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Abstract
The bioactive signaling molecule D-erythro-sphingosine 1-phosphate (S1P) is irreversibly
degraded by the enzyme S1P lyase (SPL). The reaction of SPL with C18-S1P generates
ethanolamine phosphate and a long chain fatty aldehyde, trans-2-hexadecenal. Modulation of SPL
expression in cells and organisms produces significant phenotypes, most of which have been
attributed to corresponding changes in S1P-dependent signaling. However, the physiological
functions of SPL products are not well understood. In the present study, we explored the
biological activities of trans-2-hexadecenal in human and murine cells. We demonstrate that
trans-2-hexadecenal causes cytoskeletal reorganization leading to cell rounding, detachment and
eventual cell death by apoptosis in multiple cell types, including HEK293T, NIH3T3 and HeLa
cells. Trans-2-hexadecenal stimulated a signaling pathway involving MLK3 and the respective
phosphorylation of MKK4/7 and JNK, whereas ERK, AKT and p38 were unaffected. Trans-2-
hexadecenal-induced apoptosis was accompanied by activation of downstream targets of JNK
including c-Jun phosphorylation, cytochrome c release, Bax activation, Bid cleavage and increased
translocation of Bim into mitochondria. The antioxidant N-acetylcysteine prevented JNK
activation by trans-2-hexadecenal. Further, inhibition of JNK abrogated the cytoskeletal changes
and apoptosis caused by trans-2-hexadecenal, whereas Rac1 and RhoA were not involved. In
conclusion, our studies provide a new paradigm of sphingolipid signaling by demonstrating for the
first time that S1P metabolism generates a bioactive product that induces cellular effects through
oxidant stress-dependent MAP kinase cell signaling.
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1. Introduction
Sphingosine 1-phosphate lyase (SPL) catalyzes the final and irreversible step in the
degradation of sphingolipids. The reaction catalyzed by SPL results in cleavage of the
bioactive molecule sphingosine-1-phosphate (S1P) at the C2-3 carbon-carbon bond,
generating two products, trans-2-hexadecenal (hereafter referred to as hexadecenal) and
ethanolamine phosphate [1,2]. Other long chain base phosphates such as dihydrosphingosine
1-phosphate and phytosphingosine 1-phosphate can serve as substrates for the enzyme,
resulting in the formation of ethanolamine phosphate and the corresponding fatty aldehyde.
Modulation of SPL expression in cells and organisms leads to profound cellular effects and
phenotypes. These effects implicate SPL function in the regulation of programmed cell
death pathways, cell cycle progression, cell migration, vertebrate and invertebrate
development, and innate and adaptive immune functions [3-10]. In most of these cases, the
effects of SPL modulation have been attributed to the impact upon S1P pools available for
intracellular and extracellular signaling through well-characterized pathways or to the
accumulation of cytotoxic sphingolipid intermediates. In relatively few instances, the
products of SPL have been implicated in biological activities, such as their suspected role in
promoting murine embryonic carcinoma cell proliferation and the requirement for
ethanolamine phosphate in Leishmania infectivity [11,12]. However, the physiological
functions of these molecules remain poorly understood.

Free fatty aldehydes of the general formula CH3(CH2)nCHO with n = 6 to 20 or greater are
generally unstable molecules that can react with amino groups found on proteins,
carbohydrates, lipids and nucleic acids [13]; therefore, they are not easily detected in cells or
tissues. They are known to function as pheromones in insects, contribute to bacterial films
and waxes, and have signaling functions in plants and algae, triggering calcium transients
from intracellular stores and inducing cell death and autophagy [13-16]. Some aldehydes
inhibit proliferation and induce apoptosis, whereas short and long-chain aldehydes released
in biomembranes during lipid peroxidation have been shown to form DNA lesions and
strand breaks that are suspected to contribute to carcinogenesis [17,18].

In this study, we explored the effects of hexadecenal on various cellular activities. Our
findings demonstrate that treatment of human and murine cells with an exogenous solution
of hexadecenal leads to alteration of cellular cytoskeletal organization and adhesion,
induction of apoptotic cell death and activation of a mixed lineage kinase 3 (MLK3)/MAP
kinase kinase 4/7 (MKK4/7)/c-Jun N-terminal kinase (JNK) signaling pathway. Importantly,
inhibition of JNK activation prevents hexadecenal-mediated apoptosis and cytoskeletal
reorganization. We show for the first time that hexadecenal, which may be generated either
through the actions of SPL or potentially through other biochemical or chemical reactions
may exert significant and biologically relevant effects on cells and tissues through a specific
JNK-dependent signal transduction pathway.

2. Materials and methods
2.1 Materials

Fatty acid free BSA, 4′, 6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI), N-
acetyl cysteine (NAC), palmitic acid and propidium iodide were from Sigma (St. Louis,
MO). JNK inhibitor V was obtained from EMD Biosciences (Gibbstown, NJ). Rhodamine-
conjugated phalloidin was from Cytoskeleton, Inc. (Denver, CO). Buffered formalin was
from Fisher Scientific (Pittsburgh, PA). CEP11004, a pan-MLK inhibitor was a generous
gift from Cephalon Inc. (Frazer, PA).
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2.2 Hexadecenal synthesis
(2E)-Hexadecanal was synthesized by the reaction sequence of olefination of
myristaldehyde with triethyl phosphonoacetate in the presence of potassium carbonate in
aqueous 2-propanol, then reduction of the α,β-unsaturated ester with alane, and finally
oxidation of the resulting alcohol with pyridinium chlorochromate, as described previously
[19]. The structure and purity of the product were characterized by 1H- and 13C-NMR
spectroscopy and high-resolution mass spectrometry [HRMS (M + Na)+ m/z calculated for
C16H30NaO+ 261.2189, found 261.2192].

2.3 Cell culture and hexadecenal treatment
Human embryonic kidney cells (HEK293T), human cervical carcinoma cells (HeLa) and
mouse fibroblasts (NIH3T3) were procured from ATCC (Manassas, VA). Cells were
propagated in Dulbecco’s modified Eagle’s medium with high glucose (Cell Culture
Facility, UCSF, San Francisco, CA) containing 10% fetal bovine serum (JR Scientific,
Woodland, CA), penicillin (100 units/ml) and streptomycin (100 μg/ml), at 37°C with 5%
CO2. Hexadecenal was dissolved in chloroform:methanol (2:1 v/v). A thin film of
hexadecenal was obtained by drying the organic solvent under a nitrogen stream. A 10 mM
working stock solution of hexadecenal was prepared fresh by adding the vehicle (18% fatty
acid free BSA, 5% ethanol and 150 mM sodium chloride) drop-by-drop while vortexing
vigorously.

2.4 Phalloidin staining
NIH3T3 cells were grown for 24 h on 8-well chamber slides (BD Biosciences). After
hexadecenal treatment, cells were washed in cold PBS and fixed for 15 min in 10% buffered
formalin. After washing, cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min
at room temperature, washed and incubated with 100 nM Rhodamine phalloidin for 30 min
at room temperature in the dark. Cells were washed 3 times, counterstained with 100 nM
DAPI and mounted in Vectashield mounting medium (Vector Laboratories, Burlingame,
CA). Images were captured using a Zeiss Axioskop fluorescence microscope with a 100x oil
objective (Carl Zeiss, Inc., Thornwood, NY). Images were processed using Adobe
Photoshop CS4 (Adobe, San Jose, CA).

2.5 Plasmid constructs and transfection
Plasmid encoding enhanced green fluorescent protein, pcDNA3-EGFP plasmid (Addgene
plasmid 13031) was a kind gift from Dr. Douglas Golenbock (U. Mass). Plasmid encoding
dominant negative MLK3 pRK5-Flag-MLK3 K144A [20] was kindly provided by Dr.
Kathleen Gallo, Michigan State University, East Lansing, MI. HEK293T cells were
transfected with either pcDNA3-EGFP or pRK5-Flag-MLK3 K144A plasmid using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.

2.6 Immunoblotting
Immunoblotting was performed as described [21]. Antibodies to Poly (ADP-ribose)
polymerase (PARP), phospho-JNK (Thr183/Tyr185), phospho-MKK4 (Ser257/Thr261),
phospho-MKK7 (Ser171/Thr275), phospho-c-Jun (Ser73), AKT, phospho-ERK (Thr202/
Tyr204), ERK, phospho-p38 (Thr180/Tyr182), Bid, Bim and HRP-conjugated anti-rabbit
antibodies were from Cell Signaling Technologies (Beverly, MA). Antibody to actin was
from Sigma. Antibodies to MLK3 and cytochrome oxidase were from Epitomics
(Burlingame, CA). Antibodies to JNK1/3, MKK4 and MKK7 were from GenScript Inc.
(Piscataway, NJ). Antibody to phospho-AKT (Ser473) was from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibody to cytochrome c was from BD Pharmingen (San Diego, CA).

Kumar et al. Page 3

Cell Signal. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.7 Flow cytometry
Annexin V binding assays were performed using the ApoAlert Annexin V Apoptosis Kit
(Clontech Laboratories, Palo Alto, CA). Briefly, after hexadecenal treatment cells were
trypsinized and washed once with PBS. Cells were rinsed once with binding buffer. Cells
were resuspended in 200 μl of binding buffer and incubated with 5 μl of FITC-labeled
Annexin V for 10 min in the dark. Cells were acquired using a BD FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA), and data were analyzed using CellQuest Pro
software (BD Biosciences). Dead cells were excluded from analysis by propidium iodide
staining.

2.8 Preparation of mitochondrial and cytosolic cell fractions
HEK293T cells were plated in 10 cm culture dishes. Cells were collected by centrifugation
at 200 g for 5 min and at 4°C. The cells were then washed twice with ice-cold PBS, pH 7.4,
followed by centrifugation at 200 g for 5 min. The cell pellet was resuspended in 200 μl of
extraction buffer, containing 250 mM sucrose, 10 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1 mM
PMSF and protease inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN). After 30
min incubation on ice, cells were homogenized with a glass dounce and a B pestle (40
strokes). Cell homogenates were spun at 14,000 g for 30 min, then supernatants (cytosolic
fraction) were collected and stored at −80°C until analysis. The mitochondrial pellet was
washed once with extraction buffer and then lysed on ice for 30 min in lysis buffer
containing 50 mM MOPS, pH 7.4, 1 mM EDTA, 1% Triton-X 100, 10% glycerol, 1 mM
PMSF and protease inhibitor cocktail. The purity of the cytosolic and mitochondrial
fractions was determined by immunoblotting using antibodies against actin and cytochrome
oxidase, respectively.

2.9 Confocal microscopy
HeLa cells were grown for 24h on 8-well chamber slides (BD Biosciences). To detect
activated Bax, cells were washed in cold PBS and fixed for 15 min in freshly prepared 4%
paraformaldehyde. After washing, cells were permeabilized with 0.3% Triton-X-100 in PBS
for 10 min at room temperature. Then, cells were blocked with 5% goat serum and 0.1%
Triton X-100 in PBS for 1 h at room temperature. Cells were stained with a conformation
specific Bax antibody (6A7) that detects the activated form of Bax (BD Pharmingen, San
Diego, CA) at 1:150 dilution overnight at 4°C, washed 3 times with PBS, and stained with
Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, CA) for 1 h at room
temperature. Nonspecific fluorescence was excluded by performing a control without
primary antibody. Cells were washed 3 times, stained with DAPI and mounted in
Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Images were
captured using a laser scanning microscope and software (LSM 710, Carl Zeiss, Inc.).
Images were processed using Adobe Photoshop CS4 software (Adobe, San Jose, CA).

3. Results
3.1 Hexadecenal causes cytoskeletal reorganization and apoptosis

To explore the biological effects of hexadecenal, HEK293T cell cultures were observed over
a period of hours to days after treatment with micromolar concentrations of exogenous
synthetic hexadecenal. Hexadecenal applied at 25-50 μM was found to cause rounding and
detachment of HEK293T cells. Similar effects were observed when human cervical
carcinoma HeLa cells and mouse fibroblast NIH3T3 cells were treated with hexadecenal.
The effect of hexadecenal on cytoskeletal organization was evaluated by labeling F-actin
with phalloidin-Rhodamine in fixed NIH3T3 cells after treatment with hexadecenal or
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vehicle control. As shown in Figure 1, hexadecenal treatment reduced the number of stress
fibers and induced lamellipodia formation.

Detachment of anchorage-dependent cells from the surrounding extracellular matrix can
induce apoptotic programmed cell death, or “anoikis”. Therefore, we investigated whether
cell detachment after hexadecenal treatment induced apoptotic programmed cell death by
measuring Annexin V labeling followed by flow cytometry. Our results revealed that
treatment of NIH3T3, HeLa and HEK293T cells with 25 μM hexadecenal induces apoptotic
cell death after detachment (Fig. 2A, B). In contrast to hexadecenal, the fatty acid palmitate
at 25 μM had no effect on apoptosis in any of the cell types. Hexadecenal-induced apoptosis
was confirmed in HEK293T and HeLa cells by demonstration of PARP cleavage as an
indication of caspase-3 activation (Fig. 2C).

3.2 Hexadecenal causes robust activation of JNK
To investigate the mechanism by which hexadecenal induced cytoskeletal changes and
apoptosis, we evaluated the effect of hexadecenal on the activation of the stress-induced
signaling pathways mediated by p38, ERK and JNK, as well as on the PI3K/AKT signaling
pathway known to regulate apoptotic cell death. Towards that end, immunoblotting was
performed to measure the cellular levels of phosphorylated forms of AKT, p38, ERK and
JNK. As shown in Figure 3A, JNK activation was observed within 15 min of hexadecenal
treatment in HEK293T cells. JNK activation was further increased at later time points,
reaching maximum activation 3 h after hexadecenal treatment and waning thereafter,
whereas total JNK levels remained unchanged (Fig. 3A). Hexadecenal activated JNK and its
downstream target c-Jun in a dose-dependent manner, with the lowest effective
concentration tested being 25 μM, and higher doses producing more profound JNK
activation (Fig. 3B). Hexadecenal is metabolized to palmitic acid [22]. Free fatty acids have
also been shown to activate JNK pathway, albeit at a high concentration [23]. Therefore, to
rule out the possibility that palmitic acid is the active molecule inducing the observed
effects, cells were treated with 50 μM hexadecenal or palmitic acid. As shown in Figure 3C,
hexadecenal showed a robust activation of JNK, whereas palmitic acid had no effect. Even
at 100 μM concentration, palmitic acid did not elicit apoptosis or cell rounding (data not
shown). To confirm whether JNK activation is correlated with cell detachment and apoptosis
phenotypes observed in HEK293T, HeLa and NIH3T3 cells, each cell line was treated with
hexadecenal and JNK activation was assessed. As shown in Figure 3D, hexadecenal
treatment resulted in robust activation of JNK in HeLa and NIH3T3 cells, whereas palmitic
acid had no effect on JNK activation (Fig. 3D). Similar effects were observed in HEK293T
cells (data not shown). In contrast to our findings with JNK activation, hexadecenal
treatment did not influence the activation of AKT, p38 or ERK signaling pathways (Fig. 3E,
F). These findings confirm that hexadecenal specifically induces the JNK stress-activated
signaling pathway.

3.3 Hexadecenal activates JNK through a MLK3-dependent pathway
Activation of JNK occurs through its phosphorylation by dual-specificity kinases MKK4 or
MKK7, which in turn become phosphorylated and activated by upstream serine/threonine
kinases including apoptosis-signal regulating kinase 1 and MLK3 [24]. Therefore, we
assessed the effect of hexadecenal on MKK4 and MKK7 activation. As shown in Figure 4A,
hexadecenal activates both MKK4 and MKK7 in a dose-dependent manner. To examine
whether activation of JNK occurs through MLK3 activation, HEK293T cells were pre-
treated with a pan-MLK inhibitor prior to hexadecenal treatment. Inhibition of MLK3
completely prevented the hexadecenal-induced JNK activation (Fig. 4B). To rule out the
possibility of a nonspecific effect of the MLK3 inhibitor, HEK293T cells were transfected
with either a GFP construct or a dominant negative construct of MLK3 preceding
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hexadecenal treatment. As shown in Figure 4C, the dominant negative construct of MLK3
abrogated the JNK activation induced by hexadecenal. These findings suggest that MLK3 is
required for hexadecenal-induced JNK activation.

3.4 JNK activation by hexadecenal requires ROS generation
Both MLK3 and JNK are activated by reactive oxygen species (ROS) generation [25,26].
Therefore, we investigated whether JNK activation by hexadecenal requires ROS generation
by pretreating cells with the antioxidant compound NAC. As shown in Figure 4D,
pretreatment with NAC attenuated JNK activation by hexadecenal indicating that the latter
acts by stimulating a MLK3/MKK4/7/JNK signaling pathway in a ROS-dependent manner.

3.5 Downstream targets of JNK signaling are modulated by hexadecenal
It became important to establish whether JNK signaling induced by hexadecenal could be
responsible for cellular changes and apoptosis in hexadecenal-treated cells. JNK has an
essential role in modulating the functions of pro- and antiapoptotic proteins located in the
mitochondria [27]. Toward that end, we investigated the effects of hexadecenal on
downstream targets of JNK signaling including cytochrome c release and expression/
translocation of Bcl-2 family proteins. To examine the cytochrome c release, the cytosolic
and mitochondrial fractions from vehicle- or hexadecenal-treated cells were prepared and
immunoblotted with a mouse monoclonal cytochrome c antibody. As shown in Figure 5A, a
dose-dependent cytochrome c release was observed from mitochondria of hexadecenal-
treated cells. Bax and Bak activation is essential for the JNK-stimulated cytochrome c
release and initiation of apoptosis [28]. Therefore we examined Bax activation after
hexadecenal treatment in HeLa cells by confocal microscopy using an antibody that
recognizes the activated form of Bax [29]. Hexadecenal treatment caused a substantial
increase in punctate labeling for Bax, indicating the activation of Bax (Fig. 5B). The BH3-
only proteins Bid and Bim are the primary activators of Bax [30]. Active Bid, also known as
truncated Bid (tBid), induces the oligomerization of Bax [31]. We analyzed the protein
levels of Bid and Bim by immunoblotting of whole cell lysates of hexadecenal-treated cells.
As shown in Figure 5C, treatment of cells with increasing concentrations of hexadecenal
was correlated with an increase in Bid cleavage, producing tBid. Bim exists in three splice
forms: BimS, BimL and BimEL [32,33]. BimL and BimEL are normally found in the cytosol.
In response to an apoptotic signal, phosphorylation of Bim by JNK allows it to translocate to
the mitochondria, where Bim can activate Bax [32-34]. An increase in the levels of BimL
and BimEL proteins was observed in the mitochondrial fraction of hexadecenal-treated cells
(Fig. 5D), whereas the protein levels of all the Bim isoforms remained unaltered, as shown
in the whole cell extracts (Fig. 5C). These findings suggest that hexadecenal induced-JNK
activation induces apoptosis through cytochrome c release caused by tBid- and Bim-
activated Bax.

3.6 JNK regulates cell detachment and apoptosis mediated by hexadecenal
The members of the Rho-GTPase subfamily, Rho, Rac1 and Cdc42 are known to regulate
the organization of the cytoskeleton [35]. Therefore, we examined the activation of Rac1
and Cdc42 after hexadecenal treatment. We found that neither Rac1 nor Cdc42 are activated
by hexadecenal (data not shown). Consistent with this finding, pre-treatment of cells with
either Rac1 or Rho inhibitors had no effect on the ability of hexadecenal to elicit
cytoskeletal changes, apoptosis or JNK activation. Importantly, inhibition of JNK using a
pharmacological inhibitor attenuated the cytoskeletal changes caused by hexadecenal (Fig.
6A). Further, pre-treatment with a JNK inhibitor prevented hexadecenal-induced apoptosis
(Fig. 6B). Taken together, these findings suggest that hexadecenal induces detachment and
apoptosis through a JNK-dependent pathway that is independent of Rac, Rho and Cdc42.
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4. Discussion
Our study provides evidence that the long chain aldehyde hexadecenal mediates cytoskeletal
changes and induces apoptosis through a JNK-dependent signaling pathway. The JNK
pathway is one of several MAPK signaling pathways that are activated in response to
stressful cellular conditions including UV irradiation, ionizing radiation, osmotic shock or
heat shock [24]. JNK is directly activated through phosphorylation by MKK4/7, which is
itself activated by MAP kinase kinase kinases such as MLK3 [24,36]. Each step of this
phosphorylation cascade appears to be induced in response to hexadecenal exposure.
Disruption of microtubule structures by several anti-cancer agents induces apoptosis by
activating MLK3 and JNK [37-39]. Thus, it is possible that the hexadecenal effect is
mediated in this manner as well. However, we cannot exclude the possibility that
hexadecenal might affect cell morphology via covalent reactions with cytoskeletal
components, since fatty aldehydes are known to be highly reactive with amino groups
present on proteins. In that regard, we note that the α,β-unsaturated long chain aldehyde 4-
hydroxynonenal induces rapid disappearance of microtubule networks by causing adduct
formation with tubulin [40,41]. Whether hexadecenal forms adducts with tubulin or other
cytoskeleton proteins remains to be determined.

JNK can activate apoptotic signaling either through nuclear or mitochondrial signaling
pathways [24]. Activated JNK translocates to the nucleus where it induces transcription of
pro-apoptotic genes such as Bax and Bak, and decreases the expression of pro-survival
genes including c-Jun [24]. Hexadecenal induces apoptosis within 3h of treatment, and it is
unlikely that JNK induces the transcription of pro-apoptotic genes through c-Jun and other
transcription factors within this time frame. Consistently, we did not observe any change in
the expression levels of Bcl-2 family proteins such as Bcl-2, Bcl-xL, Mcl-1, Bax, Bik, Bok,
Puma and Bad (data not shown). UV radiation-induced apoptosis requires Bax-mediated
cytochrome c release [24,42]. Further, tBid and Bim promote Bax-mediated cytochrome c
release [30]. BimL and BimEL normally remain sequestered in the cytosol by the dynein
motor complex via an interaction with dynein light chain 1. In response to an apoptotic
signal, phosphorylation of Bim by JNK dissociates Bim from the dynein motor-complex
allowing Bim, along with LC8, to translocate to the mitochondria [32-34]. Their
translocation induces the release of cytochrome c from the mitochondria by activating Bax.
Our finding that hexadecenal treatment results in Bid cleavage and increased localization of
Bim isforms BimL and BimEL in the mitochondria further suggests that hexadecenal induces
apoptosis through a mechanism that depends upon JNK-mediated posttranslational protein
modifications.

The routine recycling of complex sphingolipids and the activation of sphingomyelin
metabolism by stressful conditions such as radiation and hypoxia are well-established
phenomena [43,44]. Sphingolipid turnover generates bioactive metabolites that ultimately
result in formation of S1P. Intracellular S1P catabolism by the enzyme SPL results in the
formation of hexadecenal and ethanolamine phosphate [45]. Fatty aldehydes such as
hexadecenal are metabolized by a microsomal enzyme, fatty aldehyde dehydrogenase
(FALDH). Although under normal conditions hexadecenal levels are low, the toxic effects
of fatty aldehydes are dramatically demonstrated in patients with Sjogren-Larsson
syndrome. This heritable disorder is caused by mutations in the gene encoding FALDH
[46,47]. Sjogren-Larsson patients lack FALDH activity and suffer from neurological and
cognitive defects and ichthiosis thought to result from accumulation of fatty aldehydes and
alcohols formed from metabolism of sphingolipids, fatty alcohols, leukotriene B4, ether
glycerolipids and plasmalogens. Thus, we propose that FALDH deficiency may enhance the
effects of hexadecenal on cells and tissues, and conversely that the symptoms of this disease
could arise in part from accumulation of hexadecenal. Fatty aldehydes are also known to
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induce DNA damage in cells and are thereby thought to thereby contribute to the
carcinogenic process [18]. Whether hexadecenal mediates DNA damage and/or other
cellular effects associated with long chain aldehydes remains to be determined.

Hexadecenal can also be generated by non-enzymatic degradation of sphingolipids. For
example, hexadecenal formation was noted after photolysis and radiolysis of sphingomyelin
and lysosphingomyelin, respectively [48], which can result in high local concentrations of
hexadecenal in the membrane. Lysosphingolipids such as D-erythro-
sphingosylphosphorylcholine (SPC), sphingosine and S1P associate predominantly with
high-density lipoproteins (HDL) in the plasma. HDL-associated lysosphingolipids have been
suggested to mediate, in part, the atheroprotective effects of HDL [49]. Myeloperoxidase
produced reactive chlorinating species have been shown to attack HDL-associated SPC and
S1P, thereby generating hexadecenal [50]. Our findings elucidating the bioactivity of
hexadecenal raise the possibility that degradation of circulating S1P to its fatty aldehyde
metabolite may not only attenuate the S1P signal but may serve to antagonize the effects of
S1P on vascular permeability, endothelial cell survival, and platelet functions. Thus, our
findings represent a new paradigm in sphingolipid signaling in which the ultimate
conversion step in the sphingolipid degradative pathway provides an additional opportunity
for fine-tuning of the balance between cell survival and cell death.

5. Conclusion
1. Our studies demonstrate that trans-2-hexadecenal induces cellular detachment from

substratum, cytoskeletal rearrangements and apoptosis in multiple mammalian cell
types.

2. These effects are mediated through a JNK-dependent mechanism via generation of
ROS and activation of MLK3.

3. Our cumulative results provide a new paradigm of sphingolipid signaling by
demonstrating that S1P degradation generates a bioactive product that induces cell
changes and programmed cell death through a stress-activated MAPK pathway.
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Abbreviations

DAPI 4′, 6-diamidino-2-phenylindole dihydrochloride hydrate

FALDH fatty aldehyde dehydrogenase

HDL high density lipoprotein

HEK293T human embryonic kidney cell line 293T

JNK c-Jun N-terminal kinase

MKK4/7 MAP kinase kinase 4/7

MLK3 mixed lineage kinase 3

NAC N-acetyl cysteine

PARP Poly (ADP-ribose) polymerase
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ROS reactive oxygen species

S1P sphingosine-1-phosphate

SPC sphingosylphosphorylcholine

SPL sphingosine-1-phosphate lyase
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Fig. 1. Hexadecenal causes cytoskeletal reorganization
NIH3T3 cells were cultured in 8-chamber slides for 24 h. Cells were serum deprived for 3 h,
then cells were treated with vehicle (a-c) or hexadecenal (25 μM) (d-i) for 30 min. F-actin
was labeled with Phalloidin-Rhodamine and cells were counter stained with DAPI.
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Fig. 2. Hexadecenal induces apoptosis in human and murine cells
A-C, Cells were cultured in 10-cm culture dishes for 24 h. Cells were serum deprived for 3
h, followed by treatment with vehicle, hexadecenal (25 μM) or palmitic acid (25 μM) for 3
h. A, Apoptosis was determined by flow cytometry after Annexin V-FITC staining. B,
Percentage of apoptotic cells (Annexin V positive) is shown in the histogram. Data are
shown as mean ± SD. C, Cells were harvested and whole cell extracts were immunoblotted
with PARP or actin antibodies. Immunoblots are representative of at least three independent
experiments.
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Fig. 3. Hexadecenal activates the JNK signaling pathway
A, HEK293T cells were plated in 10-cm plates and cultured for 24 h. Cells were serum
starved for 3 h and then treated with either vehicle or hexadecenal (50 μM). Cells were
harvested at the indicated time period and whole cell extracts were immunoblotted with
phospho-JNK, JNK1/3 or actin antibodies. B, HEK293T cells were treated with either
vehicle or the indicated dose of hexadecenal (hex) for 1 h. Cell lysates were immunoblotted
with phospho-JNK, JNK1/3, phospho-C-Jun or actin antibodies. C, HEK293T cells were
treated with vehicle, hexadecenal (hex, 50 μM) or palmitic acid (PA 50 μM) for 1 h. Cell
lysates were immunoblotted with phospho-JNK, JNK1/3 or actin antibodies. D, HeLa and
NIH3T3 cells were cultured in 10-cm plates for 24 h. Cells were treated with either vehicle,
hexadecenal (hex, 25 μM) or palmitic acid (PA 25 μM) for 1 h. Cell lysates were
immunoblotted with phospho-JNK, JNK1/3, phospho-C-Jun or actin antibodies. E and F,
HEK293T and NIH3T3 cells were cultured in 10-cm plates for 24 h. Cells were treated with
either vehicle, or indicated dose of hexadecenal (hex) for 1 h. Cell lysates were
immunoblotted with phospho-AKT, total AKT, phospho-p38, phospho-ERK, total ERK or
actin antibodies. Immunoblots are representative of three independent experiments.
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Fig. 4. Hexadecenal activates JNK signaling through a Mixed Lineage Kinase 3 (MLK3)-
dependent pathway
A, HEK293T cells were plated in 10-cm plates and cultured for 24 h. Cells were serum
starved for 3 h and then were treated with either vehicle or with the indicated dose of
hexadecenal for 1 h. Whole cell extracts were immunoblotted with phospho-MKK4, MKK4,
phospho-MKK7, MKK7 or actin antibodies. B and D, HEK293T cells were plated in 10-cm
plates and cultured for 24 h. Cells were serum deprived for 3 h in the presence or absence of
a MLK3 inhibitor (CEP11004, 500 nM) or an antioxidant N-acetylcysteine (NAC, 10 mM)
for 3 h. Then, cells were treated with either vehicle or hexadecenal (hex, 25 μM) for 1 h and
cell lysates were immunoblotted with phospho-JNK, JNK1/3 or actin antibodies. C,
HEK293T cells were transfected with GFP or a dominant negative construct of MLK3 (K-
A). Forty-eight hours later, cells were serum deprived for 3 h and then treated with vehicle
(veh) or hexadecenal (hex, 25 μM) for 1 h. Cell lysates were immunoblotted with phospho-
JNK, JNK1/3, MLK3 or actin antibodies.
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Fig. 5. Hexadecenal induces apoptosis through Bid cleavage and Bax and Bim translocation
A, HEK293T cells treated with either vehicle or with the indicated dose of hexadecenal for 2
h. Cytosolic and mitochondrial fractions were immunoblotted with cytochrome c,
cytochrome oxidase or actin antibody. B, HeLa cells were grown on chamber slides and
treated with vehicle or hexadecenal (hex 25 μM) for 2 h. Cells were fixed and
immunostained with a conformation-specific Bax antibody and counterstained with DAPI.
Images were acquired using a laser scanning microscope 710 with a 63x oil objective. C,
HEK293T cells treated with either vehicle or with the indicated dose of hexadecenal (hex)
for 3 h. Whole cell extracts were immunoblotted with Bid, Bim or actin antibody. D,
HEK293T cells treated with either vehicle or with indicated dose of hexadecenal for 2 h.
Mitochondrial fractions were immunoblotted with Bim or cytochrome oxidase.
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Fig. 6. Inhibition of JNK prevents hexadecenal-induced cytoskeletal reorganization and
apoptosis
A, NIH3T3 cells were cultured in 8-chamber slides for 24 h. Cells were serum deprived for
3 h in the absence or presence of a JNK inhibitor V (JNK Inhib, 20 μM), then cells were
treated with vehicle (a-c) or hexadecenal (25 μM) (d-i) for 30 min. F-actin was labeled with
Phalloidin-Rhodamine and cells were counter stained with DAPI. B, Cells were cultured in
10-cm culture dishes for 24 h. Cells were serum deprived for 3 h in the presence or absence
of a JNK inhibitor V (JNK inhib, 20 μM), then cells were treated with vehicle or
hexadecenal (25 μM) for 3 h. Cells were harvested and whole cell extracts were
immunoblotted with PARP, phospho-C-Jun or actin antibodies. Immunoblots are
representative of at least three independent experiments.
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