figure 3D). For example, C16-ceramide was approximately 50% of the total; only
C18-ceramide values in the inner membrane approached that of intact IFM (Figure 3D). The
tissue as a whole shared a similar profile to that of both the SSM and IFM, and hence was
distinct from the inner membrane patterns. The microsomal ceramide pool contained the
same acyl side-chains as the mitochondria and tissue but all isotypes were found at relatively
high levels. Also, the amounts of each ceramide isotype relative to one another were
different than those found in tissue and intact mitochondria (Figure 3D). These results once
again indicate that microsomal sphingolipids are a distinct pool from the mitochondria.

Conclusions
Given the critical role that these lipids play in mitochondrial function, it is important to
understand the general composition and membrane distribution of cardiac mitochondrial
sphingolipids. The present work shows that cardiac mitochondria contain an array of
sphingolipids, which reflects the distribution seen in heart and other tissues [15;34]. Despite
this resemblance, the concentration of a given mitochondrial sphingolipid isotype varies
widely and depends on the tissue studied. For example, liver mitochondria predominantly
contain C16-, C18-, C18:1-ceramide with C24-ceramide being a minor constituent; C22-
ceramide is not detected [15]. In contrast, we report that C24- and C22-ceramide are the most
abundant ceramides found in cardiac mitochondria. The reason(s) for these differences are
not presently known, but may be due to tissue specific expression of ceramide synthases
[35], which would significantly influence composition of mitochondrial ceramide isotypes in
a particular organ.

The functional consequences for different ceramides in mitochondria have yet to be
explored. However, the relative abundance of a ceramide species may modulate the
sensitivity of mitochondria to apoptotic stimuli [3] or affect ROS production. Thus, a post-
mitotic organ such as the heart may limit shorter-chain ceramides to modulate pro-apoptotic
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signals versus a mitotically active organ like the liver, which can readily undergo tissue
regeneration.

Sphingolipids play key roles in membrane curvature, regulation of energy production, and
membrane permeability. Thus, alterations in basal sphingolipid levels may be the root-cause
for the metabolic and structural differences found between SSM and IFM. Our results show
that the sphingomyelin, sphingosine, and sphinganine content of cardiac mitochondria are
nearly identical, and therefore cannot contribute to the functional differences of these two
subpopulations. However, IFM and SSM display distinct ceramide profiles, which could
contribute to differences in respiratory characteristics and sensitivity to pro-apoptotic
stimuli. This in turn, may play a vital role in disease states, such as the decline in cardiac
function seen in aging, where IFM becomes specifically dysfunctional.

We are currently attempting to determine both the mechanism(s) causing IFM and SSM
ceramide asymmetry, and the functional consequences of such an asymmetry. With regards
to the mechanism, the recent work by Wu et al. may be instructive, as this group showed
that a novel isoform of neutral sphingomyelinase exists in mitochondria [36]. This presents
the intriguing possibility of a differential expression or regulation of neutral
sphingomyelinase in IFM and SSM. Thus, ceramide pool sizes and specific isoforms could
be regulated via the catabolism of sphingomyelin to ceramide.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SSM subsarcolemmal mitochondria

IFM interfibrillary mitochondria

MRM multiple reaction monitoring

CID collision induced dissociation

ER endoplasmic reticulum

ROS reactive oxygen species

VDAC voltage-dependent anion channel protein

PDI protein disulfide isomerase

LC/MS/MS LC-tandem mass spectrometry

NAG N-acetyl-β-D-glucosaminidase

IMM inner mitochondrial membrane
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Figure 1. Intact mitochondria and inner membrane preparations are sufficiently pure for
sphingolipid determination
Microsomal and lysosomal contamination of the IFM was monitored by measuring protein
disulfide isomerase (PDI) and N-acetyl-β-D-glucosaminidase (NAG) activity, respectively.
(A) Western blot analysis shows no detectable PDI in IFM preparations. n=3; (B) The
percentage of NAG in IFM and SSM were ≤1.5% of that found in cardiac tissue
homogenates. N=3; (C) Optimal digitonin levels to solubilize mitochondrial outer
membranes from the IMM were determined. Western blot analysis showed successively
greater removal of VDAC, a protein marker of mitochondrial outer membranes, with
increasing digitonin levels added; however, COX IV (an inner membrane marker) remained
constant regardless of digitonin levels. The blot shown is typical of four preparations.
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Figure 2. Sphingolipid profiles in mitochondrial and extra-mitochondrial cardiac membranes
Lipids extracted from IFM, SSM, or their respective inner membranes were subjected to LC-
MS/MS and sphingolipids quantified relative to standards. Sphingolipids were also
monitored in cardiac microsomes and lipid extracts from tissue homogenates. (A)
Sphingomyelin; (B) ceramide; (C) sphingosine; and (D) sphinganine are shown. Data are
Mean ± SEM, n=6; an asterisk (*) denotes significant differences between intact
mitochondria and IMM; a superscript (a) indicates a statistically significant difference from
whole tissue, p < 0.05.
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Figure 3. Ceramide isotypes in mitochondrial and extra-mitochondrial cardiac membranes
Ceramides were quantified in indicated cardiac membranes using LC/MS/MS. Results
showed that all membranes contain six ceramide species with side chains from 16 to 24
carbons in length. (A) Ceramide distribution in SSM and IFM. (B) Profile of SSM and IFM
ceramide isotypes in mitochondrial inner membranes. (C) Ratio of inner membrane
ceramides to those of intact mitochondria. (D) Ceramide levels found in extra-mitochondrial
membranes. Data represents the Mean ± SEM, n = 6; an asterisk (*) denotes a significant
difference to the corresponding isotype in IFM, p < 0.05. Bars represent: C16-ceramide
(black), C18-ceramide (gray vertical line), C20-ceramide (checkered), C22-ceramide (gray),
C24-ceramide (angled line), and C24:1-ceramide (clear).
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