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Abstract
4-(hydroxyphenyl)retinamide (4-HPR) is a synthetic retinoid with strong apoptotic effect towards
different cancer cell lines in vitro, and it is currently tested in clinical trials. Increases of Reactive
Oxygen Species (ROS) and modulation of endogenous sphingolipid levels are well-described
events observed upon 4-HPR treatment, but there is still a lack of understanding of their
relationship and their contribution to cell death. LC/MS analysis of sphingolipids revealed that in
human leukemia CCRF-CEM and Jurkat cells, 4-HPR induced dihydroceramide but not ceramide
accumulation even at sub-lethal concentrations. Myriocin prevented the 4-HPR-induced
dihydroceramide accumulation, but it did not prevent the loss of viability and increase of
intracellular ROS production. On the other hand, ascorbic acid, Trolox, and vitamin E reversed 4-
HPR effects on cell death but not dihydroceramide accumulation. NDGA, described as a
lipoxygenase inhibitor, exerted a significantly higher antioxidant activity than vitamin E and
abrogated 4-HPR-mediated ROS. It did not however rescue cellular viability. Taken together, this
study demonstrates that early changes observed upon 4-HPR treatment i.e. sphingolipid
modulation and ROS production, are mechanistically independent events. Furthermore, the results
indicate that 4-HPR-driven cell death may occur even in the absence of dihydroceramide or ROS
accumulation. These observations should be taken into account for an improved design of drug
combinations.
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INTRODUCTION
A large number of studies based on 4-(hydroxyphenyl)retinamide (4-HPR, fenretinide)
describe this agent as a promising chemotherapeutic drug, but its mechanism of action
remains not fully defined. 4-HPR is a synthetic amide derivative of the all-trans retinoic acid
(ATRA) that is being tested against several cancers in vitro (Maurer et al. 1999; Sun et al.
1999; Asumendi et al. 2002; Tiwari et al. 2006) and in vivo as well as in clinical trials
(Reynolds and Lemons, 2001; Garaventa et al. 2003; Veronesi et al. 2006; Sabichi et al.
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2008). The interest in 4-HPR over other retinoids is based on three major advantages: a)
unlike vitamin A and many natural derivatives as ATRA, 4-HPR exerts its cell growth
inhibitory effect by mainly inducing cell death rather than differentiation (Ponzoni et al.
1995; Kitareewan et al. 1999), b) it can be applied against retinoic acid resistant cancers
(Delia et al. 1993; Kitareewan et al. 1999; Reynolds and Lemons 2001), and c) it shows a
favorable systemic toxicity profile compared to other retinoids which allows and supports
continuity on in vivo studies as well as further application in clinical trials (Rotmensz et al.
1991).

Despite the positive characteristics of 4-HPR, there is still controversy about its mechanism
of action (Hail et al. 2006; Kadara et al. 2007; Tiwari et al. 2008). Previous studies from our
group and others described a strong proapoptotic effect of 4-HPR on several T-cell acute
lymphoblastic leukemia (T-ALL) cell lines (Asumendi et al. 2002; O’Donnell et al. 2002;
Faderl et al. 2003). In agreement with data obtained in several cell models (Suzuki et al.
1999; Kim et al. 2006), oxidative stress (i.e. increase on reactive oxygen species -ROS-
production) seemed to be a candidate mediator of 4-HPR driven cell death in our leukemia
model (Asumendi et al. 2002). Moreover, we found that upon 4-HPR treatment, RAR/RXR
independent mitochondrial apoptosis pathway was activated where enhanced ROS
production and modulation of sphingolipids levels were the earliest events detected (Morales
et al. 2007). While 4-HPR mediated ROS increase is an established event (Suzuki et al.
1999; Asumendi et al. 2002; Kim et al. 2006; Kadara et al. 2007), the relationship between
4-HPR and sphingolipid metabolism has not been fully elucidated (Maurer et al. 1999;
Lovat et al. 2004; Rehman et al. 2004; Morales et al. 2007; Darwiche et al. 2007).

Sphingolipids (SLs) are generally described as sphinganine or sphingosine based lipids that
form a large family of molecules with both, structural and signaling functions (Hannun and
Obeid 2008). Among them, ceramide (sphingosine-based SL) is currently considered the
core of the sphingolipid metabolic network, and much work has been focused on its
signaling role in cell death (Obeid et al. 1993; Taha et al. 2006; Carpinteiro et al. 2008). As
summarized in Fig. 1, ceramide can be generated by three different pathways i.e. de novo
synthesis, sphingomyelin hydrolysis, and the recently described salvage pathway (Hannun
and Obeid 2008; Kitatani et al. 2008). Numerous studies have implicated ceramide in 4-HPR
mediated cytotoxicity (Maurer et al. 1999; Rehman et al. 2004; Darwiche et al. 2005; Hail et
al. 2006; Morales et al. 2007; Jiang et al. 2011) but application of more advance LC/MS
(liquid chromatography/mass spectrometry) techniques has recently revealed that 4-HPR
induces an increase in dihydroceramide rather than ceramide, at least in some tumor models
(Kraveka et al. 2007; Wang et al. 2008; Valsecchi et al. 2010).

The aim of this work was to establish the mechanistic relationship between the 4-HPR-
induced oxidative stress, changes in SLs, and cell death. Sphingolipid levels were analyzed
by LC/MS technology in the leukemia models previously studied by our group. The analysis
revealed accumulation of dihydroceramide (dhCer) (but not ceramide) following 4-HPR
treatment. Most importantly, this study defines oxidative stress and dhCer accumulation as
two distinct events occurring early after exposure to 4-HPR. On top of that, these data also
indicate that -at least in T-ALL cell lines- cell death upon treatment may occur even in the
absence of accumulation of dhCer or ROS, indicating that, unlike what was previously
proposed, none of these early events are necessarily essential mediators of 4-HPR-mediated
cytotoxicity.
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MATERIALS AND METHODS
Reagents

RPMI 1640 (#11835-034), red phenol free RPMI 1640 (#11835-063) and heat inactivated
fetal bovine serum (#10082-174) were from GIBCO/BRL (Invitrogen). 4- HPR (#H7779),
H2O2 (#H1009), myriocin (#M1177) and antioxidants (but baicalein) were purchased from
Sigma Chemical Co. (St Louis, MO). 4-HPR was dissolved at 10 mM in DMSO, aliquoted
and stored at −80°C. Myriocin (serine-palmitoyl-transference inhibitor) was prepared at 1
mM (in DMSO) and aliquots stored at −20°C. Ascorbic acid, vitamin E, Trolox® and
Trolox®-methyl-ether were prepared fresh prior each experiment: vitamin E (#T1539;
diluted in ethanol 1:10 prior application), Trolox® ((±)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid. #238813; dissolved in culture media to 1mM),
Trolox®-methyl-ether (#93510; dissolved in ethanol to 100 mM due to low water solubility)
and L-ascorbic acid (#255564; dissolved in water). NDGA (#N5023) stock solution was
prepared at 80 mM in DMSO (stored at −20°C). Baicalein (#196322; stock solution in
DMSO) and Annexin V-FITC apoptosis Detection Kit (#PF032) were from Calbiochem
(San Diego, CA). CM-H2DCFDA (#C6827), BODIPY® 581/591 C11 (D3861)and
MitoSOX (#M36008) were obtained from Molecular Probes (Invitrogen, Carlsbad, CA).
Cell viability XTT assay was purchased from Roche Molecular Biochemicals, IN, USA
(#11465015001). D-erythro- 2-N-[12′-(1″-pyridinium)dodecanoyl]-4,5-dihydrosphingosine
bromide (D-erythro-C12- dihydroceramide; C12-dhCCPS) was synthesized in the Lipidomics
Core Facility at the Medical University of South Carolina (31). Cells were expose to a final
DMSO concentration ≤ 0.1%.

Cell lines and culture conditions
Human CCRF-CEM and Jurkat acute lymphoblastic leukemia cells were grown in RPMI
1640 with 2 mM L-glutamine and supplemented with 10% heat inactivated fetal bovine
serum (complete culture medium). Cells were maintained at 37°C in a humidified incubator
containing 5% CO2. When required, cells were exposed to 2 h incubation with antioxidants
or serine-palmitoyl-transference inhibitor prior adding the drug.

Metabolic activity assay
Standard XTT assay was used to determine cell viability. For 4-HPR-only treatments, cells
were plated in 96-well plates at 750,000 cells/ml and 100 μl/well. After 4 h, treatments were
added on 50μl/well obtaining a final density of 500,000 cells/ml and final volume of 150 μl/
well. Four replicates were used per experimental condition. XTT reagent mixture was added
4 h before the end of selected treatment period and absorbance at 490 nm was determined
per each well (according to manufacturer’s instruction). A slightly modified protocol was
used for analysis of the effect of myriocin (final concentration of 100 nM) or antioxidant on
4-HPR treatment. Briefly, cells were seeded on 60 mm culture dishes and myriocin or
antioxidants added after 4 h. 4-HPR treatment was added 2 h later and cells were plated in
quadruplicates in 96 well plates (150 μl/well).

Clonogenic capacity assay
Prior seeding in the semisolid medium, cells were exposed to selected 4-HPR concentrations
for 16 h (5×106 cells/sample, approximately 500,000 cells/ml). 16 h time point was selected
due to the lack of difference among cells challenged to 16 h and 48 h treatment when
compared at 48 h time point (data not shown). 6-well plates were covered by 2 ml/well of
pre-warmed 1.2 % methylcellulose medium and a layer of 0.6% methylcellulose medium
containing 50,000 cells was placed on top of the 2 ml 1.2 % methylcellulose layer. 6-well
plates were maintained at 37°C in a humidified incubator containing 5% CO2 and checked

Apraiz et al. Page 3

Biochem Cell Biol. Author manuscript; available in PMC 2013 May 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



up to a significant colony growth (7–9 days). Clonogenic capacity was determined by
counting colonies >50 cells in 3 random areas/well by an inverted Nikon Eclipse TS100
microscope.

Apoptotic cell death
Apoptotic cell death was determined by the annexin V-propidium iodide staining assay
according to manufacturer’s RAPID protocol. 10,000 cells/sample were analyzed by Coulter
EPICS ELITE ESP flow cytometer. Cells were classified as: a) healthy cells (PI (−) and
FITC (−) cells), b) early apoptotic (PI −) and FITC (+) cells), c) late apoptotic/necrotic cells
(PI (+) and FITC (+) cell). Results were analyzed by WinMDI 2.8 and Summit v4.3
softwares.

Measurement of general oxidative stress
Intracellular oxidative stress was determined by CM-H2DCFDA. Based on available
literature, CM-H2DCFDA and its former versions are able to detect hydrogen peroxide,
hydroxyl radicals, peroxyl radicals and peroxynitrite anions. Briefly, cells were seeded in
red phenol free RPMI1640-based complete culture media (5×106 cells per treatment). As
done for viability assay, myriocin (final concentration of 100 nM) or antioxidants were
added after 4 h of incubation. Following 2 h myriocin/antioxidant treatment, 4-HPR was
added and cells incubated for selected time points. After treatment, approximately 2×106

cells were resuspended in 0.8 ml PBS containing 10 μM CM-H2DCFDA and incubated for
25 min (37°C, darkness). Samples were transferred to tubes or 96-well plates prior
fluorescence measurement. Fluorescence intensity was measured either by plate reader
(Fluoroskan Ascent, Labsystems) or by flow cytometer (Coulter EPICS ELITE ESP). Probe-
free cells were used as internal negative control and fresh prepared H2O2 (200 μM, 15 min)
as positive control.

Mitochondrial superoxide production
Mitochondrial superoxide production was estimated by MitoSOX oxidation. Cells were
seeded and treated as specified for the analysis of the intracellular oxidative stress. After
treatment, approximately 2×106 cells were resuspended in 0.8 ml Hank’s Buffered Salt
Solution containing 5 μM MitoSOX and incubated for 15 min (37°C, darkness). Samples
were washed with PBS and transferred to tubes or 96-well plates prior fluorescence
measurement. Fluorescence intensity was measured either by plate reader (Fluoroskan
Ascent, Labsystems) or by flow cytometer (Coulter EPICS ELITE ESP).

Intracellular lipid peroxidation
This assay was based on the oxidation-mediated fluorescence shift of an externally added
undecanoic acid (BODIPY 581/591 C11). Oxidation of the polyunsaturated butadienyl
portion of the BODIPY 581/591 dye truncates the conjugated π-electron system, resulting in
a shift of the fluorescence emission peak from ~590 nm to ~510 nm.

Briefly, cells were seeded and treated as described for intracellular oxidative stress and
mitochondrial superoxide estimation. 3 h incubation (37°C and darkness) was required for
the proper internalization of the probe (10 μM BODIPY 581/591 C11) and treatments were
added before or after the probe depending on the selected treatment exposure time. BODIPY
and treatment-containing culture medium was replaced by 1 ml PBS/sample prior measuring
fluorescence. Flow cytometric analysis of lipid peroxidation was performed in the General
Research Services SGIker of the UPV/EHU (http://www.ikerkuntza.ehu.es/p273-sgikerhm/
en/). 10,000 cells were analyzed per sample.
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In situ dihydroceramide desaturase assay
C12-dhCCPS was used as a substrate for the dihydroceramide desaturase enzyme. The
synthetic analogue was dissolved in 100% ethanol at a 100 mM stock concentration and
stored at −20°C, protected from light. Stock concentration was diluted and added to cells in
complete culture medium. Final C12-dhCCPS concentration in medium was 500 nM. When
required, C12-dhCCPS was added together with 4-HPR and incubated for the selected time
points. Levels of C12-dhCCPS and its product (C12- CCPS) were analyzed by LC/MS as
described by Szulc et al. 2006 and Bielawski et al. 2006.

LC/MS analysis of endogenous sphingolipid species
Cells were seeded and treated in 60 mm culture dishes as described above. After treatment,
cells were washed twice with PBS to avoid external sphingolipid contamination from media
and further analysis were performed in the Lipidomics Core Facility at the Medical
University of South Carolina (hcc.musc.edu/research/shared_resources/lipidomics.cfm) as
described (Bielawski et al. 2006; Szulc et al. 2006). Total values were normalized to
inorganic phosphates by an adapted Bligh and Dyer lipid extraction (Van Veldhoven et al.
1988).

Statistics
Results were represented as the mean ± standard deviation (SD). The number of replicates
was specified for each experiment. Statistical analysis was performed by SPSS 15.0
software. Depending on the compared set of data, Student t-test (for pairwise mean
comparison) or ANOVA plus Bonferroni/Tamhane post hoc (based on variance
homogeneity test) analysis were applied. Statistical significance was settled at 95% (p<0.05)
or 99% (p<0.01) as indicated for each figure.

RESULTS
4-HPR cytotoxicity in T-ALL cell lines

Previous studies demonstrated the strong apoptotic effect of 4-HPR in leukemia cells as well
as the dose and time-dependence of the cytotoxicity (Asumendi et al. 2002; Morales et al.
2005). In this study we selected 48 h treatment exposure in order to determine acute toxicity
profiles upon a wide range of 4-HPR concentrations while long term toxicity was
determined by clonogenic assay. As shown in Fig. 2A, 4-HPR concentrations ≥1 μM
induced acute loss of viability in both leukemia cell lines; after 48 h at 3 μM, the number of
CCRF-CEM and Jurkat viable cells decreased to 15.3% ± 6.3 and 21.1% ± 10.2,
respectively, and cell death was nearly total with 10 μM as corroborated by annexin V-
propidium iodide staining (data not shown). Despite observed differences in drug-driven
acute toxicity (Fig. 2A), 4- HPR decreased clonogenic capacity in a similar fashion in both
cell lines (p>0.05; Fig. 2B), even at concentrations as low as 0.5 μM. Next, we determined
the effect of 4-HPR on the cell cycle in order to evaluate cell cycle arrest as a possible
mechanism underlying observed decrease of the clonogenic capacity upon treatment.
Propidium iodide labeling mediated analysis of the cell cycle following 24–48 h exposure to
4-HPR (0.5 μM) revealed no significant differences among treated and untreated CCRF-
CEM and Jurkat cells (data not shown). Thus, 4-HPR exerted not just acute but also long
term antitumor activity in selected T-ALL cell lines.

Dihydroceramide desaturase (DES) activity and endogenous dihydroceramide levels upon
4-HPR treatment

The effect of 4-HPR on DES was described by Kraveka and colleagues (2007) in
neuroblastoma cells. As shown in Fig. 3A, 4-HPR inhibited DES activity in CCRF-CEM
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leukemia cells in a dose (p<0.01) and time (p<0.05) dependent manner, leading to a
concomitant increase of the endogenous cellular dhCer content (Fig. 3B). Interestingly
enough, DES inhibition occurred within the first hour of treatment at 4-HPR concentrations
as low as 0.5 μM and was sustained as shown by the persistent effect on the in situ
conversion of C12-PyrdhCer to C12-PyrCer during 4-HPR exposure (i.e. 14.8±0.6 after 1 h
vs. 15.3±1.9 after 6 h exposure to 4-HPR; Fig. 3A). LC-MS analysis of endogenous SLs
revealed a similar pattern of dhCer accumulation in both CCRF-CEM and Jurkat cells (Fig.
3C) at both, sub-lethal and cytotoxic 4-HPR concentrations. Of note, we also observed an
increase in the level of endogenous dihydrosphingosine (dhSph; also known as sphinganine.
Supplementary Figure 2A) in CCRF-CEM cells at 4-HPR concentrations ≥ 1 μM. Similar
dhSph accumulation required higher 4-HPR concentrations (6 h, 10 μM; data not shown) in
Jurkat cells. Under the same conditions, a slight accumulation of sphingosine (Sph) was also
observed in CCRF-CEM cells (Supplementary Figure 3A) but not in Jurkat cells (data not
shown). Moreover, no increase of endogenous ceramide (Cer) levels was observed in any of
the tested cell lines and conditions (Fig. 3D), consistent with recent studies (Kraveka et al.
2007). These data demonstrated that in our leukemia model, 4-HPR driven rapid inhibition
of cellular DES is the likeliest source for observed accumulation of endogenous dhCer. Of
note, the increase in dhCer levels occurred even at 4-HPR concentrations below those
required for the acute toxicity.

Role of endogenous dhCer in 4-HPR-induced oxidative stress and cytotoxicity
Preincubation with the SPT inhibitor myriocin (myr) was performed in order to evaluate the
role of dhCer accumulation in 4-HPR mediated toxicity and ROS production. For this set of
experiments, 4-HPR concentration and treatment exposure were established based on the
high lethality observed with 3 μM 4-HPR following 48 h incubation (Fig. 2A), and the
robust dhCer accumulation obtained after 6 h exposure to 4-HPR (Fig. 3B– C). As shown in
Fig. 4A, myriocin (100 nM) effectively blocked de novo SL synthesis pathway and
completely abolished the 4-HPR (3 μM)-induced dhCer accumulation in both CCRF-CEM
and Jurkat cells (4-HPR vs. myr+4-HPR) as well as previously described dhSph and Sph
accumulations (Supplementary Figure 2B and Supplementary Figure 3B.1-B.2,
respectively). As expected, inhibition of de novo synthesis pathway decreased endogenous
Cer levels in both cell lines; no difference in Cer content was observed in the 4-HPR-treated
and untreated cells (Fig. 4A).

Next, the role of 4-HPR-mediated dhCer increase in the observed oxidative stress induction
(Supplementary Figure 1A–B) was evaluated by employing myriocin followed by 30 min 4-
HPR treatment. As shown in Fig. 4B, 30 min treatment with 3 μM 4-HPR was enough to
induce 4.91 fold ± 0.44 (CCRF-CEM) and 2.35 fold ± 0.27 (Jurkat) increase in ROS
production relative to untreated control cells, while 10 μM 4- HPR induced an even higher
ROS accumulation (data not shown). No difference was observed between untreated control
and myriocin treated cells (p>0.05), and myriocin pretreatment did not prevent 4-HPR
induced oxidative stress in any of the 4-HPR concentrations or cell lines (4-HPR vs. myr+4-
HPR; p>0.05). 15 min H2O2 exposure was chosen as internal positive control for ROS
detection. Thus, inhibition of accumulation of dhCer and free sphingoid bases did not affect
the production of ROS, negating a role for dhCer and free sphingoid bases in the ROS
response to 4-HPR.

We next analyzed the effect of myriocin on 4-HPR-induced acute loss of viability upon 16–
24 h exposure in order to assess any early or transient effect of myriocin on 4-HPR-
treatment. Myriocin treatment did not prevent 4-HPR-mediated cytotoxicity in either cell
line (CCRF-CEM, Jurkat), and any time point (16 h, 24 h) or 4-HPR concentration (1 μM, 3
μM) (p>0.05; Fig. 4C). Therefore, the results suggest that observed 4-HPR-induced dhCer,
dhSph, and Sph do not mediate acute cell toxicity.
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Effect of radical scavengers on 4-HPR-driven dhCer accumulation and antitumoral activity
As shown in Fig. 5A, ascorbic acid (AA) and (+)-α-tocopherol (vitamin E, vitE)
significantly decreased 4-HPR (3 μM) triggered increase in ROS production in both cell
lines (p<0.01) although complete inhibition was achieved only with ascorbic acid. Despite
partial ROS buffering capacity, vitamin E provided a sustained capacity to abolish 4-HPR-
mediated cell death as evaluated by both metabolic activity (Fig. 5B) and annexin V-
propidium iodide staining (Fig. 5C) measurements. Protection by ascorbic acid, on the other
hand, lasted no longer than 24 h in either cell line (Fig. 5B).

Next, the effects of antioxidants on endogenous dhCer and Cer levels were determined by
LC/MS. Trolox (T; synthetic derivative of vitamin E) and Trolox-methylether (Tm;
modified Trolox molecule without antioxidant activity) were tested together with the
previously mentioned ascorbic acid and vitamin E. Cells were subjected to 2 h preincubation
with antioxidants prior to adding 4-HPR (3 μM) as performed for the analysis of oxidative
stress and cytotoxicity. Regardless of their capacity to buffer 4-HPR-induced ROS increase
or cell death, antioxidants were able neither to block endogenous dhCer accumulation (Fig.
5D), nor to substantially modify Cer levels (data not shown) upon 4-HPR treatment. Of note,
Trolox but not Trolox-methylether rescued cells from 4-HPR-induced death (data not
shown). Thus, we concluded that cellular ROS increase was not a direct modulator of
endogenous dhCer levels. On the other hand, clear discrepancies emerged among the
selected compounds between their ROS buffering capacity and their activity against 4-HPR-
mediated cytotoxicity.

Role of reactive oxygen species in the antitumoral activity of 4-HPR
As mentioned above, prevention from 4-HPR-mediated ROS accumulation was significant
but partial with vitamin E (Fig. 5A) while this antioxidant showed sustained capacity to
block cell death induced by 4-HPR (Fig. 5B–C). Of note, opposite results were obtained
with ascorbic acid (Fig. A–C). CM-H2DCFDA mediated analysis of ROS provides
information regarding several types of reactive species including hydrogen peroxide and
peroxyl radicals. Nevertheless, a more detailed study of the contribution of specific reactive
species required the utilization of alternative approaches.

One of the distinctive characteristics of vitamin E (α tocopherol in this study) is that due to
its hydrophobic nature, vitamin E is especially potent against oxidative damage to lipidic
environments as it plays a role as a peroxyl radical scavenger that terminates chain reactions
(Traber & Atkinson, 2007). Of note, lipoxygenase-mediated reactions are an important
source of peroxyl radicals (Kühn & Borchert, 2002). Lipoxygenases (LOX), and more
specifically 12-LOX have been implicated on 4-HPR-driven cell death in neuroblastoma
cells (Lovat et al., 2002). Therefore, we analyzed the capacity of 4-HPR to induce lipid
peroxidation as well as the capacity of vitamin E and ascorbic acid to modulate the
mentioned reactive species. 4-HPR treatment generated a clear dose and time-dependent
increase on lipid peroxidation on both cell lines (Supplementary Figure 1E). As shown in
Fig. 6A, ascorbic acid and vitamin E were both able to prevent 4-HPR-(6 h) mediated lipid
peroxidation. Nonetheless, only vitamin E retained the capacity to buffer lipid peroxidation
after 24 h 4-HPR exposure (Fig. 6B). These data suggested a role for lipid peroxides in the
cytotoxicity driven by 4-HPR.

To further explore the possible implication of lipoxygenases in cell death, we selected two
inhibitors of lipoxygenases: baicalein (12-LOX inhibitor) and nordihydroguaiaretic acid
(NDGA) (dose-dependent inhibitor of 5-, 12- and 15-LOX). Based on literature, at least 5-
LOX is expressed in the selected leukemia model (Jurkat cells) (Cook-Moreau et al. 2007).
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As shown in Fig. 7A, NDGA (but not baicalein) was able to effectively block general
oxidative stress (i.e. CM-H2DCFDA oxidation) driven by 4-HPR (3 μM) in both cell lines.
In particular, NDGA (but not baicalein) was able to protect from 24 h 4-HPR induced lipid
peroxidation (Fig. 7B) as observed with vitamin E (Fig. 6B). Nevertheless, NDGA (as well
as baicalein; data not shown) did not prevent either CCRF-CEM or Jurkat cells from dying
upon 4-HPR exposure (Fig. 7C–D). Thus, these data suggest a role for lipoxygenases (but
not 12-LOX) in 4-HPR-mediated oxidative environment but not in mediating the cytotoxic
responses.

In a previous study, we identified mitochondria as an important source of ROS upon 4-HPR
treatment in our leukemia model (Asumendi et al., 2002). According to available data, the
selected probe for general oxidative stress detection (CM- H2DCFDA) is not specific for
mitochondrial superoxide detection. Consequently, the contribution of superoxide would
have been ignored and possibly underestimated in the previous assays. At this point, we
wondered whether discrepancies among vitamin E and NDGA-mediated antiapoptotic
activity could be related to their capacity to buffer mitochondrial superoxide species induced
by 4-HPR. To address this question, we performed a side by side analysis of the effect of
both compounds on 4-HPR-driven mitochondrial superoxide production. 2 h 4-HPR
exposure was selected based on the superoxide production peak observed on CCRF-CEM
and Jurkat cells at this time point (Supplementary Fig. 1C–D). As observed upon 30 min 4-
HPR exposure (Fig. 5A, 7A) the capacity of NDGA to protect from general oxidative stress
(i.e. CM-H2DCFDA oxidation) was sustained and higher than the one exerted by vitamin E
(Fig. 8A) even after 6 h 4-HPR treatment (data not shown). Moreover, the data revealed
almost complete prevention of 4-HPR-triggered mitochondrial superoxide production with
NDGA but a partial or null effect with vitamin E (Fig. 8B). Therefore we conclude that
NDGA exerts a more potent antioxidant activity than vitamin E against mitochondrial
superoxide accumulation after 4-HPR treatment.

DISCUSSION
The goal of the current study was to establish the mechanistic relationship between the two
earliest events detected after 4-HPR treatment: the increase in the production of reactive
oxygen species and the changes in the endogenous profiles of SLs. We also wanted to
determine the implication of those two early events in the strong apoptotic effect of 4-HPR
in selected T-cells Acute Lymphoblastic Leukemia (TALL) cell lines (CCRF-CEM, Jurkat).

4-HPR has been described to regulate multiple molecular pathways (Lovat et al., 2004; Hail
et al., 2006; Tiwari et al. 2006; Kadara et al. 2007) and to induce several cellular processes,
including well characterized apoptosis (Delia et al. 1993; Wu et al. 2001; Lovat et al. 2004;
Hail et al. 2006), differentiation (Chen et al. 2003) and autophagy (Tiwari et al. 2008). The
complexity and abundance of cellular networks affected by 4-HPR makes difficult the
identification of key events related to each of the altered cellular processes.

Focused on leukemia, a study by Delia and colleagues (1995) was the first one suggesting a
role for oxidative stress in cell death upon 4-HPR treatment. This work also described the
capacity of Bcl-2 to delay or to decrease the apoptotic effect of the retinoid also observed in
later studies by our group (Morales et al., 2007). Ceramide -mediated cytotoxicity in
leukemia cells was first proposed by O’Donnell and colleagues (2002). Later studies have
further evaluated the mechanisms following 4-HPR-mediated increase in ROS or ceramide.
Mechanistically, several studies describe ROS-mediated cleavage of PKC σ and
downstream inactivation of Mcl-1 (Kang et al., 2008; Ruvolo et al., 2010), ROS-mediated
dephosphorylation of Akt (Cao et al., 2009) or endoplasmic reticulum stress and proteasome
activation (Wang et al., 2009) as important events leading to leukemia cell death.
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Nevertheless, none of these studied the possibility for antitumor activity in the absence of
alterations on SLs and ROS production.

In previous studies, our group demonstrated that in T-ALL cell lines 4-HPR induces
intrinsic mitochondrial apoptotic cell death (Asumendi et al. 2002) and that acute cell death
was characterized by an early increase on ROS and ceramide levels (Morales et al. 2007). In
the present work, additional data prove that 4-HPR exerts therapeutically meaningful
antitumor activity (i.e. reduction of clonogenic capacity) at concentrations as low as 0.5 μM
which is not necessarily linked to acute toxicity as observed in data obtained from Jurkat
cells. Therefore, the data support the potential application of fenretinide as chemotherapeutic
agent.

Sphingolipids (especially ceramide and gangliosides) have been largely linked to 4-HPR-
driven cytotoxicity (Maurer et al. 1999; Wu et al. 2001; Lovat et al. 2004; Rehman et al.
2004; Darwiche et al. 2005; Hail et al. 2006; Morales et al. 2007). Previous studies based on
thin layer chromatography (TLC) pointed out an increase in endogenous ceramide as a
major response in 4-HPR mediated cell death (Maurer et al. 1999; Chen et al. 2003; Rehman
et al. 2004; Hail et al. 2006; Morales et al. 2007; Tiwari et al. 2008). 4-HPR has been
suggested to regulate endogenous ceramide (Cer) levels by activating serine
palmitoyltransferase-ceramide synthase (first enzymes of de novo synthesis pathway) (Wang
et al. 2001) or acidic-sphingomyelinase (Lovat et al. 2004). Recent studies that applied LC/
MS technology provided much more accurate detection of different SL species and revealed
a robust accumulation of dhCer (but not Cer) in several cell lines, following 4-HPR
treatment (Zheng et al. 2006; Kraveka et al. 2007; Valsecchi et al. 2010). Concomitant
accumulation of dhSph and dhCer has been also recently described upon 4-HPR treatment
(Wang et al., 2008). Results from the in situ activity assay and LC/MS analysis in our
leukemia model demonstrated the rapid inhibitory effect of 4-HPR on cellular DES activity
and the resulting time- and dose-dependent dhCer and, to a smaller extent, dhSph and Sph
accumulation, in agreement with data obtained by previously mentioned. Similarly, a recent
study by Rahmaniyan and colleagues (2011) identified DES as a direct in vitro target of
fenretinide.

Despite the large number of studies linking Cer increase to 4-HPR-driven cell death, the
current data regarding 4-HPR on SL modulation raises the question about the real
implication of SL on observed biological effects. The fact that myriocin inhibited the
accumulation of dhCer and free sphingoid bases but did not have any effect on 4-HPR-
induced ROS production indicates that in our leukemia model SL modulation is not
upstream of observed ROS increase. Moreover, myriocin did not inhibit 4-HPR induced
death. Hence, myriocin-based data prove that described accumulation of SLs is not
necessarily involved in the observed acute cytotoxicity. Nonetheless, Kraveka and
colleagues (2007) linked inhibition of DES to cell cycle arrest. Data presented herein
indicate that 4-HPR reduces clonogenic capacity in conditions of significant dhCer
accumulation but absence of acute cytotoxicity. Therefore, a role for dhCer not in acute
cytotoxicity but in proliferation capacity could be feasible although our data suggest the
involvement of a mechanism distinct from cell cycle arrest.

Similarly to (dh)Cer accumulation, induction of oxidative stress has been often described as
an essential mediator in 4-HPR treatment (Suzuki et al. 1999; Asumendi et al. 2002; Kim et
al. 2006; Kadara et al. 2007; Jiang et al. 2011) while the possible cause-effect relationship
among 4-HPR modulated ROS and SLs profile has been often discussed (Maurer et al. 1999;
Wu et al. 2001; Lovat et al. 2004; Hail et al. 2006; Darwiche et al. 2007; Morales et al.
2007). Rehman and colleagues (2004) described that the effect of 4-HPR on (dh)Cer could
be partially reverted by N-acetyl-L-cysteine while Batra and colleagues (2004) did not
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observe differences between 4-HPR-only and 4-HPR+N-acetyl-L-cysteine treated cell. On
the other hand, we have recently shown that oxidative stress inhibits DES activity by an
indirect mechanism (Idkowiak-Baldys et al. 2010). As mentioned above, in this study, the
effect of myriocin on 4-HPR treatment indicates that ROS production is not downstream of
dhCer accumulation in cells. Moreover, results of antioxidants on 4-HPR-mediated SL
modulation reveal that endogenous dhCer levels are not regulated (at least directly) by
cellular ROS levels; ROS production and DES inhibition may be therefore considered
distinct events upon 4-HPR exposure.

Upon detailed analysis of studies focused on 4-HPR triggered oxidative stress, it becomes
apparent that the sources and function of ROS in 4-HPR-exerted antitumoral activity are not
well defined. 12-LOX (Lovat et al. 2003), NADPH oxidase (Kadara et al. 2008) and
mitochondria (Suzuki et al. 1999; Asumendi et al. 2002; Kim et al. 2006; Darwiche et al.
2007; Cuperus et al., 2010) have been proposed as origins for ROS following 4-HPR
treatment. In this study we performed an in depth analysis of different types of ROS that
brought to light clear discrepancies among the capacity to buffer 4-HPR-mediated oxidative
stress and the capacity to protect from 4-HPR-driven cell death. Ascorbic acid, despite being
able to completely block early oxidative environment, offered only a transient protection
against cell death following 4-HPR treatment. This could be linked to its inability to prevent
from later oxidative events. Vitamin E, on the other hand, exerted a sustained protection
from lipid peroxidation and limited capacity against mitochondrial superoxide but
effectively protected from cytotoxicity mediated by 4-HPR. On the other hand, the
lipoxygenase inhibitor NDGA (Salari et al., 1984) demonstrated a clear and sustained
antioxidant capacity against all the tested reactive species but had no effect on the cytotoxic
response. By contrast, baicalein was neither able to block ROS nor to prevent from 4-HPR-
driven leukemia cell death. All together, present data indicate that lipoxygenases (but not
12-LOX) could be the source of the detected increase on ROS. Nevertheless, direct radical
scavenger activity by NDGA cannot be excluded as it has been described as a potent in vitro
scavenger of a broad range of reactive radical species (Floriano-Sánchez et al. 2006).
However, despite its significant capacity to buffer ROS, NDGA was clearly incapable to
rescue leukemia cells from 4-HPR-induced cell death. In this regard, Cuperus and
colleagues (2010) also observed that Trolox could just partially prevent from 4-HPR-driven
loss of viability at conditions previously described to abrogate ROS production (Cuperus et
al. 2008). Moreover, ATP production was also decreased in cells with no significant
increase on mitochondrial or general ROS production (e.g. FISK neuroblastoma cells)
(Cuperus et al. 2010). These observations point out the fact that 4-HPR-driven acute
cytotoxicity may occur even in the absence of ROS production, against the generalized idea.

In conclusion, this study provides a clear differentiation between two major early events
after 4-HPR treatment, increase in ROS and modulation of endogenous SL levels. It also
offers a new view regarding contribution of ROS and SL to the antitumor effect of 4-HPR.
We have shown that 4-HPR induces a rapid DES inhibition resulting in a strong dhCer
accumulation which is independent of the increase in cellular ROS. Moreover, we have
shown that 4-HPR-mediated acute cytotoxicity may occur even in the absence of dhCer or
ROS accumulation. Data on dhSph and Sph also keep them apart from 4-HPR-induced ROS
or acute cell death in selected leukemia cell models. Characterization of tumor cell death-
driving and non driving events following 4-HPR treatment is necessary in order to plan
successful therapies based on drug combination or to understand most likely sources for
treatment failure.

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

4-HPR N-(4-hydroxyphenyl)retinamide

AA L-Ascorbic Acid

ATRA All-Trans Retinoic Acid

baic baicalein, 5,6,7-Trihydroxyflavone

C12-dhCCPS D-erythro-2-N-[12_-(1_- D-erythro-2-N-[12_-(1_-
pyridinium)dodecanoyl]-4,5-dihydrosphingosinebromide; D-erythro-
C12-dihydroceramide

Cer ceramide

DES dihydroceramide desaturase

dhCer dihydroceramide

dhSph dihydrosphingosine

dhSL dihydrosphingolipids

ER Endoplasmic Reticulum

LC/MS Liquid Chromatography/Mass Spectrometry

myr myriocin

NDGA Nordihydroguaiaretic acid

RAR/RXR Retinoic Acid Receptor

ROS Reactive Oxygen Species

SD Standard Deviation

SL sphingolipid

Sph sphingosine

SPT Serine-Palmitoyl Transferance

T:Trolox® (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid

T-ALL T-cell Acute Lymphoblastic Leukemia

TLC Thin Layer Chromatography

Tm Trolox methylether® VitE, vitamin E
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Figure 1. General view of sphingolipids synthesis and recycling pathways
Thicker arrows pointing out the pathway analyzed in the present study. SPT, Serine
PalmitoylTransferase; dhSph, dihydrosphingosine (=sphinganine); DES, dihydroceramide
desaturase; dhCer, dihydroceramide; Cer, ceramide; Complex dhSL, complex
dihydrosphingolipids (including dihydrosphingomyelin, dihydroglucoceramide and
derivatives); Complex SL, complex sphingolipids (sphingomyelin, glucoceramide and
derivatives); Sph, sphingosine.
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Figure 2. Effect of 4-HPR on cell viability (A) and clonogenic capacity (B)
(A) Cell viability was estimated by means of metabolic activity. Cells were treated with
indicated concentration of 4-HPR for 48 h and viability was determined by XTT assay.
Values are shown as percentage of untreated control cells ± SD of at least three independent
experiments performed in quadruplicates (n ≥ 12). For clonogenic capacity (B) cells were
treated in normal culture conditions for 16 h with indicated 4-HPR concentrations. After 16
h, treatment was removed and cells seeded on semisolid methylcellulose medium as
mentioned in Materials and Methods. Colonies were counted upon 7–9 days. As internal
assay controls, cells for clonogenic assay were also subjected to 16 h viability estimation
(XTT) and apoptosis (Annexin V-PI) determination (data not shown). Data represent
average of colony-number percentage related to untreated cells ± SD of three independent
experiments. **p<0.01
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Figure 3. Effect of 4-HPR on dihydroceramide desaturase (DES) activity and endogenous
dihydroceramide/ceramide levels
CCRF-CEM cells were incubated 1 h with the synthetic dihydroceramide analogue (C12-
PyrdhCer or C12-dhCPPS) prior to adding indicated 4-HPR concentrations. Cells were
collected after 1 h or 6 h 4-HPR exposure. Synthetic (A) and endogenous (B) sphingolipids
were measured by LC/MS. DES activity was estimated as % of desaturated product (C12-
PyrCer) related to total C12-Pyr (C12-PyrdhCer plus C12-PyrCer) in cells. Dose dependent
effect of 4-HPR on endogenous dihydroceramide (dhCer) and ceramide (Cer) levels are
represented in figures C and D. Cells were treated with low (0.25–0.5 μM) and moderate
(1–3 μM) 4- HPR concentrations and endogenous total dihydroceramide (C) and ceramide
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(D) levels measured by LC/MS upon 6 h exposure. Data represent mean ± SD of two
independent experiments performed in duplicates.
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Figure 4. Role of the de novo sphingolipid synthesis in 4-HPR mediated ROS increase and cell
death
Cells were treated with 100 nM myriocin (myr) for 2 h, followed by 4-HPR treatment.
Cellular levels of dihydroceramide and ceramide were measured by LC/MS upon 6 h 4-HPR
(3 μM) treatment (A); general ROS production was determined by CM-H2DCFDA after 30
min 4-HPR (3 μM) exposure (B) and cellular viability was estimated by XTT assay (upon
16 h and 24 h exposure; C). Values are presented as mean ± SD of two independent
experiments (A) or percentage related to corresponding control cells ± SD of at least three
independent experiments performed in quadruplicates (n ≥ 12; B–C). 15 min H2O2 (200
μM) exposure was used as internal positive control for ROS production (B). **p<0.01;
p>0.05 represents lack of significant differences.
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Figure 5. Effect of antioxidants on 4-HPR-mediated cytotoxicity and dihydroceramide
accumulation
CCRF-CEM and Jurkat cells were incubated 2 h with 100μM ascorbic acid (AA) or vitamin
E (vitE) prior to 3 μM 4-HPR treatment. Effect of radical scavengers on ROS upon 4-HPR
(30 min) exposure was measured by CM- H2DCFDA oxidation (A). Values are presented as
percentage of corresponding control cells ± SD of three independent experiments performed
in quadruplicates (n = 12). **p<0.01, related to cells exposed to 4-HPR (3 μM). Cell
viability following 4- HPR±antioxidants was determined by XTT assay (B) and apoptotic
cell death (C) estimated by annexin V-FITC/propidium iodide (PI) labeling. Data
representative of two independent experiments. Endogenous total dihydroceramide levels
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(D) were measured by LC/MS as described in Materials and Methods. Data represent mean
± SD of two independent experiments.
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Figure 6. Effect of ascorbic acid and vitamin E on lipid peroxidation following 4-HPR treatment
CCRF-CEM and Jurkat cells were incubated for 2 h with 100 μM of ascorbic acid (AA) or
vitamin E (vit E) and co-incubated with 4-HPR (3 μM) for another 6 h (A) or 24 h (B).
Lipid peroxidation was determined by the exogenously added fluorescent undecanoic acid
(BODIPY 581/591 C11) as determined in Materials and Methods. Data on 24 h 4-HPR
exposure are representative of 2 independent experiments.
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Figure 7. Effect of lypoxygenase (LOX) inhibitors on 4-HPR-driven oxidative stress and acute
cytotoxicity
T-ALL cells were incubated for 2 h with indicated LOX inhibitors (baic=baicalein, 12-LOX
inhibitor; NDGA, dose dependent 5-LOX>12-LOX, 15-LOX inhibitor) or vitamin E (vitE,
100 μM) prior adding 4-HPR (3 μM). Cellular oxidative stress status (A) was estimated by
CM-H2DCFDA oxidation after 30 min 4- HPR treatment while lipid peroxidation (B) was
analyzed by BODIPY 581/591 C11 in CCRF-CEM cells after 24 h exposure to 4-HPR.
Cytotoxicity of selected treatments was determined by XTT assay (C) and annexin V-FITC/
propidium iodide (PI) labeling (D; CCRF-CEM cells) following 24 h 4-HPR exposure. ROS
and viability data were related to their corresponding control values. (A, C) Data represent
mean±SD of three independent experiments performed in quadruplicates (n=12). **p<0.01
(related to 4-HPR-treated cells); p>0.05 represents lack of statistical difference among
indicated groups. (B, D) Representative data of two independent experiments.
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Figure 8. Side by side comparison of the antioxidant capacity of vitamin E and NDGA against
general and mitochondrial increase of ROS
CCRF-CEM cells were incubated for 2 h with indicated concentrations of vitamin E (vitE)
or NDGA and 4-HPR added for additional 2 h incubation in presence of antioxidants.
General oxidative status (A) was estimated by CM-H2DCFDA while mitochondrial
superoxide production (B) was determined by MitoSOX as described in Materials and
Methods. Representative data of 2 (A) or 3 (B) independent experiments.
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