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Abstract Sphingolipids have been implicated as key media-
tors of cell-stress responses and effectors of mitochondrial
function. To investigate potential mechanisms underlying
mitochondrial dysfunction, an important contributor to dia-
betic cardiomyopathy, we examined alterations of cardiac
sphingolipid metabolism in a mouse with streptozotocin-
induced type 1 diabetes. Diabetes increased expression of
desaturase 1, (dihydro)ceramide synthase (CerS)2, serine
palmitoyl transferase 1, and the rate of ceramide formation
by mitochondria-resident CerSs, indicating an activation of
ceramide biosynthesis. However, the lack of an increase in
mitochondrial ceramide suggests concomitant upregulation
of ceramide-metabolizing pathways. Elevated levels of lacto-
sylceramide, one of the initial products in the formation of
glycosphingolipids were accompanied with decreased respi-
ration and calcium retention capacity (CRC) in mitochon-
dria from diabetic heart tissue. In baseline mitochondria,
lactosylceramide potently suppressed state 3 respiration
and decreased CRC, suggesting lactosylceramide as the pri-
mary sphingolipid responsible for mitochondrial defects in
diabetic hearts. Moreover, knocking down the neutral cerami-
dase (NCDase) resulted in an increase in lactosylceramide
level, suggesting a crosstalk between glucosylceramide syn-
thase- and NCDase-mediated ceramide utilization pathways.El
These data suggest the glycosphingolipid pathway of ce-
ramide metabolism as a promising target to correct mito-
chondrial abnormalities associated with type 1 diabetes.—
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Compelling epidemiological and clinical data indicate
that diabetes mellitus increases the risk for cardiac dysfunc-
tion and heart failure independently of other risk factors,
such as coronary disease and hypertension. Lipotoxicity is
an important contributor to cardiac dysfunction in both
type 1 (1, 2) and type 2 (3-6) diabetes, which are character-
ized by excessive accumulation of triacylglycerols, long-chain
acyl-CoAs, diacylglycerols, and ceramides in myocardium.
Correlation of the increased ceramide level with develop-
ment of diabetic cardiomyopathy has attracted special at-
tention in recent years because of the well-documented
ability of this sphingolipid to regulate a number of cell
processes, including cell proliferation, growth arrest, dif-
ferentiation and apoptosis, and the mediation of responses
to stress stimuli.

Ceramide is a hub of sphingolipid metabolism (7, 8).
The balance between ceramide-producing pathways and
pathways that consume it dictates ceramide level in the
cell. The de novo ceramide biosynthesis pathway, one of
the major ceramide producing pathways, localizes in the
endoplasmic reticulum (ER) and starts with the conden-
sation of serine and palmitoyl-CoA producing 3-keto-
sphingonine, which, in turn, is rapidly converted to
dihydrosphingosine. Subsequent acylation of dihydro-
sphingosine by a set of (dihydro)ceramide synthases
(CerSs) gives rise to dihydroceramide. Finally, the re-
moval of two hydrogens from the fatty acid chain of
dihydroceramide by desaturase leads to the formation
of ceramide. Other possible contributors to elevated
ceramide level are: hydrolysis of SM catalyzed by SMases,
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acylation of sphingosine in the salvage pathway, dephos-
phorylation of ceramide-1-phosphate, and catabolism of
glycosphingolipids.

Ceramide levels are tightly controlled in the cells via
rapid transformation into less harmful sphingolipids. The
main pathway of ceramide utilization is its conversion to
sphingosine and FFA catalyzed by ceramidases, which re-
side in mitochondria, plasma membrane, lysosomes, and
Golgi compartments (neutral, acid, and alkaline cerami-
dases). Ceramide can also be channeled to the forma-
tion of complex glycosphingolipids. The first step in this
pathway is catalyzed by glucosylceramide synthase with
the formation of glucosylceramide. Subsequent forma-
tion of lactosylceramide and further gangliosides gives rise
to a wide spectrum of biologically active molecules. Con-
version to SM (SM synthase) and ceramide-1-phosphate
(ceramide kinase) are other alternatives for ceramide
utilization.

Mitochondria emerged as a novel specialized compart-
ment of sphingolipid metabolism with their own subset of
sphingolipid-generating and -degrading enzymes. Neutral
ceramidase (NCDase) (9-11), a novel neutral SMase (12,
13), CerS (14), and sphingosine kinase 2 (10, 15), which
convert sphingosine to sphingosine-l1-phosphate, have
been found associated with mitochondria. Mitochondria
contain a variety of sphingolipid species and some of their
effects on mitochondrial function are well-documented
(16). For example, ceramide suppresses mitochondrial re-
spiratory chain activity (17), potentiates insertion of Bax
into the outer mitochondrial membrane (18), and, de-
pending on the conditions, can accelerate or suppress the
opening of the mitochondrial permeability transition pore
(mPTP) (19-21) of the inner mitochondrial membrane.
Similarly, sphingosine suppresses respiratory chain activity
(10, 22, 23) and mPTP opening (23-25). Potentiation of
mPTP opening by ganglioside GD3 (26, 27) and increased
mitochondrial reactive oxygen species (ROS) production
in the presence of lactosylceramide (28) have also been
reported.

Altered mitochondrial substrate and energy metabo-
lism, along with the increased propensity for mitochon-
dria-mediated cell death are important contributors to the
development of reduced cardiac efficiency in diabetic car-
diomyopathy (6, 29-32). Mitochondrial dysfunction in
type 1 diabetic heart tissue is the result of inhibition of the
respiratory chain (33-35), oxidative stress (35, 36), and
decreased resistance to Ca®'- (37, 38) and oxidative stress-
induced mPTP opening (39, 40).

The goal of this investigation was to determine the ef-
fect of type 1 diabetes, induced by streptozotocin (STZ), on
cardiac mitochondrial sphingolipid makeup and identify
the sphingolipids contributing to mitochondrial dysfunction.
We evaluated two distinct mitochondrial subpopulations:
subsarcolemmal mitochondria (SSM) and interfibrillar
mitochondria (IFM), which differ with respect to their re-
spiratory capacity, sensitivity to Ca*, and response to
type 1 diabetic insult (41, 42). There were no substan-
tial increases in ceramide level in both subpopulations in
diabetic heart tissue, despite an upregulation of CerS2,

serine palmitoyl transferase (SPT) 1, and desaturase 1 ex-
pression, indicative of activation of the de novo ceramide
biosynthesis pathway. This suggests concert activation of
ceramide-producing and ceramide-utilizing reactions. In-
deed, NCDase-deficient mice display increased ceramide
levels after induction of diabetes, suggesting NCDase-
mediated ceramide hydrolysis as an important checkpoint
in the control of mitochondrial ceramide. An activation of
ceramide-consuming pathways gains additional support
due to the substantial rise in lactosylceramide upon induc-
tion of diabetes in WT mice, which was further enhanced
in NCDase-null mice, especially in IFM. Evaluation of the
effects of exogenous lactosylceramide on baseline IFM re-
vealed suppression of the respiratory chain and decreased
calcium retention capacity (CRC). These studies suggest
that type 1 diabetes does not induce ceramide accumula-
tion in heart mitochondria, but rather increases ceramide
flux, and that, not ceramide, but ceramide-derived glyco-
sphingolipid lactosylceramide mediates the mitochondrial
dysfunction.

MATERIALS AND METHODS

Animals and reagents

Male C57BL/6 mice were from The Jackson Laboratory (Sac-
ramento, CA). NCDase KO mice were generated in the labora-
tory of Dr. Richard Proia (43) (National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of Health)
and transferred to the animal facility of the Medical University
of South Carolina. The mice were C57BL/6 background and
were backcrossed for 10 additional generations with the same
background at the Medical University of South Carolina. Experi-
mental protocols were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the Medical
University of South Carolina (Charleston, SC) and followed the
National Institutes of Health guidelines for experimental animal
use. Diabetes was induced in 8- to 9-week-old mice following
the Low-Dose Streptozotocin Induction Protocol (Mouse) of the
Diabetic Complications Consortium. Animals were fasted for
4 h prior to STZ injection. Injections (ip) were performed
at 50 mg/kg body weight of STZ dissolved in sodium citrate
buffer (pH 4.5) for five consecutive days. Plasma glucose levels
were monitored with TRUEread blood glucose monitor (Nipro-
Diagnostics, Fort Lauderdale, FL) and animals with glucose
levels >300 mg/dl were considered diabetic. Control animals
were given injections of citrate buffer. Alternatively, animals
with diabetes induced by the similar protocol were obtained
from the Jackson Laboratory. Five weeks postinjection animals
were used for experimentation. TPCK-treated trypsin and soy-
bean trypsin inhibitor were from Worthington Biochemical
Corporation (Lakewood, NJ). According to manufacturer’s spec-
ification, 1 mg inhibitor suppresses activity of 2.06 mg trypsin.
The 17C-sphingosine, palmitoyl-CoA, arachidoyl-CoA, Cs,-
lactosylceramide, and Cig-glucosylceramide were from Avanti
Polar Lipids (Alabaster, AL). All other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Antibodies

Antibodies against mitochondrial marker, voltage dependent
anion channel (VDAC) (D73D12), and syntaxin 6 (Golgi marker)
were supplied by Cell Signaling Technology (Danvers, MA). The
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rabbit polyclonal anti-LAMP-2 (lysosomal marker), mouse mono-
clonal anti-a1 subunit of the Na*/K" ATPase (plasma membrane
marker), and the rabbit polyclonal anti-calnexin (ER marker)
antibodies were purchased from Abcam (Cambridge, MA). Rab-
bit polyclonal anti-SPTLC1 antibody was purchased from Abcam.
Goat polyclonal anti-SPTLC2 (C20), rabbit polyclonal anti-
SPTLC3 (D-13), rabbit polyclonal anti-UGCG (H-300), and rab-
bit polyclonal anti-CerS2 antibodies were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit polyclonal
anti-NCDase antibody was raised by Bethyl Laboratories (Mont-
gomery, TX) (10). Mouse monoclonal anti-B-actin antibody (AC-
74) was purchased from Sigma-Aldrich. Secondary horseradish
peroxidase-conjugated antibodies were supplied by Jackson Im-
munoResearch Laboratories Inc. (West Grove, PA).

Echocardiography

Mice underwent echocardiography to examine in vivo changes
in cardiac function upon induction of diabetes using a 40 MHz
mechanical scanning transducer (707B) and a Vevo 770 echocar-
diograph (VisualSonics, Toronto, Canada), as previously de-
scribed (44). Left ventricular (LV) weight (LVW), LV ejection
fraction (EF), stroke volume (SV), and left atrial (LA) dimension
were measured using the American Society of Echocardiography
criteria (45). LVW was normalized to body weight.

Preparation of mitochondria from cardiac tissue

SSM and IFM were isolated according to Palmer, Tandler, and
Hoppel (41) and King et al. (34) with some modifications. Hearts
from eight to ten mice were minced and washed in isolation buffer
(IB) consisting of 100 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM
MgSO,, and 1 mM ATP (pH 7.4 adjusted by KOH). Minced tissue
was diluted 1:10 (w/v) in IB and homogenized with a Polytron tis-
sue processor (Brinkman Instruments, Westbury, NY) for 3 s at a
rheostat setting of 6.5, and further homogenized with a motorized
Potter-Elvejhem homogenizer by five strokes at 800 rpm. Homog-
enate was centrifuged at 600 g for 10 min. Supernatant was saved
and the pellet was resuspended in IB. After repeated centrifugation
at 600 gfor 10 min, the supernatants were combined and the pellet
was saved for isolation of IFM. SSM were pelleted from supernatant
by centrifugation at 3,100 g for 10 min. To isolate IFM, pellet from
the last centrifugation at 600 gwas suspended in IB containing tryp-
sin (5 mg/g wet weight) for 10 min at 4°C. Digestion was termi-
nated by addition of an equal volume of IB containing soybean
trypsin inhibitor (5 mg/g wet weight) and the suspension was cen-
trifuged at 7,700 gfor 10 min. Supernatant was discarded and myo-
fibril pellet was resuspended in IB and spun down at 600 g for
10 min. Supernatant was saved and the procedure was repeated
one more time. IFM were obtained from combined supernatants
by centrifugation at 3,100 gfor 10 min. To increase purification of
SSM and IFM, pellets were resuspended in IB and spun down at
3,100 gfor 10 min. This step was repeated one more time, however,
mitochondria were resuspended in a buffer containing 100 mM
KCl, 50 mM MOPS, and 0.5 mM EGTA (pH 7.4 adjusted by KOH).
After final centrifugation, mitochondria were resuspended in the
above mentioned buffer. Mitochondria had negligible contamina-
tion with the major cellular membrane compartments, as assessed
by Western blot using antibodies against plasma membrane marker
protein (Na',K-ATPase), lysosomes (LAMP-2), ER (calnexin), and
Golgi marker (syntaxin 6) (Fig. 1). As expected, the outer mito-
chondrial membrane marker VDAC was enriched in the mitochon-
drial fractions as compared with homogenate.

Protein determination

Mitochondrial protein concentration was quantified with a
bicinchoninic acid assay kit (Pierce, Rockford, IL) using BSA as a
standard.
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Fig. 1. Heart mitochondria display minimal contamination with
other cellular membrane compartments. Western blots for Na",K'-
ATPase (plasma membrane marker), LAMP-2 (lysosomal marker),
calnexin (ER marker), syntaxin 6 (Golgi marker), and VDAC (mi-
tochondrial marker) were performed by loading equal amounts of
30 wg of homogenate (H), or mitochondrial (SSM or IFM) protein
per lane, except VDAC, which was assessed using protein loading
of 15 ng per lane. The blot is representative of three independent
experiments.

Measurement of mitochondrial permeabilization

Inner membrane permeabilization was assayed by measure-
ments of the decrease in absorbance of mitochondrial suspen-
sion, indicative of mitochondrial swelling, at 520 nm using a
Brinkmann PC 910 probe colorimeter and a fiber optic probe, as
we described (20).

CRC of mitochondria

The CRC of mitochondria was monitored using a Ca”'selective
electrode (ThermoScientific/Orion, Rockford, IL) in a medium
containing 250 mM sucrose, 10 mM HEPES, and 2 mM KH,PO,
(pH 7.4) (adjusted with Tris-base) at 25°C, as previously de-
scribed (20, 46). Mitochondria (0.5 mg/ml) were energized by
10 mM succinate with 1 uM rotenone and pulsed with 50 uM
Ca** every 1.5 min. Maximal CRC was defined as the amount of
Ca** (per milligram of protein) required to induce spontaneous
release of pre-accumulated Ca™.

Mitochondrial respiration

Mitochondrial respiration was measured by recording oxygen
consumption at 25°C in a chamber equipped with a Clark-type
oxygen electrode (Instech Laboratories, Plymouth Meeting, PA),
as previously described (14). Briefly, mitochondria were incu-
bated in the medium containing 80 mM KCIl, 50 mM MOPS,
1 mM EGTA, and 5 mM KH,PO, (pH 7.4 adjusted by KOH) with
complex I substrate (mixture of 5 mM glutamate and 5 mM ma-
late). Maximal oxidative phosphorylation (state 3) was attained
by addition of 500 wM ADP, and uncoupled respiration (state
3u) was measured in the presence of 50 pM 2,4-dinitrophenol
(DNP).

Western blot

Mitochondria or tissue samples were lysed in a buffer contain-
ing 50 mM Tris-HCI (pH 7.4), 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 1 mM NazVO,, and 10 mM NaF, supplemented
with a protease inhibitor cocktail (Roche, Indianapolis, IN). Af-
ter 1 h on ice, lysates were centrifuged at 15,000 g for 10 min to
remove insoluble material. Protein samples were then pre-
pared by boiling lysates in reducing SDS-sample buffer. Thirty



micrograms of total proteins from each lysate were loaded onto
4-20% gradient SDS polyacrylamide gels, subjected to electro-
phoresis, and then transferred to polyvinylidene difluoride mem-
branes, and blocked with 5% nonfat dry milk in TBS-T buffer [10
mM Tris, 150 mM NaCl, and 0.2% Tween 20 (pH 8.0)] overnight
at 4°C. The blots were subsequently probed with appropriate pri-
mary antibodies, followed by horseradish peroxidase-labeled sec-
ondary antibody. Immunoreactive bands were visualized using a
SuperSignal West Dura substrate (ThermoScientific, Rockford,
IL). Relative band intensity was quantified using a Gel Doc EZ
imager equipped with Quantify One software (Bio-Rad).

Mitochondrial sphingolipids and diacylglycerol
measurements

Mitochondrial sphingolipid and diacylglycerol species were
determined by MS/MS (47). To extractlipids, 1 mg of mitochon-
drial protein was added to 2 ml of the ethyl acetate/isopropanol/
water (60:30:10%, v/v/v) solvent system. The lipid extracts were
fortified with internal standards, dried under a stream of nitro-
gen gas, and reconstituted in 100 wl of methanol for ESI-MS/MS
analysis, which was performed on a Thermo-Fisher TSQ Quan-
tum triple quadrupole mass spectrometer, operating in a multi-
ple reaction-monitoring positive-ionization mode.

The samples were injected onto the HP1100/TSQ Quantum
liquid chromatography/MS system and gradient-eluted from the
BDS Hypersil C8, 150 x 3.2 mm, 3 um particle size column, with
a 1.0 mM methanolic ammonium formate, 2 mM aqueous am-
monium formate mobile-phase system. The peaks for the target
analytes and internal standards were collected and processed
with the Xcalibur software system. Calibration curves were con-
structed by plotting peak area ratios of synthetic standards, repre-
senting each target analyte, to the corresponding internal
standard. The target analyte peak area ratios from the samples
were similarly normalized to their respective internal standard
and compared with the calibration curves using a linear regres-
sion model.

CerS activity assay

CersS activity was monitored by the formation of ceramide from
sphingosine in the presence of palmitoyl-CoA or arachidoyl-CoA.
To enhance the sensitivity of the assay, we employed synthetic
17C-sphingosine instead of natural 18C-sphingosine as a sub-
strate, and 17C-ceramides formed in reaction were measured us-
ing MS/MS (9, 14). Mitochondria (0.5 mg/ml) were incubated
with or without fumonisin Bl (FB1) for 5 min in a medium con-
taining 250 mM sucrose, 5 M rotenone, and 10 mM HEPES (pH
7.4 adjusted by KOH) at 37°C. Ceramide formation was initiated
by addition of substrates and allowed to progress for 15 min. The
reaction was terminated and ceramides were extracted by addi-
tion of 0.5 ml of the sample to 2 ml of the ethyl acetate/isopropa-
nol/water (60:30:10%, v/v/v) solvent system, and the extracts
were processed as described in the Mitochondrial sphingolipids
and diacylglycerol measurements section above.

Sphingolipid-metabolizing enzyme array

A custom PCR array of the sphingolipid-metabolizing gene
network was developed by SA Biosciences (Valencia, CA) in col-
laboration with Dr. Christopher J. Clarke (Stony Brook Univer-
sity) (10). Primers were designed against the cDNA regions of
the genes. Actin and GAPDH were utilized as reference genes.
mRNA was extracted from tissue samples using a RNA Easy kit
(Qiagen, Germantown, MD). RNA (0.5-1 pg) was used to synthe-
size cDNA with the SuperScript II kit for the first strand synthesis.
Real-time RT-PCR was performed on a Bio-Rad MiniOpticon
detection system. To run the assay, a MasterMix of 637.5 pl of

SYBR-green, 51 pl of cDNA, and 586.5 pl of distilled water was
prepared for each cDNA template. Twenty-five microliters were
loaded per well. The RT-PCR protocol consisted of 10 min at
95°C for polymerase activation followed by 40 cycles of 15 s melt
at 95°C and 60 s at 60°C for annealing and extension. After the
cycles were run, a melt curve was performed to confirm a single
product for each primer pair. The data were analyzed utilizing
the PCR array data analysis portal at the SA Biosciences website.

Statistical analysis

Data were collected, and the mean value of the treatment
groups and the standard error were calculated. Data were ana-
lyzed for statistically significant differences by Student’s test us-
ing Sigma Plot software (version 12.5). Statistical significance was
ascribed to the data when P < 0.05.

RESULTS

Diabetes alters cardiac functions

Echocardiographic measurements of diabetic mice
(Table 1) show that cardiac systolic function was altered in
the diabetic mice compared with controls. LV EF and SV
were significantly decreased in the diabetic hearts com-
pared with controls. Additionally, the LA dimension was
used as an index of chronic changes in LV diastolic func-
tion. LA dimensions were significantly increased in dia-
betic mice compared with controls, indicating sustained
increased LV diastolic pressure. Overall, based on EF and
SV measurement, it is possible to conclude that LV systolic
function is decreased in diabetic mice compared with con-
trols. In addition, based on LA dimension measurements,
it is possible to say that LV diastolic function is altered in
the diabetic mice. These pathological changes are in line
with previously reported cardiac dysfunction in this par-
ticular model of STZ-induced diabetes (33, 36).

Induction of diabetes increases expression of de novo
ceramide-producing pathway enzymes without substantial
changes in mitochondrial ceramide profile

The levels and turnover of sphingolipids are regulated
by sphingolipid metabolizing enzymes (Fig. 2) that play
essential roles in the shaping of sphingolipid signaling ef-
fects and cell responses (7, 8, 48, 49). The effect of diabe-
tes on the sphingolipid enzyme gene expression network
was examined using a PCR array in heart samples from dia-
betic animals (Fig. 3). Analysis of sphingolipid-metaboliz-
ing enzyme gene expression indicated that, of the 43
genes investigated, only 5 genes exhibited an upregula-
tion of =2-fold: N-acylethanolamine acid amidase (Naaa),
acid ceramidase (Asah 1), (dihydro)ceramide synthase 2
(CerS2 or Lass 2), desaturase 1 (Degs 1), and galactosidase
(Gla). Western blot analysis confirmed upregulation of
CerS2 protein level in heart homogenates from diabetic
mice (Fig. 4A, B). Interestingly, induction of diabetes also
upregulated CerS2 content in the SSM (Fig. 4C, D). On
mRNA level, expression of SPT subunits, the enzyme
which catalyzes the initial step in the de novo pathway of
ceramide formation, had not been changed. However,
protein analysis showed increased abundance of SPTLCI
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TABLE 1. Echocardiographic assessment of mice after 5 weeks of diabetes
Group BW (g) HW/BW (mg/g) HR (bpm) LVW/BW (mg/g) LVEF, (%) LVSV (pl) LA Dimension (mm)
Control  25.6 +0.7 4.2+0.18 492 + 14 31x0.2 595+1.1 833+1.3 1.8+0.1
Diabetic  21.1 + 0.6" 4.0+0.10 471 + 25 2.8+0.2 54.8+1.0° 28.4+1.3% 2.3+0.1°

Values are expressed as mean = SEM (n = 6). BW,
beats per minute.

body weight in grams; HW, heart weight; HR, heart rate in

“P< 0.05 versus control using unpaired Student’s ttest with two tail distribution.

in diabetic heart lysates (Fig. 4A, B). SPTLC1 anchors
SPTLC1/SPTLC2 and SPTLC1/SPTLC3 heterodimers to
the membrane, and is indispensable for the activity of
these complexes. Therefore, an increased expression level
of SPTLCI can result in activation of SPT upon induction
of diabetes. Induction of diabetes did not change expres-
sion of NCDase, either in heart lysates or in mitochondria.
Abundance of glucosylceramide synthase (UGCG) was
slightly decreased, which is in line with PCR array data.
CerS catalyzes ceramide formation from (dihydro)
sphingosine and acyl-CoA, which can be blocked by FB1, a
potent CerS inhibitor. Ceramide is also produced via FB1-
insensitive reversed ceramidase reaction (9, 50, 51) from
sphingosine and a fatty acid, which is formed in mitochon-
dria as a result of hydrolysis of acyl-CoAs by thioesterase
Acot2 (MTE-1) (9, 34, 52). The effect of diabetes on the
activity of ceramide-generating enzymes was evaluated
in cardiac mitochondria (Fig. 5). Control SSM readily
formed ceramide from sphingosine and palmitoyl-CoA
(Fig. 5A) or arachidoyl-CoA (Fig. 5C) in a FB1-sensitive man-
ner, which attests for the activity of CerS in this mitochondrial
fraction. Formation of ceramide by FBl-insensitive activity
constituted about 20% of CerS activity with palmitoyl-
CoA, and 17% with arachidoyl-CoA. Diabetic SSM dis-
played a 52 and 71% increase in CerS activity (FB1-sensitive

component) for palmitoyl-CoA and arachidoyl-CoA, re-
spectively. With arachidoyl-CoA, the FBl-insensitive com-
ponent was increased 2.8 times. In contrast, this activity
did not change while using palmitoyl-CoA as a substrate.
In control IFM, FBl-sensitive CerS activity was 2-fold less
with palmitoyl-CoA, and 4.8-fold less with arachidoyl-CoA,
as compared with SSM (Fig. 3B, D). Diabetes did not sig-
nificantly affect these activities in IFM. However, the re-
sults obtained with IFM should be interpreted cautiously.
An isolation of IFM includes proteolytic treatment of the
cardiac tissue with trypsin to separate mitochondria from
myofibrils. Such treatment could separate the mitochon-
dria from associated membranes [ mitochondria-associated
membranes (MAMs)] by disrupting tethering between
the ER and mitochondria (53, 54) and inactivating CerS
activity in the ER (55) and in the outer mitochondrial
membrane. Therefore, the data suggest that only the CerS
localized in the trypsin-inaccessible compartment of IFM
did not respond to the induction of diabetes.

The increased gene/protein expression of desaturase 1,
CerS2, and SPTLCI, along with increased mitochondrial
CerS activity, are indicative of an activation of ceramide
biosynthesis in diabetic heart. At the same time, activation
of ceramide production did not translate to a substantial
increase in ceramide content in mitochondria (Fig. 6).
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under consideration.
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Although, among major ceramides, Cy.,-ceramide was sig-
nificantly increased (34%) in SSM, there was no change in
other major ceramides, including Cyg-, Cig- Cis.1- Cop.1s
Cao.07> Cog.1-, Coypm, and Coy-ceramide species (Fig. 6A) and
minor ceramides (C ., Cop.4m Cogo and Cog.-ceramides; not
shown), resulting in only a 17% increase in total ceramide

A Con STZ

in SSM (Fig. 7A). There were no changes in ceramide spe-
cies in IFM (Fig. 6B) and in total ceramide upon induction
of diabetes (Fig. 7A). The lack of a substantial increase
in mitochondrial ceramide, despite an upregulation of
ceramide biosynthesis, suggests concomitant upregulation
of ceramide-metabolizing activities.
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Fig. 4. Effect of diabetes on the abundance of ceramide metabolizing enzymes in heart lysates (A, B) and isolated mitochondria (C, D).
Western blots were performed by loading equal amounts of 30 ug of homogenate (A), or mitochondrial (SSM or IFM) protein per lane,
except VDAC, which was assessed using protein loading of 15 pg per lane. A: Representative Western blot of heart lysates. B: Quantification
of protein expression in heart lysates. Levels of respective proteins were normalized against 3-actin and their expression in STZ animals
relative to control was determined. Data are mean + SE of three homogenate preparations; eight to ten mice were used for each prepara-
tion of homogenate. *P < 0.05. C: Representative Western blot of heart mitochondria. D: Quantification of protein expression in heart
mitochondria. Levels of respective proteins were normalized against VDAC and their expression relative to IFM control was determined.
Data are mean + SE of three preparations; eight to ten mice were used for each preparation of mitochondria. *P < 0.05.
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Increased ceramide hydrolysis by NCDase
counterbalances de novo ceramide formation upon
induction of diabetes

One of the major pathways of ceramide utilization is its
hydrolysis by ceramidases, which are comprised of a het-
erogenic family of enzymes which include acid ceramidase
(ASAH1), NCDase (ASAH2), and three alkaline cerami-
dases (ACER1, ACER2, and ACER3) (56). Acid cerami-
dase is localized to the lysosomes. There is a diverse
localization of alkaline ceramidases: ACERI is localized to
the ER and is mainly expressed in the skin, ACER2 is local-
ized to the Golgi, and ACER3 is localized to both the Golgi
and ER. Although NCDase was thought to preferentially
localize to the plasma membrane, accumulating evidence
demonstrates the presence of NCDase activity, or the en-
zyme itself (depending on the tissue/cell studied), in en-
dosomal/lysosomal compartments (57) and mitochondria
(9-11, 58). In our previous studies, we have shown that
mitochondria-resident NCDase modulates the ceramide
profile of liver mitochondria (9). Therefore, in the pres-
ent studies aimed at assessment of a relationship between
mitochondrial sphingolipid metabolism and mitochon-
drial functions upon induction of diabetes, we focused our
attention on NCDase. To determine the NCDase contribu-
tion to shaping the ceramide profile of mitochondria from
diabetic heart, we utilized NCDase KO mice. Knocking
down NCDase resulted in increased ceramide species (Fig.
6C, D) and total ceramide (Fig. 7A) in both SSM and IFM
from a baseline heart, attesting that mitochondrial NC-
Dase is involved in clearance of mitochondrial ceramide.
Upon induction of diabetes in the NCDase-deficient mice,
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ceramide increases were greater compared with the WT
mice for both SSM (52.6 pmol/mg for WT vs. 111.3 pmol/
mg protein for NCDase KO) and IFM (23.5 pmol/mg for
WT vs. 119.5 pmol/mg protein for NCDase KO). These
increases cover all major ceramide species (Fig. 6C, D).
The data suggest that diabetes increases ceramide flux in
cardiac mitochondria, which is controlled, at least in part,
by mitochondrial NCDase.

Diabetes increases mitochondrial lactosylceramide

To evaluate other potential pathways of ceramide utiliza-
tion, the sphingolipid profile was determined in mitochon-
dria from diabetic heart (Fig. 7). SM, the end-metabolic
product of ceramide utilization, was considerably elevated
both in SSM and IFM (43%, or by 1,157.4 pmol/mg pro-
tein, and 37.8%, or by 861.7 pmol/mg protein, respec-
tively; Fig. 7D). Knocking down NCDase did not change
total SM in either WT or NCDase KO SSM from diabetic
heart, whereas SM was slightly increased in IFM compared
with WT. There were only minor changes in diacylglycerol
levels in mitochondria and homogenates from WT and
KO diabetic hearts (Fig. 8). Hexosylceramides were not
increased upon induction of diabetes (Fig. 7C), although
it should be noted that knocking down NCDase substan-
tially (92%) increased total hexosylceramide in IFM, spe-
cifically Cog.o-, Coy-, and Cyy.;-hexosylceramide species. In
contrast, lactosylceramide was highly elevated both in
SSM and IFM in diabetic heart (Fig. 7B; Fig. 9A, B).

Total lactosylceramide was increased by 38% (Fig. 7B),
with substantial increases in Cig-, Cop.g-, and Cgg,-lactosyl-
ceramide species (Fig. 9A) in SSM from diabetic WT mice



A
250
3 mcon| * SSMWT
22 |=sm T
o
o
E 150
S
£
£ 100 -
L
ke
E % I[I
[+
5]
S T N
RN A S q N ko
oo o o"'ﬁ (;Ld{y A
C
300
= "
@ 250 | |mmmm Con SSM KO
° = s1Z
o
o 200
E
3
2 150 -
a
g 100 - %
£ *
£ so0 *
@ *
o
0 -
o

A T R
GO NG A c;bo,;»&d\.

-
@
o

-

>

o
1

IFMWT

. Con

1204 [=as1z

100 —

o
o
1

Ceramide (pmol/mg protein)
B -]
o o
1 1

»n
o o
| 1

o

300

2807 IFM KO

200

150 +

100

Ceramide (pmol/mg protein)
3
1
*
*

o
I

R g a® N N e D
oo o d-.,% 0"'0“9’ & P

Fig. 6. Changes in major mitochondrial ceramide species in diabetic hearts of WT (A, B) and NCDase KO (C, D) mice. The results rep-

resent the mean + SE (n = 3). *P< 0.05.

compared with controls. In IFM from diabetic WT mice,
total lactosylceramide was increased by 65% (Fig. 7B),
with significant increases in Cigg, Cop.g-, Coo-, and Coy-
lactosylceramide species (Fig. 9B). Knocking down NC-
Dase resulted in a more than 2-fold increase in total
lactosylceramide level in IFM from diabetic heart com-
pared with WT (Fig. 7B), suggesting a crosstalk between
glucosylceramide synthase- and NCDase-mediated ceramide
utilization pathways.

Knocking down NCDase exacerbates mitochondrial
dysfunction in diabetic heart

It was reported that mitochondria from STZ-induced
diabetic mouse hearts display a decreased state 3 respi-
ration (34-36) and an increased propensity for mPTP
opening in response to oxidative stress (39). Figure 10
shows the decreased glutamate/malate supported state
3 respiration both in SSM (by 26%) and IFM (by 25%),
while state 4 has not been affected. This decrease in state
3 respiration seems to reflect the inhibition of maximal
electron transport by respiratory chain because of the
concomitant decrease in DNP-uncoupled respiration
(state 3u). Inhibition of state 3 respiration, which is sup-
ported by complex I substrates in IFM, after the induction
of diabetes with STZ in mice, was somewhat less than
reported for diabetic rat [37-39% for rat SSM (34, 35);
39-55% for rat IFM (34) ]. Moreover, there was no change
in SSM and a 37% decrease for IFM from the hearts of

mice with FAV genetic background (36). Because, in the
present studies, mice with C57BL/6 genetic background
were used, the differences might be species/strain re-
lated. Importantly, knocking down NCDase decreases
state 3 and state 3u respiration similar to diabetes, and the
induction of diabetes in NCDase KO mice further exacer-
bates this effect. Thus, the maximal suppression of state
3 respiration was observed in NCDase KO diabetic ani-
mals, as compared with WT controls: in SSM by 33% and
in IFM by 43%.

We further assessed the effect of diabetes on the CRC of
SSM and IFM. Mitochondria respiring on succinate were
challenged with 50 puM Ca™ pulses every 90 s until the on-
set of spontaneous Ca” release. The amount of Ca*" accu-
mulated before this threshold is termed CRC and reflects
a propensity of mPTP to adopt an open state. A compari-
son of traces 1 and 2 (Fig. 11A), obtained with WT base-
line mitochondria, shows that SSM have a decreased CRC
compared with IFM, which is in line with previously pub-
lished data (59). This decrease in CRC reflects an in-
creased sensitivity of mPTP in SSM to Ca”". Indeed, the
addition of the mPTP inhibitor, cyclosporin A (CSA), to
SSM drastically improved the CRC (trace 3). Induction of
diabetes decreased CRC of WT IFM by 35%, while having
minor effect on SSM (Fig. 11B). Knocking down NCDase
by itself decreases CRC in control IFM by 31%), with a max-
imal decrease observed in diabetic NCDase KO mice of
49% compared with WT controls.
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Lactosylceramide suppresses mitochondrial respiration
and decreases CRC

To determine whether the diabetes-induced mitochon-
drial dysfunction was mediated by accumulated lactosylce-
ramide, we examined the impact of lactosylceramide on
the mitochondrial respiratory chain activity and CRC in
baseline cardiac mitochondria. An addition of 100 uM of
Cigo-lactosylceramide to IFM respiring on complex I sub-
strate glutamate/malate in the presence of ADP (state 3)
resulted in rapid suppression of respiration (Fig. 12A,
trace 3 as compared with control trace 1). Subsequent ad-
dition of uncoupler DNP did not accelerate respiration,
indicating a respiratory chain defect. Ceramides can re-
lease cytochrome c by promoting formation of large chan-
nels in the outer mitochondrial membrane that results in
the suppression of respiration caused by release of cyto-
chrome c (18). However, an addition of 10 wM exogenous

cytochrome c to mitochondria failed to reverse the inhibi-
tion of respiratory chain activity exerted by lactosylce-
ramide, which seems to exclude this mechanism (Fig. 12A,
trace 3). Cygo-glucosylceramide at 100 wM had only minor
effect on respiration (Fig. 12A, trace 2), indicating a high
degree of specificity of the lactosylceramide binding site
on the mitochondrial respiratory chain.

In contrast to mitochondria respiring on glutamate/
malate, where C,glactosylceramide potently suppressed
state 3 respiration with IC;, = 20.7 uM, state 3 respira-
tion supported by complex II (succinate) or complex IV
[ N,N,N',N-tetramethyl-p-phenelenediamine (TMPD)+
ascorbate] substrates was affected to a lesser extent (Fig.
12B). The data suggest complex I as the primary target for
the lactosylceramide.

Besides the effect on the respiratory chain, Cig-lactosyl-
ceramide also decreased mitochondrial ability to retain the
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accumulated Ca®", Figure 13A demonstrates a decreased
CRC of IFM (trace 2) in the presence of 50 pM of Cyg,-
lactosylceramide as compared with the control (trace 1). This
effect is due to an increased sensitivity of mPTP to Ca™", not
to the inability of mitochondria to accumulate it because of
the dysfunctional respiratory chain. Indeed, mPTP inhibi-
tor CSA restores CRC to the original value (trace 3).

An additional confirmation of mPTP opening by Cj;,-
lactosylceramide comes from the evaluation of mitochon-
drial light scattering responses (Fig. 13B), which were
measured simultaneously with monitoring Ca* (Fig. 13A).
An injection of mitochondria to the medium resulted in a
limited decrease in light scattering (swelling), which pre-
sumably originates from limited entry of K" into the matrix
space, because it was not observed in sucrose-containing
medium (not shown) (Fig. 13B, trace 1). Readings re-
mained stable during subsequent Ca™ pulses until mito-
chondria started to undergo a high amplitude swelling
indicative of mPTP opening. In the presence of Cglacto-
sylceramide, the high amplitude swelling was initiated at
lower levels of accumulated Ca® (Fig. 13B, trace 2) that

was prevented by CSA (trace 3). The data suggest that lac-
tosylceramide could enhance the mPTP sensitivity to Ca™".

Of note, Cyglactosylceramide was added to the me-
dium simultaneously with mitochondria, and this addition
resulted in a more pronounced immediate decrease in
light scattering, as compared with the control. In contrast
to the delayed high amplitude swelling, which corre-
sponded to spontaneous Ca®" release, the initial light scat-
tering response was not sensitive to CSA (Fig. 13B, trace 3)
and seemed to represent a modulation of structural topol-
ogy of the mitochondrial membrane by Cj4-lactosylce-
ramide (60, 61). Overall, the mitochondrial dysfunction in
diabetic heart tissue is accompanied by the accumulation
of lactosylceramide, which could mimic the effect of dia-
betes in baseline cardiac mitochondria.

DISCUSSION

Cardiomyopathy in type 1 diabetes was repeatedly linked
to mitochondrial dysfunction and the accumulation of
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toxic lipids, among which ceramide, a pro-apoptotic sphin-
golipid, plays an essential role. Despite mounting evidence
related to the deleterious effect of ceramide on mitochon-
drial function in vitro, there is a gap in our knowledge as
to whether any substantial changes in the mitochondrial
profile of ceramide or its derivatives occur in diabetic
heart tissue and what biochemical mechanisms underlie
the mitochondrial dysfunction. However, a decrease in SM
was reported in the total mitochondrial fraction from the
hearts of STZ-induced diabetic rats (62).
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In this study, we provide evidence that ceramide is not
a major factor in mitochondrial dysfunction in the hearts
of diabetic mice, but rather its metabolite, lactosylce-
ramide, contributes to injury. Indeed, ceramide content
did not change considerably in both SSM and IFM upon
induction of diabetes, but ceramide flux was substan-
tially increased, i.e., the activation of ceramide-producing
pathways was counterbalanced by the simultaneous upregu-
lation of ceramide-metabolizing pathways. Some of the
increase in ceramide level in mitochondria from WT mice
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Fig. 12. [Exogenous lactosylceramide, but not glucosylceramide, suppresses mitochondrial respiration in
baseline mitochondria. A: Mitochondria (0.5 mg/ml) were incubated as described in the Materials and
Methods in the medium supplemented with glutamate/malate (5 mM each). State 3 respiration was initiated
by addition of 2 mM ADP. Trace 1, vehicle control; trace 2, 100 puM Cy4-glucosylceramide was introduced as
indicated; trace 3, 100 uM C,g-lactosylceramide was added. In trace 3, 50 wM DNP and 10 uM cytochrome
¢ were introduced as indicated. B: Dose-response curves of lactosylceramide inhibiting state 3 respiration
rate in the presence of complex I substrate [5 mM glutamate/malate (trace 1)], complex II substrate [10
mM succinate plus 2 uM rotenone (trace 2) ], or complex IV substrate [1 mM ascorbate/250 uM TMPD plus
antimycin at 2jug/mg protein (trace 3) ]. Mitochondria were first preincubated for 6 min in the presence of
the indicated concentrations of Cyg-lactosyceramide, then respiration state 3 was initiated by simultaneous
addition of the indicated substrate and 2 mM ADP.
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could potentially originate from suppression of NCDase
upon induction of diabetes. However, there was no in-
crease of NCDase on protein level (Fig. 4), either in heart
lysates (Fig. 4A, B) or in mitochondria (Fig. 4C, D). Al-
though, murine NCDase can be glycosylated with N- and
O-glycans (56), which might affect ceramidase activity, we
think that NCDase specifically clears ceramide originating
from the de novo pathway at the same rate in both control
and diabetic animals. Ablation of NCDase interrupts this
clearance, leading to increased ceramide level.

It was reported that suppression of the particular ce-
ramide metabolizing pathway affects other pathways in the
ceramide-metabolizing network, causing a change in the
levels of other metabolites or a significant shift in particu-
lar metabolite species (22, 63). Kono et al. (43) have
shown that ablation of NCDase does not markedly affect
either total ceramide level or particular ceramide species
in heart at basal conditions, indicating lack of activation of
compensatory pathways. However, in our experiments, we
observed an increase in total ceramide content in mito-
chondria from NCDase KO mice at basal conditions (29%
in SSM and 19% in IFM) without significant changes in
ceramide species profile. This increase was not accompa-
nied by a change in total SM. In contrast to the SM path-
way, this rise in ceramide translates to its increased tunneling
to glycosphingolipids, as indicated by the increased con-
tent of glycosylceramide (46% in SSM; although no changes
in IFM were detected) and lactosylceramide (~28% both
for SSM and IFM).

Upon induction of diabetes, increased expression of de-
saturase 1, CerS2, and SPTLC1 (Figs. 3, 4), as well as in-
creased CerS activity in mitochondria (Fig. 5), indicated
enhanced ceramide biosynthesis as a plausible source of
mitochondrial ceramide. Besides, increased availability of
the substrates for the formation of ceramide and lactosyl-
ceramide should also contribute to the increased sphingo-
lipid metabolism. Elevated levels of FFA contribute to
increased ceramide formation (64—66). In STZ-induced
diabetes, the lack of insulin releases suppression of lipoly-
sis in adipocytes (67, 68), resulting in elevated levels of
FFA in plasma (69-72), accompanied by expression of

FFA transporters, CD36 and FATPI, in sarcolemma (2,
73). This facilitates the transport of FFAs into cytosol
where they are rapidly converted to acyl-CoAs, thus raising
their levels (69). Acyl-CoAs are immediate substrates for
SPT and CerS, which are the critical enzymes in ceramide
formation by the de novo pathway (Fig. 2). At the same
time, increased glucose promotes formation of UDP-
glucose and UDP-galactose, the substrates for glucosylce-
ramide and lactosylceramide synthases, which tunnel
newly formed ceramides to glucosylceramides and further
to lactosylceramides. Lactosylceramide, within our model,
is one of the causative factors in mitochondrial dysfunc-
tion. Active AMPK suppresses glucosylceramide synthase
and reduces the level of glucosylceramide in the cell (74).
So, decreased AMPK activity observed in STZ-induced dia-
betic heart (75) is an additional factor that accelerates for-
mation of glycosphingolipids. Perturbation in intracellular
Ca¥ homeostasis resulting from decreased expression/
activity of sarco/ER calcium ATPase (SERCA) and com-
promised mitochondrial Ca®* handling in STZ-induced
diabetic hearts (76) can potentially modulate ceramide
metabolism. However, variations in activity of SERCA and
mitochondrial Ca*" controlling mPTP opening/closure
do not affect the levels of diacylglycerol or ceramide (77,
78). This suggests that deregulation of Ca®" homeostasis
and mPTP activity is likely downstream of ceramide me-
tabolism, or they are independent factors.

Our finding that an increased ceramide flux promotes
mitochondrial dysfunction is further supported by studies
using NCDase-deficient mice. Knocking out NCDase in-
creased ceramide levels in mitochondria upon induction
of diabetes, as compared with the controls (Figs. 6, 7), at-
testing, first, that ceramide flux is increased, and, second,
that NCDase acts as a safety mechanism preventing ce-
ramide build up above physiological level.

This is in contrast to liver mitochondria, where reversed
NCDase activity in concert with thioesterase is a primary
source of mitochondrial ceramide formation from palmi-
toyl-CoA and sphingosine (9). As shown in Fig. 5, the
reverse activity of NCDase in heart mitochondria is consid-
erably less than the activity of CerS.
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A similar phenomenon was reported by Gorski and col-
leagues for the myocardium of type 2 diabetic patients
where, despite of an increase in apoptotic markers, ce-
ramide level was unchanged compared with controls (79,
80). At the same time, activation of the enzymes involved
in both ceramide formation (neutral SMase, SPT) and ce-
ramide utilization (ceramidases, sphingosine kinase 1) oc-
curred in concert, suggesting an elevated rate of ceramide
turnover. These data were interpreted as an indication
that ceramide is not a major contributor to cardiomyocyte
apoptosis; however, the involvement of ceramide metabo-
lites has not been ruled out. Indeed, Kester and colleagues
have reported an ~30% increase in glucosylceramide
mass in the retinas of STZ-induced diabetic rats at the ex-
pense of an ~30% decrease of ceramide mass (81). Based
on pharmacological studies with R28 retinal neurons, they
came to the conclusion that it is glucosylceramide formed
from ceramide by glucosylceramide synthase or down-
stream glycosphingolipids derived from glucosylceramide
that are causative factors for cell death in diabetic retinop-
athy. These data are in line with our results demonstrating
a substantial increase in lactosylceramide, the immediate
downstream product of glucosylceramide, both in the
SSM and IFM of diabetic animals.

Western blotting shows some downregulation of gluco-
sylceramide synthase (UGCG) protein expression (Fig.
4A), which is in agreement with mRNA measurements.
This is in apparent discrepancy with observed elevated lev-
els of lactosylceramide. However, this contradiction can be
resolved in the framework of results reported by Shayman
and colleagues (82) for STZ-induced diabetic kidney.
They showed that the apparent K,, of glucosylceramide
synthase for UDP-glucose is 250 uM in both normal and
diabetic animals. At the same time, the estimated concen-
tration of UDP-glucose is 149 wM in normal tissue. There-
fore, glucosylceramide synthase is far from saturated with
the substrate, and availability of UDP-glucose is a rate lim-
iting step. Upon induction of diabetes, UDP-glucose rises
up to 237 pM, thus driving increased formation of gluco-
sylceramide. We think that in our case, some decrease in
glucosylceramide synthase content is overcompensated
by increased availability of the substrates (UDP-glucose
and ceramide) to drive the reaction toward formation of
glucosylceramide, and subsequently to lactosylceramide.
In the same article, it was reported that an increase in
glucosylceramide content is accompanied by a simultane-
ous increase in ganglioside GM3, which suggests that in
diabetes, the overall reaction is shifted to anabolism of
glycosphingolipids.

Another ceramide-utilizing pathway involved in main-
taining the mitochondrial ceramides at a steady level upon
induction of diabetes is SM formation. There was a substan-
tial increase in SM content in STZ-treated mice, both in SSM
and IFM (Fig. 7D), that is in contrast to the previously re-
ported SM decrease in total mitochondria preparation
from diabetic rat heart (62). However, knocking down
NCDase resulted in a minor further increase of SM content
in IFM. SM content in SSM was not affected at all. This
suggests that the SM pool, in contrast to lactosylceramide,
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is not in direct equilibrium with the pool of ceramide ac-
cessible to NCDase, and that the increase in SM in mito-
chondrial subpopulations of diabetic hearts reflects a
suppression of SM hydrolysis rather than activation of SM
synthesis. In line with this notion, there is no evidence of
the SM synthase presence in mitochondria, but a novel
mitochondria-associated neutral SMase has been cloned
and characterized (12, 13, 83).

In models of lipotoxic cardiomyopathy (64) and in the
Akita mouse model of type 1 diabetes (1), cardiac levels of
diacylglycerol increase in parallel with ceramide. In our
model, there was no substantial increase in diacylglycerol
content in SSM, IFM, or homogenates upon induction of
diabetes (Fig. 8). So, it seems that changes in mitochon-
drial diacylglycerol content cannot explain observed sup-
pression of respiratory chain and sensibilization of mPTP.
This is in line with the lack of direct effect of diacylglycerol
on the mitochondrial respiratory chain, at least at the level
of complex IV (22). At the same time, it is plausible that a
local rise in diacylglycerol in extra mitochondrial com-
partments activates PKC, which in turn indirectly affects
mitochondrial function. This question awaits further
investigation.

The origin and metabolism of ceramide in mitochon-
dria is less obscure. Although the initial steps and the ma-
jority of de novo ceramide formation clearly take place in
the ER (7, 8), the enzymes involved in the final steps of
ceramide formation (CerS and dihydroceramide desatu-
rase) were also found in mitochondria (14, 84, 85). More-
over, Ardail and colleagues provided evidence that MAM,
the specialized ER compartment involved in the transfer
of lipids and Ca” between the ER and mitochondria (86—
88), contains glucosylceramide and lactosylceramide syn-
thases which tunnel glycosphingolipids to mitochondria
(89). On the catabolic side of ceramide metabolism, mito-
chondrial association of NCDase (9-11) and sphingosine
kinase 2 (10, 15) were also demonstrated. It is conceivable
that mitochondria and MAM form a specialized compart-
ment of sphingolipid metabolism providing sphingolipid
species to modulate the mitochondrial function in a con-
text-specific manner.

Although ceramide, among other sphingolipids, is con-
sidered to be a major factor regulating respiratory chain
activity and mPTP (16, 17, 19-21) in type 1 diabetes, the
diabetes-induced suppression of respiratory chain activity
(Fig. 10) and the decrease in CRC (Fig. 11) are accompa-
nied by increased levels of lactosylceramide. This suggests
that glycosphingolipids could modulate mitochondrial
functions in diabetes. Indeed, in vitro experiments with
ganglioside GD3 displayed its role in the induction of
mPTP followed by cytochrome c release, a suppression of
respiratory chain activity, and enhanced ROS production
(26-28). The evidence of lactosylceramide involvement in
mitochondrial dysfunction is limited. Lactosylceramide
was reported to enhance ROS production in isolated mito-
chondria respiring on succinate (28), which is consistent
with inhibition of the respiratory chain at the level of com-
plex IIT or complex IV (90). In our studies, the lactosylce-
ramide suppressed the state 3 respiration supported by



substrates of complex I (glutamate/malate), complex II
(succinate), and complex IV (TMPD /ascorbate) (Fig. 12).
Similar suppression of state 3 respiration in the presence
of either succinate or TMPD /ascorbate suggests that lacto-
sylceramide blocked the electron transport in the respira-
tory chain at the level of complex IV. However, more
potent inhibition of state 3 respiration supported by gluta-
mate/malate points to complex I as a preferred target of
lactosylceramide. The inhibition of respiration is not due
to mPTP opening with subsequent cytochrome c release,
as was shown for GD3 ganglioside (26), because the mito-
chondrial incubation medium was depleted of Ca™, an es-
sential mPTP activator, by the presence of EGTA. A specific
permeabilization of the outer mitochondrial membrane
for cytochrome c by lactosylceramide, as was demonstrated
for ceramide (18), seems unlikely. Indeed, an addition of
exogenous cytochrome c did not restore the respiration
rate to the original level (Fig. 12A). The data suggest that
lactosylceramide can directly inhibit respiratory chain
complexes I and IV.

The ability of lactosylceramide to enhance ROS produc-
tion presumably originated from the inhibition of the re-
spiratory chain in isolated mitochondria (28), which is of
special interest in light of elevated levels of markers for
oxidative stress both in SSM and IFM from the hearts of
STZ-induced diabetic mice (e.g., nitrosine-containing pro-
teins as a markers for protein oxidative modification, and
malondialdehyde and 4-hydroxyalkenal as a markers for
lipid peroxidation) (33, 36). Moreover, these studies have
shown an increased rate of production of superoxide by
IFM from diabetic mice, which is in line with recently pub-
lished data by Rosca and colleagues demonstrating
increased ROS production by SSM from STZ-induced
diabetic rat heart (91). Although the increased number of
mitochondria observed in the hearts from chronic models
of type 1 diabetes (OVE26 and Akita mice) (92, 93) can
potentially contribute to overall cellular ROS production,
in STZ-induced diabetic heart, no change in mitochon-
drial content was detected (91). Therefore, it seems more
plausible that disturbance of ROS production in STZ-
induced diabetes does not originate from alteration of the
mitochondrial content in particular cells, but rather from
defects in the mitochondrion itself. This increase in mito-
chondria-associated oxidative stress was suggested to be
one of the underlying causes of diabetic cardiomyopathy.

Another mitochondrial dysfunction associated with dia-
betes is the ability of mitochondria to retain accumulated
Ca®". The CRC of IFM determined in an incubation me-
dium devoid of EGTA showed a decreased capacity of
mitochondria to accumulate and retain Ca®* in the pres-
ence of lactosylceramide, which can be restored in the
presence of the mPTP inhibitor, CSA (Fig. 13B). This sug-
gests that lactosylceramide could increase the sensitivity of
mPTP to Ca*". However, simultaneous measurements of
mitochondrial light scattering in the time-course of CRC
determination showed more complex changes (Fig. 10).
The addition of lactosylceramide to mitochondria resulted
in an immediate CSA-insensitive decrease in light scattering,
followed by a delayed CSA-sensitive decrease in light

scattering. The CSA-sensitive light scattering phase coin-
cides well with the initiation of Ca® release from mito-
chondria and undoubtedly reflects the mPTP opening.
The nature of the acute light scattering response to lacto-
sylceramide remains obscure. Future studies should clarify
the nature of the structural topology changes in mitochon-
drial membranes caused by lactosylceramide and whether
its biophysical behavior is involved in modulation of mito-
chondprial functional activities.

Lactosylceramide is a precursor of many gangliosides.
Ardail et al. (89) have shown the presence of sialyl-
transferase activities in MAM. Addition of sialic acid to
lactosylceramide is the first step in the formation of
gangliosides. We cannot completely exclude the pres-
ence of residual MAM in our preparation, which is below
the detection level of Western blot. However, mitochon-
drial incubation medium does not contain substrates for
the formation of gangliosides, such as CMP-N-acetylneur-
aminic (sialic) acid or UDP-N-acetylgalactosamine (94).
Therefore, it is safe to conclude that in isolated mito-
chondria, effects should be ascribed to lactosylceramide
itself, but not to the subsequent formation of ganglio-
sides. At the cellular level, Shayman and coworkers (82)
detected an increased level of GM3 in the kidneys of STZ-
induced diabetic rats, indicating favorable conditions for
the formation of gangliosides. Increased ganglioside for-
mation was also observed under hyperglycemic condi-
tions in R28 cells (81). This potentially indicates that the
MAM/mitochondria fraction might also increase gangli-
oside production in response to diabetic challenge. How-
ever, in isolated mitochondria, GM3 along with GMI,
GD1, GDla, and GT1 were absolutely ineffective in the
induction of mPTP (26, 27, 95). Among all the ganglio-
sides tested, only GD3 potentiates mPTP opening. Re-
ports on the effect of gangliosides on the mitochondrial
respiratory chain are missing, except for GD3, which
suppresses respiration by releasing cytochrome c caused
via permeability transition (26). Therefore, we cannot ex-
clude that higher-level glycosphingolipids, along with
lactosylceramide, potentially contribute to mitochondrial
dysfunction. Further work will be required for assessment
of the effect of particular ganglioside species on mito-
chondrial function, and the discrimination of the effects
of lactosylceramide and gangliosides on mitochondria
upon induction of diabetes.

There is another limitation of this study. To confirm
whether lactosylceramide is the major species involved
in mitochondrial dysfunction in diabetic heart, mod-
ulation of lactosylceramide synthesis would be desir-
able. To decrease lactosylceramide synthesis in diabetic
mice, we utilized the glucosylceramide synthase inhibitor,
D-threo PDMP, according to the procedure of Hisaki et al.
(96), who reported an increase in ceramide levels in the
brain, indicative glucosylceramide synthase suppression.
In a similar protocol, Shayman and colleagues (82) ob-
served reversal of diabetic nephropathy by D-threo-PDMP
in STZ-induced diabetic rats. However, we did not detect
significant changes in hexosylceramide or lactosylceramide
levels in heart mitochondrial fractions from diabetic
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animals upon D-threoPDMP treatment. The lack of the
changes of lactosylceramide in mitochondria can indicate
a very low turnover rate of this molecule in the mitochon-
dria/MAM fraction or in the heart of STZ-diabetic animals
compared with brain and kidney. Another possibility is
that these protocols did not provide a sufficient concentra-
tion of D-threo-PDMP in the heart to suppress glucosylce-
ramide synthase. Developing new strategies to suppress
lactosylceramide accumulation in mitochondria and de-
fining the potential role of higher-level glycosphingolipids
would provide more detail for understanding the contri-
bution of glycosphingolipids to mitochondrial dysfunc-
tion in diabetic heart tissue. However, these questions
have need of separate dedicated studies.

Overall, the present work demonstrates that mitochon-
drial dysfunction in STZ-induced diabetic heart correlates
with accumulation of lactosylceramide, and that lactosylce-
ramide exogenously added to baseline mitochondria re-
produces diabetic phenotype. The results of our studies
suggest that the elevated lactosylceramide may be one of
the initial causative factors of mitochondrial dysfunction
in type 1 diabetes. Diabetes-induced accumulation of lac-
tosylceramide results in the inhibition of respiratory chain
activity, leading to increased ROS production (28), which,
in turn, impairs the mitochondrial protein import ma-
chinery, assembly of respiratory chain complexes (36),
and mPTP opening. This further exacerbates cellular oxi-
dative stress and promotes cardiac damage.

Our results highlight the novel role of glycosphingolip-
ids in the pathobiology of diabetes and identify the en-
zymes involved in the modulation of glycosphingolipid
metabolism that could serve as promising pharmacologi-
cal targets for correction of mitochondrial abnormalities
in type 1 diabetes.

The authors thank Mr. Alexander S. Novgorodov for help with
preparation of the manuscript.
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