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Abstract The energy need of cardiac muscle cells in vivo is
largely covered by the oxidation of saturated and mono-
unsaturated fatty acids (FA). However, in vitro studies have
shown that the saturated FA C16:0 at physiological concentra-
tions exerts detrimental effects on primary cultures of neona-
tal rat ventricular myocytes by, as yet, unknown mechanisms.
To evaluate the noxious effects of FA in more detail, neonatal
cardiomyocytes were exposed to saturated (C16:0; C18:0) or
mono-unsaturated (C16:1; ¢is-C18:1; trans-C18:1) FA, or
combinations thereof for up to 48 h. FA (0.5 mm) complexed
to bovine serum albumin (BSA) (0.15 mM) were added to a
glucose-containing defined medium. Irrespective of the
length and degree of unsaturation of the aliphatic chain, FA
supplied to the cells were readily incorporated in the phos-
pholipid pool. In the presence of mono-unsaturated FA, cardi-
omyocytes remained healthy and accumulated substantial
amounts of triacylglycerol. In contrast, within 24 h after appli-
cation of the saturated FA C16:0 or C18:0, cells had become
irreversibly damaged, as evidenced by the presence of pyk-
notic nuclei and massive release of the cytosolic markers lac-
tate dehydrogenase (LDH) and fatty acid-binding protein
(FABP). Moreover, the occurrence of DNA-laddering indi-
cated that apoptosis was involved. Induction of apoptotic cell
death by C16:0 was counteracted by the co-administration of
equimolar amounts of ¢is-C18:1, whereas trans-C18:1 de-
layed, but did not prevent, loss of cardiomyocyte viability. The
present findings suggest that the incorporation of saturated,
but not mono-unsaturated, fatty acids induces alterations in
the phospholipid membrane, which initiate apoptotic cell
death in neonatal cardiomyocytes.—de Vries, J. E., M. M.
York, T. H. M. Roemen, Y. F. de Jong, J. P. M. Cleutjens,
G. J. van der Vusse, and M. van Bilsen. Saturated but not
mono-unsaturated fatty acids induce apoptotic cell death in
neonatal rat ventricular myocytes. J. Lipid Res. 1997. 38: 1384
1394.
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Long-chain fatty acids play an important role in a vari-
ety of biological processes in cardiac muscle cells. Not
only do they serve as constituents of membrane phos-
pholipids, but they are also involved in cellular signal
transduction (1-3). Furthermore, the oxidation of fatty
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acids provides an important source of energy for the
heart (4, 5). This notion is supported by studies in
which the substrate preference of isolated cardiomyo-
cytes was investigated by short-term incubations with ra-
diolabeled glucose and palmitic acid (6, 7). On the
other hand, circumstantial evidence indicates that fatty
acids may exert adverse effects on cardiac function as
well. For instance, increasing the exogenous supply of
fatty acids through intravenous lipid infusion in the in-
tact animal was associated with myocardial neutral lipid
accumulation and depressed myocardial function (8).
Moreover, various in vitro studies have shown that fatty
acids impair mitochondrial function and modify ion
channel activity of cardiac cells (reviewed in ref. 5).
These noxious effects may also contribute to the fatty
acid-induced cell death observed in other cell types,
such as endothelial cells, fibroblasts, and lymphocytes
(9-14). Information on the effect of prolonged expo-
sure of cardiomyocytes to saturated fatty acids is scarce.
The recent observation that long-term incubations with
physiological levels of saturated fatty acids compro-
mised the viability of neonatal rat ventricular cardiomy-
ocytes by, as yet, unknown mechanisms (15), prompted
us to investigate in more detail the potentially harmful
effect of long-term exposure of cardiomyocytes to fatty
acids.

Thereto, neonatal rat ventricular myocytes were ex-
posed to various fatty acid species for up to 48 h. The
cells were incubated with palmitic (C16:0) or oleic acid
(¢is-C18:1), complexed to bovine serum albumin.
These fatty acid species were chosen as they constitute

Abbreviations: FA, fatty acids; LDH, lactate dehydrogenase; FABP,
fatty acid-binding protein; TUNEL, terminal transferase-mediated
dUTP-biotin nick end labeling; P/S, penicillin/streptomycin; BSA,
bovine serum albumin; PBS, phosphate-buffered saline; m.p., melting
point; Ty, membrane transition temperature.

'To whom correspondence should be addressed.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

the quantitatively most important fatty acids in blood
plasma (16). To elucidate whether possible effects
could be ascribed to the degree of saturation, cells were
also exposed to palmitoleic (C16:1), stearic (C18:0),
or elaidic acid (#rans-C18:1). Being mono-unsaturated,
elaidic acid is of special interest because the trans-dou-
ble bond provides a structural conformation to the hy-
drocarbon chain reminiscent of that of a saturated fatty
acid. Cellular viability was assessed morphologically and
by the release of cytosolic proteins. Putative mecha-
nisms that explain cell death induced by fatty acids in-
volve alterations in the composition and content of the
intracellular lipid pools (13). Therefore, the metabolic
fate of fatty acids taken up by the cells was visualized by
staining neutral lipids with Oil Red O, and by analyzing
the fatty acid composition of the endogenous lipid
pools with gas chromatography. Furthermore, it was in-
vestigated whether cell death was due to necrosis or
apoptosis. To this end the appearance of internucleoso-
mal DNA-strand breaks, a hallmark of apoptosis, was de-
termined both with the TUNEL (terminal transferase-
mediated dUTP-biotin nick end labeling) assay (17)
and by gel electrophoresis of genomic DNA to detect
DNA-laddering (18).

The present study explored the susceptibility of cul-
tured rat neonatal cardiomyocytes for different satu-
rated and mono-unsaturated fatty acid species, with re-
spect to cell survival, and the mechanism of cell death
involved. Current findings indicate that saturated fatty
acids induce apoptosis and that this effect is counter-
acted by co-addition of equimolar amounts of mono-
unsaturated fatty acids.

METHODS

Cell culture

Neonatal ventricular myocytes were isolated as de-
scribed by Iwaki et al. (19) with slight modifications.
Briefly, hearts were removed from decapitated 1-3-day-
old Wistar/Kyoto rats (local strain Maastricht). Atria
were trimmed off and ventricular tissue was cut into
pieces, transferred to a spinner flask, and digested to
single cells with collagenase type 1 (Gibco, Gaithers-
burg, MD) and pancreatin (Gibco) in Ads-bufter (pH
7.35) consisting of (in mm) :NaCl (116), HEPES (20),
NaH,PO; (0.9), glucose (5), KCl (5.4), MgSO, (0.8).
The cell suspension was loaded on a discontinuous gra-
dient of Percoll (Sigma Chemical Co., St. Louis, MO)
with two different densities (1.059 and 1.082 g/ml) to
separate the cardiomyocytes from non-myocytes, mainly
fibroblasts and endothelial cells. Cardiomyocytes were
plated at low density (40,000 cells/cm?) and allowed to

adhere in tissue culture dishes coated with 1% gelatin
type B (Sigma G-9382) in a 4:1 mixture of DMEM
{Gibco 42430) and M199 (Gibco 31153) supplemented
with 10% horse serum (Gibco 16050), 5% newborn calf
serum (Sera-Lab, Sussex, England), and antibiotics
(penicillin 100 IU/ml (P), streptomycin 0.1 mg/ml
(S), Gibco). Overnight incubation in this serum-rich
medium was followed by 24 h incubation in serum-free
medium of a 4:1 mixture of DMEM/M199 and P/S.
Following this procedure cell cultures with >90% cardi-
omyocytes were obtained as determined by immunocy-
tofluorescence with the monoclonal antibody 9D 10 spe-
cific for titin (20), kindly provided by Dr. G. Schaart
(Department of Molecular and Cellular Biology, Maas-
tricht University, the Netherlands).

Preparation of BSA /fatty acid complexes

Palmitic (C16:0), palmitoleic (C16:1), stearic
(C18:0), oleic (cis-C18:1), or elaidic acid (trans-
C18:1) (Sigma) was dissolved in 4 ml ethanol to yield
a final concentration of 18.75 mM. An equal volume of
10 mM NayCO, was added. Ethanol was evaporated at
50-60°C under continuous Ny-flow and the fatty acid-
containing mixture was added dropwise to 10 ml of 10%
bovine serum albumin (BSA) (Sigma, A-7906) in phos-
phate-buffered saline (PBS) at 40°C. The BSA/fatty
acid complexes were subsequently dialyzed four times
at 4°C during 4-6 h against 250 ml 0.1 m [NH,]JHCOs,
and lyophilized.

BSA and BSA/fatty acid complexes were dissolved in
glucose-free medium composed of a 4:1 mixture of
DMEM (Gibco, 11963) and glucose-free M199 (Gibco,
31153) with P/S to yield a final BSA concentration of
1% (0.15 mM). After filter sterilization (0.2 um pore
width) the media were stored at 4°C until use. The ac-
tual concentration of fatty acids in the media, measured
by gas chromatography (see below), averaged 0.5 mm.
Accordingly, the fatty acid/BSA ratio in the medium
amounted to 3.3 to 1.

For control experiments BSA was prepared similar to
the procedure as described above, but in the absence
of added fatty acids. Under these conditions the con-
centration of fatty acids in the medium averaged 0.01
mM, which corresponds to a FA/BSA ratio of 0.07 to 1.

Experimental culture protocol

After 24 h of incubation in serum-free medium the
myocytes were rinsed once with a glucose-free 4:1 mix-
ture of DMEM (Gibeo, 11963) and glucose-free M199
(Gibco, 31153) containing P/S, and subsequently cul-
tured for up to 48 h in the same medium supplemented
with 10 mMm glucose (Gibco), 0.25 mm L-carnitine
(Sigma), 0.25 mU/ml insulin (Sigma 1-6634), and ei-
ther with 0.15 mm BSA (control cardiomyocytes) or with
fatty acids complexed to BSA. During the 48-h culture
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period the concentration of both glucose and fatty acids
in the culture medium declined by less than 10%, indi-
cating that substrate availability did not became a lim-
iting factor.

Cell morphology and lipid staining

Cellular morphology was investigated by staining the
cells with hematoxylin (Sigma, GHS-2-16). Neutral lip-
ids (triacylglycerol) were visualized with Oil Red O (Ald-
rich Chemical Company, Milwaukee, WI) according to
Clark (21). Cardiomyocytes were washed twice with PBS
and fixed in 70% ethanol for 2 min at room tempera-
ture. Subsequently, the cells were stained with Qil Red
O (0.5% in isopropanol) for 10 min, rinsed briefly with
70% ethanol and once with doubly distilled water, fol-
lowed by a second fixation with formalin /PBS for 2 min
and washed with doubly distilled water. Cells were coun-
terstained with hematoxylin, immediately embedded in
Immu-mount (Shandon, Pittsburgh, PA), and sealed
with rubber cement.

Determination of LDH and FABP

Cell culture medium was sampled at the indicated
time points and centrifuged (10 min, 4°C, 11,000 g).
The supernatants were stored at —80°C for analysis of
lactate dehydrogenase (LDH) activity and heart-type
fatty acid-binding protein (FABP) content in order to
assess the extent of irreversible cellular damage. Cells
were washed twice with ice-cold PBS and lysed on ice
in 0.1 M KHPO,/KH,PO, (pH 7.9), 0.5% Triton X-100,
and 1 mM EDTA. The cell lysate was transferred to plas-
tic cups and stored at —80°C for subsequent determina-
tion of LDH activity and FABP content. LDH activity
was assayed spectrophotometrically by measuring the
conversion of NADH into NAD"* (22). The amount of
FABP was measured with a sandwich ELISA using poly-
clonal antibodies raised against rat heart FABP (23).

Nuclear DNA fragmentation

Genomic DNA extraction was performed according
to Coligan et al. (24). Cardiomyocytes (10° cells/plate)
were washed twice with PBS and lysed in 0.5 ml of 10
mm Tris/HCI (pH 7.8), 1 mm EDTA, and 0.2% Triton
X-100. The lysate was transferred to a 1.5 ml Eppendorf
tube, vigorously vortexed, and centrifuged at 11,000 g
for 10 min. The supernatant was transferred to a fresh
tube to which 0.1 ml 5 M NaCl and 0.7 ml isopropanol
were added in order to precipitate genomic DNA at
—20°C overnight. After centrifugation the pellet was
rinsed with 70% ice-cold ethanol, air-dried at room tem-
perature, and redissolved in 25 pl 10 mm Tris/HCl (pH
8.0) and 1 mm EDTA. Electrophoresis was performed
in a 2% agarose gel to assess the appearance of a DNA
laddering pattern.

TUNEL assay: Cardiomyocytes were washed twice
with PBS and fixed in 2% PBS-buffered formaldehyde

1386 Journal of Lipid Research Volume 38, 1997

atroom temperature for 30 min. Subsequently. the cells
were rinsed with 0.1 M citrate buffer (pH 7.0), 0.1% Tri-
ton X-100, followed by the TUNEL assay (17), which
was performed with the Apoptag kit (Oncor) according
to manufacturer’s instructions. This in sjtu assay is
based on the specific labeling of 3-OH strands of DNA
fragments by terminal deoxynucleotidyl transferase.
The percentage of TUNEL-positive cells was scored by
light microscopy by two independent observers.

Lipid analysis

Cardiomyocytes were washed twice with ice-cold PBS
and scraped from the tissue culture dish in 1.5 ml ice-
cold methanol, which contained 0.01% butylated hy-
droxytoluene to prevent auto-oxidation of unsaturated
fatty acids. Samples were stored at —80°C for subse-
quent analysis as described by Van der Vusse and Roe-
men (25). Briefly, 3 ml chloroform was added to obtain
a 2:1 (vol/vol) extraction mixture of chloroform and
methanol. The lipids extracted were separated by one-
dimensional thin-layer chromatography (TLC) on TLC
plates coated with silica gel 60 (Merck, Darmstadt, Ger-
many). The spots corresponding to fatty acids, triacyl-
glycerols, and total phospholipids were visualized with
rhodamine 6G and a spray of fluorescein dissolved in
methanol. The lipid spots were scraped from the TLC
plate and transferred to test tubes. Fatty acids were
methylated with 7% BF, in methanol at 20°C for 15 min.
Triacylglycerols and phospholipids were methylated in
3.5% BF, in methanol—toluol 4:1 (v/v) and in 14% BF;
in methanol, respectively, at 100°C for 30 min. Methyla-
tion was stopped through addition of an equal volume
of doubly distilled water. The fatty acid—-methylesters
were extracted into pentane, which was subsequently
evaporated, followed by dissolution in 2,2, 4-trimethyl-
pentane to quantify the methylesters by gas capillary
chromatography (25). Under the current gas chromato-
graphic settings, the peaks corresponding to the meth-
vlesters of trans- and ¢is-C18:1 were fully separated (re-
tention times 11.63 and 11.81 min, respectively). The
cellular content of triacylglycerol and phospholipid was
expressed as the amount of fatty acyl chains that are
incorporated in these lipid fractions.

Statistics

Results are presented as the mean * standard devia-
tion (SD). Comparisons between groups were per-
formed with one-way analysis of variance (ANOVA). In
case the Fratio obtained indicated that significant dif-
ferences between groups were present, a two-tailed stu-
dent’s -test for unpaired data was carried out, apply-
ing Bonferroni’s adjustments for multiple comparisons
(26). Differences were considered significant when P <
0.05.
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Fig. 1. Neonatal rat ventricular myocytes stained with hematoxylin and Oil Red O after 2 days of culture in medium containing 0.15 mm BSA
in the absence of fatty acids (None) or with different fatty acids (0.5 mm) or combinations of fatty acids (0.25 mm each) complexed to BSA.
The following conditions are shown: None, i.e., in the presence of nominally fatty acid-free BSA (A); C16:0 (B); cis-C18:1 (C); trans-C18:1
(D); C16:0/¢is-C18:1 (E); and C16:0/ trans-C18:1 (F). Note the presence of the Oil red O-stained lipid droplets in viable cardiomyocytes and
the small red specks in non-viable cardiomyocytes (magnification 850X). The fatty acids are denoted by their chemical notation.

RESULTS

Fatty acids affect neonatal rat ventricular myocyte
morphology

Absence of fatty acids (control). After 48 h of culture in
the presence of 1% BSA, but without exogenous fatty
acids, the morphological appearance of the cardiomyo-
cytes was similar to the morphology displayed at the on-
set of incubation. The cells were mononucleated with
a centrally located, round, and dense nucleus, sharply
defined by an intact nuclear membrane. Cell shape was
irregular with a coarse, granular cytoplasm. Neutral lip-
ids were occasionally observed and appeared as small
red vesicles in the cytoplasm as assessed by staining with
Oil Red O (Fig. 1A).

Saturated fatty acids. Microscopic analysis of the cardio-

myocytes incubated with 0.5 mm C16:0 for 48 h indi-
cated that the cells had not survived this treatment.
Nuclei had become small and hyperchromatic, remi-
niscent of pyknotic nuclei, which in general is taken as
a marker of cell death (27). The cells were unable to
exclude trypan blue, which is a well-accepted criterion
for loss of cellular integrity (28). Diffuse small red
specks were occasionally observed in the cytoplasmic
area. Some cells were found to be almost devoid of these
structures, whereas others contained a substantial num-
ber, covering almost the entire cellular compartment
(Fig. 1B). The nature of these structures was not eluci-
dated, but the observation that the specks appeared
after the formation of pyknotic nuclei suggested that
they reflect post-mortem changes. Reducing the con-
centration of C16:0 to 0.25 mm or 0.1 mMm (keeping the
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BSA concentration constant) did not prevent cell death
(data not shown). Furthermore, cardiomyocytes incu-
bated with 0.5 mm C18:0 displayed detrimental mor-
phological changes similar to those seen in cells ex-
posed to C16:0.

Mono-unsaturated fatty acids. The presence of 0.5 mm
¢is-C18:1 for up to 48 h did not affect the normal nu-
clear and cytoplasmic morphological appearance, but
a marked increase in number and size of vesicles filled
with neutral lipids was observed (Fig. 1C). A compara-
ble increase of lipid droplets also occurred in cardiomy-
ocytes cultured with either 0.5 mm C16:1 (not shown)
or with 0.5 mm trans-C18:1 (Fig. 1D). Under these con-
ditions the cytoplasmic and the nuclear appearance did
not differ from control cardiomyocytes.

Combinations of faity acids. The presence of both
C16:0 and ¢is-C18:1 (0.25 mm each) was accompanied
by morphological features identical to cardiomyocytes
cultured with 0.5 mMm ¢is-C18:1 alone. After 48 h the
cells had a healthy appearance and contained numer-
ous lipid droplets (Fig. 1E). The fact that cardiomyo-
cytes remained viable could theoretically be due to ei-
ther the lowering of the C16:0 concentration (0.25 mm
instead of 0.5 mM), or the simultaneous presence of
cis-C18:1. However, as discussed above, exposure to
0.25 mM C16:0 was also toxic to the cells. This implies
that the co-addition of ¢is-C18:1 rather than the reduc-
tion of the C16:0 concentration from 0.5 mm to 0.25
mM prevented cell death.

In addition, cardiomyocytes were incubated with a
mixture of C16:0 and trans-C18:1 (0.25 mM each) for
up to 48 h. The co-administration of trans-C18:1 in-
stead of ¢is-C18:1 markedly affected cellular survival.
During the first 24 h no morphological signs of a loss
of cellular viability could be observed. However, after 2
days of culturing, the majority of the cells contained
pyknotic nuclei embedded in cytoplasmic remnants
(Fig. 1F). Small red specks with a striped appearance
were present, the number of which varied considerably
from cell to cell.

Release of lactate dehydrogenase (LDH) and fatty
acid-binding protein (FABP)

The release of two cytosolic proteins, i.e., LDH (140
kDa) and FABP (15 kDa), into the incubation medium
was used as a marker of cell death. As the release curves
of LDH and FABP were superimposable, only the FABP
data are presented in Fig. 2. The levels of LDH and
FABP in the incubation medium of control cardiomyo-
cytes showed a small but steady increase over 48 h (Fig.
2A). After 48 h LDH activity and FABP amount in the
incubation medium corresponded to 20% and 18% of
the total cellular LDH activity and FABP content, re-
spectively (Fig. 3).

As compared to control cardiomyocytes, the release
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Fig. 2. Release of FABP into the culture medium of cells incubated
in the absence or presence of different fatty acids (0.5 mm) or fatty
acid combinations (0.25 mM each) as a function of time. Data are
presented as means * SD (u = 4). Asterisk indicates significant differ-
ence from control cardiomyocytes (i.c., cells cultured in the absence
of fatty acids, depicted as None) at the corresponding time point.

of LDH and FABP from cells cultured in the presence
of 0.5 mm C16:0 started to increase rapidly after 8 h
(Fig. 2A). The percentage release of LDH and FABP
exceeded 95% of the total cellular content after 48 h
(Fig. 3), indicating massive loss of cellular integrity over
this time interval. The release of LDH from cardiomyo-
cytes exposed to (.25 mm or 0.1 mm C16:0 after 48 h
equalled the rate of release observed with 0.5 mm C16:0
(not shown), which strengthens the notion that low lev-
els of saturated fatty acids also induced cell death. The
LDH and FABP release curves in the presence of C18:
0 (Fig. 2B) were found to be comparable to the release
curve of C16:0, with almost complete loss of cell viabil-
ity, as indicated by the near total release of LDH and
FABP after 48 h (Fig. 3). Prolonged exposure of the
cells to either C16:1, ¢is-C18:1, or frans-C18:1 did not
significantly affect the release of LDH and FABP, al-
though after 48 h it tended to be somewhat higher for
cells incubated with C16:1 or ¢is-C18:1 as compared to
control cardiomyocytes (Figs. 2 and 3).

When cells received a combination of C16:0 and c¢is-
C18:1 (0.25 mmM each) the release of LDH and FABP
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Fig. 3. Percentage release of LDH (A) and FABP (B) after 48 h from cells cultured in the absence or presence of different fatty acids or fatty
acid combinations complexed to BSA. Data are presented as means * SD (n = 4-5). Asterisk indicates significant difference from control
cardiomyocytes (i.e., cells cultured in the absence of fatty acids, depicted as None).

remained low and was similar to that of control cardio-
myocytes (Figs. 2A and 3). In the presence of a mixture
of C16:0 and trans-C18:1 (0.25 mm each) the release
of LDH and FABP remained at base line levels during
the first 24 h, but increased rapidly thereafter (Fig. 2B),
resulting eventually in a 81% and 87% release of LDH
and FABP, respectively, after 48 h (Fig. 3).

Exogenous fatty acids are incorporated into
endogenous lipid pools

To assess whether metabolic processing of saturated
fatty acids differed from mono-unsaturated fatty acids,
the cellular content and composition of the phospho-
lipid and triacylglycerol pools were analyzed.

Phospholipids. The phospholipid content of neonatal
cardiomyocytes cultured without fatty acids averaged 92
nmol of fatty acyl moieties/10° cells after 48 h. C16:0,
C18:0, ¢is-C18:1, C18:2, and C20:4 were the main fatty
acid constituents of the phospholipid pool (Table 1).
When cells were cultured in the presence of C16:0 for
48 h, the cellular phospholipid content was significantly
lower (68% of control group). The mol % of C16:0 in
the phospholipid pool amounted to 14 = 2% att = 0
and increased to 38 * 6% and 48 * 3% after 8 h and
16 h of exposure to C16:0, respectively (n = 5 each).
After 48 h the mol % of C16:0 averaged 56%, thereby
increasing the mol % of all saturated fatty acids in the
phospholipid fraction to almost 70% (Table 1). In
cardiomyocytes cultured with ¢is-C18:1 the total
amount of phospholipids did not change, but the mol
% of cis-C18:1 increased from 20% to 67% after 48 h.
Hence, the mol % of all mono-unsaturated fatty acids
in the phospholipid pool was raised nearly 3-fold. After
48 h of exposure of the cells to trans-C18:1, the mol
% of this fatty acid species in the phospholipid pool

amounted to 52%, implying that over 50% of the origi-
nal fatty acid moieties in the phospholipid pool had
been replaced by trans-C18:1.

The combined presence of C16:0 and ¢is-C18:1 in
the incubation medium did not alter the total cellular
phospholipid content. Nonetheless, the phospholipid
pool was highly enriched with both C16:0 and cis-
C18:1. A substantial decline of the cellular phospho-
lipid content was observed in cardiomyocytes incubated
with the combination of C16:0 and trans-C18:1 for 48
h. The fatty acyl composition of the phospholipids was
roughly similar to the phospholipid composition of
C16:0/¢is-C18:1 cultured cardiomyocytes, with trans-
C18:1 substituting ¢is-C18:1 (Table 1).

Triacylglycerols. The total amount of triacylglycerols in
control cardiomyocytes, cultured with nominally fatty
acid-free BSA, averaged 5 nmol fatty acyl moieties/10°
cells after 48 h. The triacylglycerol pool was mainly com-
posed of C16:0, C18:0, and C18:1 (Table 2). In cells
exposed to C16:0 there was a small, but significant, ini-
tial rise in triacylglycerol content to 8 = 1 (n = 5) and
7 =1 (n = 5) nmol/10° cells after 8 h and 16 h, respec-
tively. Thereafter the cellular triacylglycerol content did
not change any further.

In cardiomyocytes cultured with ¢is-C18:1 or trans-
C18:1 the triacylglycerol content increased to an aver-
age level of 66 and 43 nmol/10° cells, respectively, after
48 h. Likewise, the simultaneous supplementation of
C16:0 and ¢is-C18:1 in the incubation medium in-
duced a time-dependent increase of the triacylglycerol
content to 32 and 80 nmol/10° cells after 16 and 48 h,
respectively. After 48 h C16:0 and c¢is-C18:1 comprised
38% and 58% of the fatty acyl moieties of the TG pool,
respectively (Table 2). In contrast, the triacylglycerol
content of cells exposed to the combination of C16:0
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TABLE 1.

Phospholipid content and fatty acyl composition of phospholipids in cardiomyocytes

Experimental Conditions

None C16:0 #C18:1 C16:0/2C18:1 £C18:1 C16:0/ LC18:1
nmol/10° cells
Total amount 92 (13) 63 (10)« 87 (18) 113 (16) 73 () 89 (2)~
q
14:0 0.4 (0.3) 0.5 (0.5) 0.1 (0.2) 0.4 (0) ND ND
16:0 12.3 (0.8) 56.6 (2.6)¢ 4.9 (0.9 20.4 (1.2)" 3.0 (0.3)" 23.3 (0.9)¢
16:1 1.2 (0.2) 0.2 (0.3)¢ 0.1 (0.2)¢ 0.5 (0.1)” 0.2 (0.3)° 0.2 (0.8)"
18:0 20.2 (1.5) 11.9 (0.7)" 7.6 (0.5)¢ 10.9 (0.6)" 6.3 (0.83)¢ 8.7 (0.3)"
18:1 20.3 (2.5) 9.9 (1.5)" 67.6 (1.5) 44.6 (2.6)" 9.5 (1.1)" 7.4 (0.2)"
+18:1 ND ND ND ND 52.7 (2.3)" 38.1 (0.9)"
18:2 19.1 (2.8) 5.7 (0.7)" 5.3 (0.3)" 6.9 (0.1)¢ 11.2 (0.4)" 6.2 (0.2)¢
18:3 0.2 (0.2) 0.2 (0.2) 0.1 (0.1) 0.2 (0.2) ND ND
20:0 0.2 (0.2) ND 0.1 (0.1) 0.2 (0.1) ND ND
20:4 21.2 (2.3) 11.3 (0.5)" 11.0 (0.6) ¢ 12.7 (1.3)¢ 18.4 (0.7)" 12.1 (0.83)
22:4 1.5 (0.2) 1.1 (0.2) 1.1 (0.1)" 0.9 () 1.1 (0.1)" 1.1 (0.0)"
22:6 3.4 (0.7) 2.5 (0.2) 1.5 (0.2)¢ 2.3 (0.8)" 1.8 (0.1) 1.8 (0.1)
24:0 0.1 (0.1) ND ND 0.1 () ND ND

Neonatal rat ventricular myocytes were cultured for 48 h. The final concentration of fatty acids (denoted
by their chemical notation) in the culture medium was 0.5 mM in case of C16:0, ~C18:1, +Cl18:1, and 0.25
mM/0.25 mMm when combinations of fatty acids (C16:0/¢C18:1 and C16:0/+C18:1) were added. Data are
presented as means (= SD) of 4 experiments.

“Indicates significant differences from control cardiomyocytes (None); ND, not detectable.

and trans-C18:1 did not differ from control cardiomyo-
cytes after 48 h. Nevertheless, the fatty acyl composition
had changed markedly and consisted of about equal
amounts of C16:0 and trans-C18:1 residues (Table 2).

Apoptotic traits characterize fatty acid-induced cell
death

A hallmark of apoptosis is the development of numer-
ous cleavages in genomic DNA, specifically in between

nucleosomes (18), leading to a typical DNA-fragmenta-
tion pattern of multiples of approximately 200 base
pairs. DNA-laddering was not detected in cardiomyo-
cytes cultured with C16:0/¢is-C18:1 (0.25 mMm each)
throughout the time-course studied. However, DNA-
laddering was observed in cardiomyocytes exposed to
either 0.5 mM C16:0 or 0.25 mM C16:0 (Fig. 4). The
laddering pattern was most prominent in cells exposed
to C16:0 for 16 h. A faint DNA-laddering pattern

TABLE 2. Triacylglycerol content and fatty acyl composition of triacylglycerols in cardiomyocytes

Experimental Conditions

None Ci6:0 -C18:1 C16:0/C18:1 +CI8:1 C16:0/+C18:1
nmol/ 10° cells
Total amount 5(2) 5(1) 66 (27)" 80 (17)¢ 43 (4)" 8(1)
%
14:0 ND ND ND 0.1 (0.2) ND ND
16:0 34.6 (7.9) 76.6 (16.1)“ 2.6 (0.5) 38.4 (1.8) 3.4 (1.1) 51.2 (4.4)°
16:1 ND ND 0.2 (0.3) 0.4 (0.2) ND ND
18:0 329 (11.9) 3.6 (3.8)" 1.1 (0.1)* 2.0 (0.2)" 1.4 (0.1) 29 (2.4)°
«18:1 22.4 (13.1) 18.7 (18.5) 95.8 (1.3)¢ 58.1 (1.6)° 5.0 (2.6)" ND
+18:1 ND ND ND ND 88.5 (4.1)¢ 46.6 (4.4)¢
18:2 9.0 (5.2) ND 0.1 (0.2)" 0.4 (0.2)¢ ND ND
18:3 ND ND ND ND ND ND
20:0 ND ND ND ND ND ND
20:4 1.1 (L9) ND 0.2 (0.3) 0.7 (0.1) 1.0 (0.6) ND
22:4 ND ND ND ND ND ND
22:6 ND ND ND ND ND ND
24:0 ND 1.2 (2.0) ND ND ND ND

Neonatal rat ventricular myocytes were cultured for 48 h. The final concentration of fatty acids {denoted
by their chemical notation) in the culture medium was 0.5 mM in case of C16:0, ~C18:1, £C18:1, and 0.25
mum/0.25 mM when combinations of fatty acids (C16:0/¢C18:1 and C16:0/+C18:1) were added. Data are
presented as means (= SD) of 4 experiments.

“Indicates significant differences from control cardiomyocytes (None); ND, not detectable.
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Fig. 4. Gel electrophoresis of genomic DNA isolated from cardio-
myocytes exposed to different fatty acid species or combinations
thereof; (A) 0.5 mm C16:0, (B) 0.25 mm C16:0, (C) 0.25 mm each
of C16:0/trans-C18:1, and (D) 0.25 mm each of C16:0/¢is-C18:1.
Cells were harvested at the indicated time points. Position of charac-
teristic n X 200 bp fragments are indicated by arrows. M refers to
molecular weight marker (100 base pair ladder, Gibco BRL). Note
the clear ladder pattern in cells exposed to 0.5 mm and 0.25 mm
C16:0 for 16 h or longer, and its absence in cells exposed to C16:0
/cs-18:1.

became visible in cells cultured in the presence of
C16:0/ trans-C18:1 (0.25 mm each) for 24 h. In support
of the DNA-laddering assay was the in situ detection of
DNA strand breaks by means of the TUNEL assay (Fig.
5). The percentage TUNEL positive cells was 5- to 10-
fold higher in those conditions where DNA-laddering
was apparent (data not shown).

DISCUSSION

In the present study the effect of long-term exposure
of neonatal rat ventricular cardiomyocytes to fatty acids
was investigated. It was demonstrated that cardiomyo-
cyte viability was dependent on the degree of saturation
of the fatty acid supplied. Incubation in the presence
of the saturated fatty acids C16:0 or C18:0 resulted in
massive cell death within 24 h, as evidenced morpholog-
ically by the presence of pyknotic nuclei, by the occur-

rence of internucleosomal DNA strand breaks, indica-
tive of apoptosis, and the release of the cytosolic
proteins LDH and FABP in the surrounding medium.
In contrast, neither C16:1, ¢is-C18:1 nor trans-C18:1,
being mono-unsaturated fatty acids, were found to be
harmful to the cardiomyocytes. The simultaneous ad-
ministration of equimolar amounts of ¢is-mono-unsatu-
rated and saturated fatty acids counteracted the toxic
effects of saturated fatty acids completely, whereas co-
administration of trans-C18:1 delayed, but did not pre-
vent apoptotic cell death.

The fact that saturated fatty acids are harmful to vari-
ous cell types has been reported before (9-14). To this
list neonatal ventricular myocytes can now be added.
However, the nature of the process of cell death, i.e.,
necrosis or apoptosis, has not been subject of study. To
the best of our knowledge, this study is the first to dem-
onstrate that saturated fatty acids induce apoptosis, as
exemplified by the relatively early appearance of DNA
laddering and the marked increase in percentage of
TUNEL-positive cells in C16:0-exposed cardiomyocytes.
Nonetheless, the stimulus for apoptosis has not been
defined yet. It has been shown that the mere absence
of serum factors is sufficient to initiate apoptosis in cul-
tured cells (29). Serum-deprived neonatal myocytes are
likely to undergo a similar process (30, and K. R. Chien,
personal communication). Indeed, in the present study
we also observed a slow release of intracellular proteins
from serum-deprived myocytes cultured in the absence
of fatty acids, or in the presence of cis-mono-unsaturated
fatty acids. According to this line of reasoning, exposure
of the cells to saturated fatty acids somehow appreciably
accelerates apoptotic cell death in cardiomyocytes cul-
tured under serum-free conditions. Exposure to the dif-
ferent fatty acid species was associated with major alter-
ations in the endogenous lipid pools, both in content
and composition. Hence, it is feasible that these alter-
ations are responsible for cell death. The potential link
between fatty acid handling by neonatal cardiomyocytes
and apoptotic cell death is discussed below.

Under normal circumstances both saturated and cis-

Fig. 5. In situ analysis of DNA strand breaks in neonatal cardiomyocytes by TUNEL assay. Cells were exposed (A) to 0.25 mm each of
C16:0/¢is-C18:1 and (B) to 0.5 mm C16:0 for 16 h. TUNEL-positive cells are indicated by an arrow.
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monounsaturated fatty acids are abundantly present in
the circulating blood. Together these fatty acid species
represent approximately three quarters of the faty
acids in rat blood plasma [16]. Normally, trans-unsatu-
rated fatty acids, such as elaidic acid (trans-C18:1), are
present in minute amounts. Nonetheless, the myocar-
dium is able to cope with trans-unsaturated fatty acids.
When supplied in the diet trans-unsaturated fatty acids
and their metabolic derivatives are found to be seques-
tered in the cardiac lipid pools (31, 32). In addition,
the myocardium is able to oxidize #rans-C18:1 and cis-
C18:1 ata comparable rate (33). From a physico-chemi-
cal point of view the mono-unsaturated elaidic acid re-
sembles a saturated fatty acid. This is illustrated by the
fact that, similar to saturated fatty acids, frans-mono-
unsaturated fatty acids are preferentially esterified to
the sn-1 position of phospholipids (34).

Neonatal cardiomyocytes already have the capacity to
utilize fatty acids at a significant rate (7, 35). This was
substantiated in our own laboratory, in which it was
shown that the capacity to oxidize ["C]palmitate by
freshly isolated neonatal and by adult myocytes was
comparable (]. ]J. F. P. Luiken, unpublished observa-
tions). Furthermore, in the present study it was found
that the fatty acids, irrespective of the species supplied,
were rapidly incorporated in the phospholipid pool.
Moreover, in the presence of mono-unsaturated fatty
acids the cells do form substantial amounts of triacyl-
glycerols. Altogether, these findings indicate that neo-
natal rat ventricular myocytes are already able to extract
and to metabolize fatty acids from the extracetlular envi-
ronment.

It is clear from the present study that the saturated
fatty acids C16:0 and C18:0 induce apoptosis in neona-
tal cardiomyocytes. To date the mechanism underlying
this phenomenon is incompletely understood. First, a
detergent effect of the fatty acids supplied to the cells
via the incubation medium could be envisaged. How-
ever, such an effect is most likely to manifest itself rap-
idly after application (36). For instance, Hoffmann et
al. (37) showed that the application of 30 um of polyun-
saturated fatty acids (in the absence of BSA) to neonatal
cardiomyocytes resulted in rapid alterations in cellular
calcium handling, resulting in calcium overload and
cell death within 30 min. In the present study fatty acids
were complexed to BSA in a 3.3 to 1 ratio. Based on
this fatty acid /BSA ratio and the dissociation constants
estimated by Richieri, Anel, and Kleinfeld (38), the un-
bound fatty acid concentration is less than 50 num, i.e.,
far below the critical micellar concentration (38-40).
These considerations argue against the involvement of
a detergent effect in the present experimental set-up
(41). The second putative explanation is based on the
fact that triacylglycerol composed of saturated fatty acyl
chains that have a relatively high melting point (m.p)
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are insoluble at 37°C. It has been argued that immedi-
ately after formation the saturated triacylglycerol mole-
cules precipitate at the site of synthesis, i.c., the sarco-
plasmic reticulum. These precipitates are thought to
hamper sarcoplasmic reticulum function and, hence, 10
compromise cellular viability (42). This mechanism was
proposed on the basis of electron microscopic ohserva-
tions of human neutrophils incubated in the presence
of saturated fatty acids (14). In line with this hypothesis
is the observation that C16:0 was hardly used for the
synthesis of triacylglycerols, but was avidly incorporated
in the phospholipid pool of the cardiomyocytes. Al-
though it is evident that the de novo synthesis of triacyl-
glvcerols is impaired under these conditions, it still re-
mains to be established whether this process is linked
to apoptosis,

Recent studies indicate that signal transduction
through the sphingomyelin—ceramide pathway acti-
vates apoptosis in various cell types, including neonatal
myocytes (43). In this respect it is tempting to speculate
that the loss of phospholipids, as observed in myocytes
cultured in the presence of C16:0, also involves hydroly-
sis of sphingomyelin. Alternatively, an increase in the
cellular levels of C16:0 and C18:0, but not of C16:1,
has been shown to stimulate the formation of ceramide
intermediates that will initiate programmed cell death
(44). However, the latter observation does not provide
an explanation for our findings that co-addition of equi-
molar amounts of Cl18:1 prevents Cl6:0-induced
apoptosis.

Finally, the cytotoxic effects of saturated fatty acids
may relate to their relative enrichment in the phospho-
lipid fraction. A relative increase of fatty acids with a
high melting point in the phospholipid pool lowers the
membrane fluidity (36) and, consequently, elevates the
transition temperature (Ty) of the membrane (45). At
temperatures below the Ty phospholipid bilayers are in
the gel-like crystalline phase, which severely hampers
membrane functon (36, 45-47). The increase in the
mol % of saturated fatty acyl chains in the membrane
phospholipid pool to nearly 70% in nconatal myocytes
will diminish membrane fluidity and, hence, compro-
mise cell function. Indeed, loss of cellular viability was
demonstrated in cardiac cells exposed to either C16:0
or CI8:0 (m.p. 63°C and 70°C, respectively), but not
when exposed to ¢is-C16:1 or ¢is-C18:1 (m.p. 0.5°C or
13°C, respectively). Apparently, an intermediate posi-
tion is taken by the trans-mono-unsaturated fatty acid
trans-C18:1 (m.p. 46°C). When supplied to cardiomyo-
cytes as sole fatty acid, the cells survive. However,
in combination with C16:0 apoptotic cell death
is retarded, but not prevented. The combination of
C16:0/¢is-C18:1 appears to be fully compatible with
cardiomyocyte function. The observation that the com-
position of the endogenous lipid pools of the cardiomy-
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ocytes in vitro is determined by the fatty acids present in
the incubation medium, resembles the in vivo situation
where the fartty acyl profile of intracellular lipids in car-
diac tissue reflects the fatty acids present in the diet (5).
This study indicates that the common observation that
the heart in situ tolerates exogenous fatty acids very well
lies in the fact that these substances are supplied as a
mixture of saturated and unsaturated fatty acids.

Singh and coworkers (48) provided evidence that an
increase in the mol % of saturated fatty acids in the
phospholipid pool, and hence in membrane fluidity,
forms an essential part of the apoptotic process. Fur-
thermore, alterations in the composition of phospho-
lipid membranes may act as a trigger for apoptosis (49,
50). For instance, a genetic defect in the synthesis of
phosphatidylcholine was found to trigger apoptosis in
CHO cells (50). Also, the pharmacological inhibition
of arachidonate redistribution among the various phos-
pholipid classes was demonstrated to induce apoptosis
in a promyelocytic cell line (49). Based on these ob-
servations, we hypothesize that the over-representation
of saturated fatty acids in the phospholipid pool, and
the consequent effects on membrane fluidity, drive the
cardiomyocytes into apoptosis.

In conclusion, the present findings indicate that satu-
rated fatty acids induce apoptotic cell death in neonatal
rat ventricular myocytes, which can be counteracted by
co-addition of equimolar amounts of c¢is-mono-unsatu-
rated fatty acids. A corollary of the present observations
is that in studies aiming at delineating the role of fatty
acids in energy metabolism or signal transduction, the
use of saturated fatty acids as sole agent in long-term
experiments should be discouraged, because noxious
effects of these fatty acids on overall cardiomyocyte
function during prolonged exposure must be antici-
pated. 6
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