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Myocardium of type 2 diabetic and obese patients is
characterized by alterations in sphingolipid metabolic
enzymes but not by accumulation of ceramide®
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Abstract Data from animal experiments strongly suggest
that ceramide is an important mediator of lipotoxicity in the
heart and that accumulation of ceramide contributes to car-
diomyocyte apoptosis associated with type 2 diabetes and
obesity. However, it remains unknown whether a similar re-
lationship is present also in the human heart. Therefore, we
aimed to examine whether myocardial apoptosis in obese
and type 2 diabetic patients is associated with elevated cer-
amide level. The study included 11 lean and 26 overweight
or moderately obese subjects without (n =11, OWT) or with
(n =15, T2D-OWT) a history of type 2 diabetes. Samples of
the right atrial appendage were obtained from patients at
the time of coronary bypass surgery. Compared with lean
subjects, the extent of DNA fragmentation (a marker of
apoptosis) was significantly higher in the myocardium of
OWT patients and increased further in T2D-OWT subjects.
However, the content of ceramide and sphingoid bases re-
mained stable. Interestingly, the mRNA level of enzymes
involved in synthesis and degradation of ceramide including
serine palmitoyltransferase, sphingosine kinase 1, neutral
sphingomyelinase, and ceramidases was markedly higher in
the myocardium of OWT and T2D-OWT patients compared
with lean subjects.ll Our results indicate that in the human
heart, or at least in the atrium, ceramide is not a major fac-
tor in cardiomyocyte apoptosis associated with obesity and
type 2 diabetes.—Baranowski, M., A. Blachnio-Zabielska, T.
Hirnle, D. Harasiuk, K. Matlak, M. Knapp, P. Zabielski, and
J. Gorski. Myocardium of type 2 diabetic and obese patients
is characterized by alterations in sphingolipid metabolic en-
zymes but not by accumulation of ceramide. J. Lipid Res.
2010. 51: 74-80.

Supplementary key words atrium e diabetes ® heart ® human ¢ obe-
sity ® papillary muscle ® sphingolipids

Lipotoxicity is the process through which lipid overload
leads to cellular dysfunction, cell death, and, eventually,

This work was supported by the Medical University of Bialystok grants 3-18827
and 4-18844 as well as by the Polish Ministry of Science and Higher Education
(grant N N402 470937).

Manuscript received 5 January 2009 and in revised form 10 July 2009.

Published, JLR Papers in Press, July 18, 2009
DOI 10.1194/jlr. M900002-JLR200

74 Journal of Lipid Research Volume 51, 2010

organ dysfunction (1). Accumulation of neutral lipids
within cardiomyocytes is a hallmark of the heart of dia-
betic as well as obese rodents and humans (1, 2). In recent
years, a hypothesis suggesting that lipotoxicity may con-
tribute to the development of cardiac dysfunction associ-
ated with diabetes and obesity has emerged (3, 4). Direct
evidence supporting this notion comes from experiments
on mice with cardiac specific overexpression of long-chain
acyl CoA synthetase 1 (5), fatty acid transport protein 1
(6), and the cell membrane anchored form of LPL (7). All
these transgenic animal models are characterized by aug-
mented myocardial fatty acid uptake, lipid accumulation
in the heart, and cardiomyopathy that develops in the ab-
sence of disturbances in systemic metabolism or cardiac
fatty acid oxidation.

Although it is still unclear how lipid overload leads to
cardiomyopathy, there is some data indicating that accu-
mulation of ceramide is a major factor in myocardial lipo-
toxicity. When the balance between fatty acid uptake and
oxidation is altered, excess fatty acids is directed toward
synthesis of complex lipids including ceramide. In various
rodent models of lipotoxic cardiomyopathy, diabetes and
obesity, increased myocardial ceramide content has been
observed in association with cardiac dysfunction (5, 8-11).
In addition, interventions leading to reduction in cer-
amide level in the heart were shown to improve cardiac

Abbreviations: ACO1, acyl-CoA oxidase 1; al/n-Cdase, alkaline/
neutral ceramidase; a-CDase, acid ceramidase; a-SMase, acid sphingo-
myelinase; BMI, body mass index; CPT1-M/L, carnityne palmitoyltrans-
ferase 1 muscle/liver isoform; FAT /CD36, fatty acid translocase/CD36;
n-Smase, neutral sphingomyelinase; OWT, overweight or moderately
obese subjects without a history of type 2 diabetes; PDK4, pyruvate de-
hydrogenase kinase 4; SIP, sphingosine-1-phosphate; SPHK, sphin-
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function in Zucker diabetic fatty (ZDF) rats and mice with
cardiac specific overexpression of a cell membrane an-
chored form of LPL (10, 11).

Cardiomyocyte apoptosis is one of the mechanisms un-
derlying development of diabetic cardiomyopathy and
heart failure (12, 13). Ceramide was proposed to be a me-
diator of cardiomyocyte apoptosis induced by ischemia-
reperfusion, tumor necrosis factor o, and palmitate
(14-16). Accumulation of ceramide was found to be as-
sociated with myocardial apoptosis in ZDF rats as well as
in mice with cardiac specific overexpression of peroxi-
some proliferator-activated receptor <y or long-chain acyl
CoA synthetase 1 (5, 9, 10). Ceramide induces apoptosis
by inhibiting a variety of pro-survival signaling kinases in-
cluding Akt/protein kinase B (PKB) and protein kinase
C (PKC){ as well as by stimulating pro-apoptosis stress-
activated protein kinases like c-jun N-terminal protein ki-
nase (JNK). These signaling pathways are involved in
proapoptotic events including suppression of Bcl2 and
activation of caspases (17).

The above data strongly suggest that ceramide is an im-
portant mediator of lipotoxicity in the rodent heart and
that accumulation of this sphingolipid contributes to car-
diomyocyte apoptosis associated with type 2 diabetes and
obesity. However, it remains unknown whether a similar
relationship is present also in the human heart. More-
over, cardiac ceramide metabolism in humans has not
been studied yet. Therefore, the aims of this study were:
1) to determine the content of principal intermediates
and expression of key enzymes of ceramide metabolism
in the human heart, 2) to examine effects of type 2 diabe-
tes and obesity on cardiac ceramide metabolism, and 3)
to determine whether myocardial apoptosis in obese and
type 2 diabetic patients is associated with elevated cer-
amide level.

MATERIALS AND METHODS

Patients

The study included 37 age-matched patients with normal val-
vular function (26 males and 11 females) undergoing elective
coronary bypass graft surgery. The subjects were divided into
three groups: I) lean [body mass index (BMI) < 25.0, n = 11]
without a history of diabetes and with normal fasting blood glu-
cose level (<110 mg/dl), 2) overweight or moderately obese
(BMI > 25.0) without a history of diabetes and with normal fast-
ing glycemia (n = 11, OWT), and 3) overweight or moderately
obese with type 2 diabetes (n = 15, T2D-OWT). Mean diabetes
duration in this group was 6.6 + 2.1 years. Ten of the diabetic
patients were treated with oral hypoglycemic agents (sulfonyl-
urea derivatives and metformin) and five were treated with
insulin. Clinical characteristics of each group are given in Table 1.
Samples of the right atrial appendage were retrieved at the time
of the right atrial cannulation. Dissected tissues were promptly
frozen in liquid nitrogen and then stored at —80°C until further
processing. During the surgery, blood glucose levels were kept
within the physiologic range in all patients.

To compare ceramide metabolism in atrial and ventricular tis-
sue, samples of both right atrial appendage and papillary muscle
of the mitral apparatus were obtained from eight additional pa-

tients (five males and three females) undergoing cardiac surgery
for the mitral valve replacement. The investigation conforms
with the principles outlined in the Declaration of Helsinki and
was approved by the Ethical Committee for Human Studies of
the Medical University of Bialystok. All patients gave their in-
formed consent prior to their inclusion in the study.

Real-time quantitative PCR

Expression of the key genes involved in ceramide and fatty
acid metabolism was measured with the use of real-time quantita-
tive PCR. Total RNA was isolated from the samples using Tri-
Reagent (Sigma) according to the manufacturer’s instructions.
Following RNA purification, DNase treatment (Ambion) was per-
formed to ensure that there was no contaminating genomic
DNA. Extracted RNA was solubilized in RNase-free water and
stored at —80°C until use. The quality of each RNA sample was
verified by running the agarose electrophoresis with ethidium
bromide. The RNA was reverse transcribed into cDNA using First
Strand cDNA Synthesis Kit (Fermentas) with oligo(dT)18. Prim-
ers were designed using Beacon Designer Software (Premier Bio-
soft). Real-time quantitative PCR was performed with SYBR
Green JumpStart Taq ReadyMix (Sigma) using a Bio-Rad
Chromo4 system. PCR efficiency was examined by serially dilut-
ing the template cDNA, and a melt curve was performed at the
end of each reaction to verify PCR product specificity. A sample
containing no cDNA was used as a negative control to verify the
absence of primer dimers. The results were normalized to 3-actin
expression measured in each sample. Primer sequences are avail-
able in the online supplementary data.

DNA fragmentation

DNA fragmentation was assayed by the method of Duke and
Sellins (18) with minor modifications. Samples were pulverized
in liquid nitrogen. Then the lysis buffer (10 mM Tris-HCI, 10
mM EDTA, and 0.5% Triton X-100, pH 8.0) was added and the
samples were suspended by gentle pipetting and incubated on
ice for 20 min. After incubation samples were centrifuged for 20
min at 4°C (14,000 g). The supernatant containing fragmented
(soluble) DNA was transferred to a fresh tube and lysis buffer
was added to the pellet containing insoluble DNA. Both frac-
tions were treated with RNase A (0.5 mg/ml) for 1 hat 37°C and
then with Proteinase K (Fermentas) for 1 h at 37°C. After adding
5 M NaCl and isopropyl alcohol, the samples were incubated
overnight at —20°C, and DNA concentrations were measured.
The extent of DNA fragmentation was calculated as 100% x sol-
uble DNA/ (soluble + insoluble DNA). Fragmentation of the
soluble DNA fraction was confirmed by electrophoresis on 1.5%
agarose gel.

Content of ceramide and sphingoid bases

The content of ceramide and free sphingoid bases including
sphingosine, sphinganine, and sphingosine-1-phosphate (S1P)
was determined as described previously in detail (19). Briefly, tis-
sues were homogenized and internal standards (C,;-sphingosine
and C;-S1P, Avanti Polar Lipids) were added. Lipids were then
extracted by addition of chloroform, 1M NaCl, and 3N NaOH
and the aqueous phase containing S1P was transferred to a fresh
tube. The amount of S1P was determined indirectly after dephos-
phorylation to sphingosine with the use of alkaline phosphatase
(bovine intestinal mucosa, Fluka). Free sphingosine and sphinga-
nine as well as sphingosine formed during dephosphorylation of
S1P were converted to their o-phthalaldehyde derivatives and
analyzed using HPLC system equipped with a fluorescence detec-
tor and C18 reversed-phase column (Varian Inc., OmniSpher 5,
4.6 x 150mm). For ceramide assay, a small volume of the chloro-
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TABLE 1. Clinical characteristics of the subjects

Lean OWT

T2D-OWT

Sex (males/females)
Age (years)
BMI (kg/m?)

8/3 7/4
63.9 = 2.6 (51-76) 61.4+ 2.2 (52-76)
94.0 + 0.4 (21.8-25.0) 30.1 + 0.7 (26.4-35.7)*

10/5

67.3 + 2.1 (52-77)

98.7 = 0.4 (26.2-31.6)*
7

History of MI 6 5

Blood glucose (mg%) 104.0 + 3.0 93.2+1.8 130.7 + 8.6%F
Total cholesterol (mg%) 140.5 + 6.6 171.4+13.4 157.1+9.5
HDL cholesterol (mg%) 46.6 = 6.5 46.2 + 3.6 37.3+2.3
LDL cholesterol (mg%) 82.2+6.5 95.3+11.7 97.1+9.4
Triglyceride (mg%) 78.0 £ 4.8 148.8 + 12.6% 120.1 +19.2
LVEF (%) 47.7 + 3.5 (25-60) 48.1 + 3.3 (28-60) 495 + 3.3 (20-65)
LVEDd (mm) 51.3+1.3 50.9 +2.3 52.4 + 2
SWT (mm) 11.5+0.25 11.4 +0.48 11.8 +0.44
LVPWT (mm) 11.3+0.3 11.1 £0.38 11.4 +0.31
LVM/ht*’ (g/m*7) 55.6 + 2.2 55+ 4.1 59.2 + 4.1
LAD (mm) 41+1.6 402+1.8 38.8+1.7

The results are means = SEM. * P < 0.01 versus the lean group, 1 P < 0.001 versus the OWT group. OWT,
overweight/obese patients, T2D-OWT, overweight/obese patients with type 2 diabetes, LVEF, left ventricular
ejection fraction; LVEDd, left ventricular end-diastolic diameter; LAD, left atrial diameter; SWT, septal wall
thickness; LVPWT, left ventricular posterior wall thickness; LVM/ ht”, left ventricular mass/height to the 2.7

power.

form phase containing extracted lipids was transferred to a fresh
tube containing C,;sphingosine as an internal standard. The
samples were then subjected to alkaline hydrolysis to deacylate
ceramide. The content of free sphingosine liberated from cer-
amide was then analyzed by means of HPLC as described above.
Because the chloroform extract used for ceramide assay contains
small amounts of free sphingoid bases, the content of ceramide
was corrected for the level of free sphingosine determined in the
same sample.

Statistical analysis

All data are presented as means + SEM. Statistical comparisons
were made by using two-way ANOVA without interactions with
one factor being overweight and the other factor being diabetes.
If overall significance was demonstrated by ANOVA posthoc mul-
tiple comparisons using a Newman-Keuls test were conducted.
Comparisons between atrial appendage and papillary muscle
were made using Student’s ttest for paired samples. P < 0.05 was
considered statistically significant. One, two, or three symbols in-
dicate a significant difference at the P < 0.05, P < 0.01, or P<
0.001 levels, respectively.

RESULTS

The mean content of sphingosine, sphinganine, S1P, and
ceramide in the right atrial appendage of the lean patients
was 1.67 £ 0.16, 0.31 + 0.04, 0.26 + 0.03, and 24.2 + 3.44
pmol/mg, respectively. There were no significant sex differ-
ences in the content of these compounds. Neither obesity
nor type 2 diabetes induced statistically significant changes
in the level of any of the aforementioned sphingolipids
(Fig. 1). Myocardial expression of serine palmitoyltrans-
ferase (SPT) subunit 1 and 2, sphingosine kinase (SPHK) 1
and alkaline/neutral ceramidase (al/n-CDase) in the OWT
and T2D-OWT groups was approximately 1.5-fold higher
compared with the lean patients (Fig. 2). Two-way ANOVA
demonstrated a significant effect of overweight also on the
mRNA level of acid ceramidase (a-CDase) and neutral
sphingomyelinase (n-SMase), however, posthoc analysis
showed that expression of these enzymes was increased
only in the OWT patients (by 1.7 and 2.1-fold, respectively,
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Fig. 2). SPHK2 and acid sphingomyelinase (a-SMase) were
the only investigated genes related to ceramide metabolism
which expression was not affected by overweight.

A significant effect of diabetes on the mRNA level of
SPT1, SPHK2, and a-CDase was found by two-way ANOVA.
Posthoc comparisons demonstrated that expression of
SPT1 and a-CDase was lower in the T2D-OWT patients
(by 34 and 26%, respectively) compared with the OWT
group (Fig. 2). In contrast, the mRNA level of SPHK2
was slightly elevated in the myocardium of the T2D-OWT
patients, however, the difference was of borderline signifi-
cance (P=0.06).

Two-way ANOVA demonstrated a significant effect of
both overweight and diabetes on the extent of DNA frag-
mentation (a marker of apoptosis) in the myocardium.
Compared with the lean patients, DNA fragmentation in
the OWT group increased 1.5-fold and further elevation
(1.7-fold vs. the OWT patients) was observed in the T2D-
OWT subjects (Fig. 1). The extent of DNA fragmentation
was significantly positively correlated with glucose level
(r=0.47, P=0.005) and BMI (r= 0.45, P=0.008) but not
with myocardial content of ceramide or its metabolites
(data not shown).

We also determined myocardial expression of the key
genes involved in fatty acid metabolism (Fig. 3). A signifi-
cant effect of overweight on the mRNA level of pyruvate
dehydrogenase kinase (PDK) 4 and carnityne palmitoyl-
transferase (CPT) 1 was found by two-way ANOVA. Com-
pared with the lean patients, expression of PDK4 and
CPT1 was almost 2-fold higher in the myocardium of the
OWT and T2D-OWT subjects. However, in the case of
CPT]1, statistically significant difference was demonstrated
only for the OWT group. There was also a trend for
increased mRNA level of fatty acid translocase/CD36
(FAT/CD36) in the T2D-OWT patients. However, the dif-
ference was of only borderline significance (P = 0.076 vs.
the lean group).

To compare ceramide metabolism in atrial and ven-
tricular tissue, samples of both atrial appendage and
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Fig. 1. Sphingolipid content and DNA fragmentation in the right atrial appendage of lean (white bars,
n = 11), overweight/obese (gray bars, n = 11) and overweight/obese type 2 diabetic (black bars, n = 15) pa-
tients. Values are means + SEM. * significant difference versus lean subjects, 1 significant difference versus
overweight/obese patients. S1P, sphingosine-1-phosphate.

papillary muscle of the mitral apparatus were obtained
from eight additional patients. Compared with the atrial
appendage, papillary muscle was characterized by lower
level of ceramide, sphinganine, and S1P (by 29, 44, and
39%, respectively, Table 2). However, in the case of
ceramide, the difference was of borderline significance
(P=0.088). On the other hand, expression of all inves-
tigated enzymes involved in ceramide metabolism,
with the exception of sphingomyelinases, was signifi-
cantly higher in the papillary muscle (Table 2). The
difference ranged from ~2-fold (SPT subunits) to 7-fold
(SPHK?2).

We did not find statistically significant correlations
between the measured parameters of cardiac structure
and function and the level of myocardial ceramide or the
extent of DNA fragmentation (data not shown). No sig-
nificant differences in sphingolipid content or DNA frag-
mentation were found also when statistical comparisons
were made between the groups of patients with impaired
left ventricular ejection fraction (LVEF <45%, n = 15) and
preserved (LVEF > 45%, n = 22) systolic function (data not
shown). However, the concentration of plasma triacylglyc-
erol was inversely related to the left ventricular ejection
fraction (r=-0.38, P=0.024).
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Fig. 2. Expression of ceramide metabolism-related genes in the right atrial appendage of lean (white bars,
n =11), overweight/obese (gray bars, n = 11) and overweight/obese type 2 diabetic (black bars, n = 15) pa-
tients. mRNA levels are expressed as a % of the lean group + SEM. * significant difference versus lean sub-
jects, 1 significant difference versus overweight/obese patients. SPT, serine palmitoyltransferase; SPHK,
sphingosine kinase; al/n-Cdase, alkaline/neutral ceramidase; a-Cdase, acid ceramidase; n-Smase, neutral
sphingomyelinase; a-Smase, acid sphingomyelinase.
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Fig. 3. Expression of fatty acid metabolism-related genes in the right atrial appendage of lean (white bars,
n = 11), overweight/obese (gray bars, n = 11) and overweight/obese type 2 diabetic (black bars, n = 15) pa-
tients. mRNA levels are expressed as a % of the lean group + SEM. * significant difference versus lean sub-
jects. CPT1-M/L, carnityne palmitoyltransferase 1 muscle/liver isoform; FAT/CD36, fatty acid translocase/
CD36; LPL, lipoprotein lipase, PDK4, pyruvate dehydrogenase kinase 4; ACO1, acyl-CoA oxidase 1.

DISCUSSION

To the best of our knowledge, this is the first report de-
scribing the pathways of ceramide metabolism in the hu-
man myocardium. Compared with the data from our
previous paper where sphingolipid content in the rat heart
was determined by the same method (19), human myocar-
dium is characterized by similar level of ceramide but
markedly lower content of sphingosine, sphinganine, and
S1P. We found only one paper where ceramide content in
the human cardiac muscle was measured. Sugita et al. (20)

TABLE 2. Sphingolipid content and expression of ceramide
metabolism-related genes in atrial and ventricular tissue

Atrial Appendage Papillary Muscle

Content of sphingolipids

(pmol/mg)
Sphingosine 1.58 £ 0.15 1.28 £ 0.09
Sphinganine 0.26 + 0.02 0.14 = 0.01%*
Sphingosine-1P 0.22 £ 0.02 0.14 + 0.03**
Ceramide 24.8 +2.8 175+ 1.7
Gene expression (fold

change vs. atrial appendage)
SPT1 1+0.04 2.15 £ .04
SPT2 1+0.08 1.58 + 0.04+%*
SPHK1 1+0.06 4.12 + (0.1%%*
SPHK2 1+0.05 6.94 = 0.14%*
al/n-CDase 1+0.04 2.89 + 0.05%**
a-CDase 1+0.03 3.24 + 0.05%#*
n-SMase 1+0.19 1.25 +0.22
a-SMase 1+0.11 1.28 £ 0.25

The results are means + SEM. Samples of both right atrial appendage
and papillary muscle of the mitral apparatus were obtained from patients
undergoing cardiac surgery for the mitral valve replacement (n = 6-8). *
significant difference versus atrial appendage.

78 Journal of Lipid Research Volume 51, 2010

reported that the heart of a 3-year-old male patient who
died of pneumonia contained 15.9 pg of ceramide per
gram of wet tissue (approximately 29 pmol/mg, assuming
molecular weight of Cl6-ceramide), which falls within the
range of values observed in our study. Another difference
between human and rat myocardium is relative contribu-
tion of various ceramidase isoforms to total ceramidase
activity. We previously showed that in the rat heart a-CDase
activity is much lower than activity of alkaline or neutral
isoform of this enzyme (19). However, in the human myo-
cardium expression of a-CDase was much higher com-
pared with al/n-CDase, suggesting the dominance of the
former isoform. Our results are in line with previous re-
ports showing high level of a-CDase mRNA in the human
but not murine heart (21, 22). Similar species difference is
present also for expression of sphingosine kinase isoforms.
Our data indicate that SPHKI is the dominant subtype in
the human myocardium, whereas the rodent heart ex-
presses predominantly SPHK2 (23).

We found significant differences in ceramide metabo-
lism between atrial and ventricular tissue. In general, the
levels of ceramide and sphingoid bases were lower in the
papillary muscle of the mitral apparatus compared with
the right atrial appendage. However, the expression of en-
zymes involved in both de novo ceramide synthesis (SPT1
and SPT2) and degradation (ceramidases and sphingosine
kinases) was markedly higher in the papillary muscle sug-
gesting higher ceramide turnover in the ventricular tissue.
Regional differences in the content of ceramide as well as
sphingosine and sphinganine were observed also in the
murine heart (24).

In our study, overweight either alone or accompanied
by type 2 diabetes did not affect myocardial ceramide
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content. This is in contrast to animal studies showing ac-
cumulation of ceramide in the heart of ZDF rats (10) and
streptozotocin-diabetic rats (M. Baranowski, unpublished
observation) as well as in the neonatal rat cardiomyocytes
incubated in the presence of palmitate (25). Elevated
muscle ceramide level associated with obesity and diabe-
tes is generally thought to result from increased fatty
acyl-CoA availability for ceramide synthesis de novo. In
addition, exogenous fatty acids can also augment cer-
amide synthesis by upregulating the expression of SPT
(the initial and rate-limiting enzyme in the de novo syn-
thesis of ceramide) (26). Interestingly, we observed in-
creased mRNA level of both SPT subunits in the
myocardium of overweight patients. In addition, expres-
sion of n-SMase, an enzyme producing ceramide from
sphingomyelin, was also upregulated. However, these in-
creases were accompanied by elevated mRNA level of en-
zymes involved in the pathway of ceramide degradation,
including ceramidases (responsible for ceramide deacy-
lation to sphingosine) and sphingosine kinase 1 (phos-
phorylating sphingosine to S1P, thereby preventing
ceramide resynthesis). These data indicate that activa-
tion of ceramide catabolism may protect the heart of
overweight humans against ceramide accumulation re-
sulting from its augmented production de novo and in-
creased formation from sphingomyelin.

Another explanation for the lack of change in myocar-
dial ceramide content in spite of upregulation of enzymes
responsible for its synthesis is that this upregulation repre-
sents a compensatory mechanism to maintain proper cer-
amide level required for normal cell function. In our
study, myocardium of the overweight patients was charac-
terized by increased expression of genes that promote
fatty acid oxidation (CPT1 and PDK4), whereas the mRNA
level of genes encoding proteins involved in fatty acid up-
take (FAT/CD36 and LPL) remained stable. It is possible
then, that in the heart of overweight humans, fatty acids
are shunted toward -oxidation rather than ceramide syn-
thesis. This could result in upregulation of SPT expression
to compensate for lower availability of substrates required
for de novo ceramide synthesis. This notion is supported
by the findings of Park et al. (11) who demonstrated that
pharmacological inhibition of SPT markedly increased ex-
pression of both its subunits in the murine myocardium
without altering ceramide level.

Type 2 diabetes did not potentiate the stimulatory effect
of overweight on myocardial expression of enzymes in-
volved in ceramide metabolism. In fact mRNA level of
some genes upregulated by overweight was reduced if con-
comitant diabetes was present. One of these genes was
a-CDase, which suggests decreased rate of ceramide degra-
dation in the heart of overweight type 2 diabetic patients.
Interestingly, the myocardial content of ceramide again
remained unchanged, likely due to the fact that the ex-
pression of SPT1 was also reduced proportionally. It
should be noted, however, that compared with the lean
subjects, expression of almost all genes upregulated by
overweight (with the exception of a-CDase and n-SMase)
was still significantly higher in the heart of overweight type

2 diabetic patients. This is in line with the results of Wilson
et al. (27) who reported elevated expression of ceramide
metabolism-related genes in the heart of obese mice with
type 2 diabetes.

We found elevated myocardial DNA fragmentation lev-
els (a hallmark of apoptosis) in overweight subjects that
were further increased in patients with concomitant type 2
diabetes. These data indicate that obesity and diabetes
have additive effect on cardiac apoptosis in humans. Acti-
vation of cardiomyocyte apoptosis has been previously re-
ported in diabetic patients as well as in ob/ob and db/db
mice (genetic animal models of obesity and type 2 diabe-
tes, respectively) (28-30). The increase in DNA fragmen-
tation observed in our study was moderate; however, it was
demonstrated that in the long term, even low albeit abnor-
mal rates of cardiomyocyte apoptosis are sufficient to cause
cardiac dysfunction (31).

As already mentioned in the introduction, ceramide was
proposed to be a mediator of cardiomyocyte apoptosis
resulting from lipotoxicity. It was also demonstrated that
ceramide-induced apoptosis contributes to the decreased
pancreatic B-cell mass in type 2 diabetes (26). Therefore,
our initial hypothesis was that myocardial apoptosis in
overweight and type 2 diabetic patients would be associ-
ated with accumulation of ceramide. However, despite
marked differences in DNA fragmentation between the
investigated groups of patients, we found no changes in
ceramide content. This suggests that in the human heart
or at least in the atrium, ceramide is not a major mediator
of cardiomyocyte apoptosis associated with obesity and
type 2 diabetes and that other factors play a dominant role
in this process. It was shown that palmitate can induce car-
diomyocyte apoptosis independently of ceramide via gen-
eration of reactive oxygen species resulting from increased
cycling through mitochondrial B-oxidation pathway (32,
33). In addition, apoptosis of cardiomyocytes is activated
by hyperglycemia through a mechanism involving exces-
sive protein O-glycosylation (34). In the overweight type 2
diabetic patients, elevated SPHK2 expression could also
contribute to increased cardiac apoptosis. This notion is
also supported by the fact that the mRNA level of this en-
zyme was positively correlated with the extent of DNA frag-
mentation (r=0.41, P=0.018). In contrast to SPHKI that
promotes cell survival via production of S1P, SPHK2 en-
hances apoptosis and this effect has been attributed to its
BH3 domain (35).

The toxic effects of ceramide on the heart are com-
monly considered to be mediated primarily by activation
of apoptosis. It should be noted, however, that a recent
study by Park et al. (11) suggested that cardiotoxicity of
ceramide results from its influence on myocardial glucose
and fatty acid catabolism rather than induction of apop-
totic loss of cardiomyocytes. They used mice with cardiac-
specific overexpression of the cell membrane anchored
form of LPL to determine the role of ceramide in cardiac
lipotoxicity. These mice were characterized by impaired
systolic function, increased rate of fatty acid oxidation,
and reduced glucose oxidation rate in the heart as well as
by accumulation of myocardial ceramide, which, however,
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was not accompanied by increased cardiomyocyte apopto-
sis. Interestingly, pharmacological or genetic inhibition of
ceramide synthesis de novo normalized fatty acid and glu-
cose oxidation rate as well as systolic function. In addition,
these interventions corrected the mismatch between myo-
cardial glucose uptake and oxidation, which likely contrib-
uted to the development of cardiomyopathy in this model.

In summary, we found elevated DNA fragmentation
level in the heart of overweight patients that was increased
further in overweight type 2 diabetic subjects. However,
these changes were not associated with accumulation of
ceramide in the myocardium. Ceramide content remained
stable despite marked effect of overweight and type 2 dia-
betes on the mRNA level of ceramide metabolism-related
genes. This was likely due to the fact that cardiac expres-
sion of enzymes involved in synthesis and degradation of
ceramide was regulated in concert. We conclude that in
the human heart, or at least in the atrium, ceramide is not
a major factor in cardiomyocyte apoptosis associated with
obesity and type 2 diabetes Hl
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