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and Naim Akhtar Khan
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ABSTRACT
We investigated, in monocytic leukemia U937 cells, the effects of
docosahexaenoic acid (DHA; 22:6 n-3) on calcium signaling and
determined the implication of phospholipase C (PLC) and protein
kinase C (PKC) in this pathway. DHA induced dose-dependent
increases in [Ca2�]i, which were contributed by intracellular pool,
via the production of inositol-1,4,5-triphosphate (IP3) and store-
operated Ca2� (SOC) influx, via opening of Ca2� release-activated
Ca2� (CRAC) channels. Chemical inhibition of PLC, PKC�, and
PKC�, but not of PKC� �/II, PKC�, or PKC�I, significantly dimin-
ished DHA-induced increases in [Ca2�]i. In vitro PKC assays re-
vealed that DHA induced a �2-fold increase in PKC� and -�
activities, which were temporally correlated with the DHA-induced

increases in [Ca2�]i. In cell-free assays, DHA, but not other struc-
tural analogs of fatty acids, activated these PKC isoforms. Com-
petition experiments revealed that DHA-induced activation of both
the PKCs was dose-dependently inhibited by phosphatidylserine
(PS). Furthermore, DHA induced apoptosis via reactive oxygen
species (ROS) production, followed by caspase-3 activation.
Chemical inhibition of PKC�/� and of SOC/CRAC channels sig-
nificantly attenuated both DHA-stimulated ROS production and
caspase-3 activity. Our study suggests that DHA-induced activa-
tion of PLC/IP3 pathway and activation of PKC�/�, via its action on
PS binding site, may be involved in apoptosis in U937 cells.

Epidemiological, clinical, and experimental studies have
established that ingestion of n-3 polyunsaturated fatty acids
(n-3 PUFAs), especially eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA), present in marine fish oils, exert
beneficial effects in several autoimmune and inflammatory
disorders (Calder, 2004). Although their beneficial effects can
no longer be doubted, their molecular mechanisms of action

are complex and involve a number of integrated signaling
pathways. n-3 PUFAs have been shown to influence lipid
microdomains such as lipid rafts and caveolae (Ma et al.,
2004), Protein kinase C (PKC) activation (Madani et al.,
2001), mitogen-activated protein kinase phosphorylation
(Denys et al., 2002, 2004; Madani et al., 2004) and modula-
tion of gene expression (Nakamura et al., 2004). In addition,
in vitro studies have demonstrated that EPA and DHA may
induce cell death or apoptosis via mitochondrial pathway
(Kim et al., 2005).

Stimulation of plasma membrane receptors linked to phos-
pholipase C and subsequent production of the second mes-
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sengers, diacylglycerol (DAG), and inositol-1,4,5-trisphos-
phate (IP3), lead to a rapid release of Ca2� from endoplasmic
reticulum. Store depletion activates Ca2� influx across the
plasma membrane, replenishing empty stores and providing
a sustained increase in the concentration of cytoplasmic free
Ca2� ([Ca2�]i) (Berridge et al., 2003). The calcium influx,
termed capacitative or store-operated Ca2� (SOC), is essen-
tial for regulating diverse cellular responses to receptor-me-
diated stimuli, including enzyme activation, gene expression,
secretion, cell division, and cell death (Berridge et al., 2003).

Several classes of protein kinases, especially protein ki-
nases C (PKC), have been shown to regulate the activity of
SOC channels in various cell types. PKCs have been found to
inhibit (Vanden Abeele et al., 2003) or facilitate (Albert and
Large, 2002) capacitative calcium entry. In fact, PKCs have
been classified as conventional (�, ��, bII, and �), novel (�, �,
�, and �), and atypical (� and 	/
). The conventional PKCs are
Ca2�- and DAG-dependent, whereas the novel PKCs are
Ca2�-independent but are activated by DAG. The atypical
PKCs are dependent on neither calcium nor DAG (Newton,
1995). Hence, the implication of the specific PKC isoforms in
the regulation of SOC channels has not been thoroughly
studied.

In the present study, we investigated the effects of DHA on
calcium signaling and the implication of PKC isoforms in this
pathway in U937 cell line. Owing to the capacity of n-3
PUFAs to induce cell death, we were also tempted to evaluate

the impact of DHA-induced modulation of Ca2� homeostasis
in apoptosis.

Materials and Methods
Materials. The culture medium RPMI 1640, L-glutamine, HEPES

buffer, streptomycin/penicillin were purchased from Lonza Verviers
SPRL (Verviers, Belgium) and fetal calf serum was procured from
Abcys S.A. (Paris, France). Fura-2/AM was obtained from Invitrogen
(Carlsbad, CA) and [�-32P]ATP (7000 Ci/mmol) was from GE Health-
care (Chalfont St. Giles, Buckinghamshire, UK). The PKC inhibitors
calphostin C, chelerythrine chloride, GF 109203X, SKF-96365, Gö-
6976, HBDDE, and recombinant PKC isoforms (� and �) were pur-
chased from Calbiochem (La Jolla, CA). Histone H1 as well as the
calcium channel inhibitors [i.e., nifedipine, tyrphostin A9 (TA9), and
�-conotoxin] were procured from Calbiochem (La Jolla, CA). PKC
substrate for cell-free PKC assays and the myelin basic protein
(MBP) were obtained from Invitrogen (Cergy Pontoise, France).
Monoclonal anti-PKC� antibody was purchased from BD Biosciences
Transduction Laboratories (Lexington, CA) and polyclonal anti-
PKC� antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Proteins A and G Sepharose were purchased from
Amersham. Docosahexaenoic acid (DHA), DHA methyl-ester (DHA-
meth), arachidonic acid (AA), cis-7,10,13,16,19-Docosapentaenoic
acid (DPEA), EPA, 1,2-dioctanoyl-sn-glycerol (Dic8), phosphatidyl-L-
serine (PS), and carbonyl cyanide m-chlorophenylhydrazone (CCCP)
were from Sigma-Aldrich (St. Louis, MO). Unless otherwise stated
all other chemicals, were purchased from Sigma-Aldrich.
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Fig. 1. DHA induces increases in [Ca2�]i in U937 cells by
mobilizing extra- and intracellular Ca2� pools. The arrow-
heads indicate the addition of DHA into the cuvette. Data
in histograms (B, D, and F), represented as means � S.D.,
were analyzed by employing LSD test of significance. A,
increasing concentrations of DHA (5, 10, and 20 �M) were
added to Fura-2 loaded cells. B, the � increases in [Ca2�]i
induced by different concentrations of DHA (n � 6). NS,
nonsignificant differences. C, traces represent the experi-
ments performed in Ca2�-containing (100%) or Ca2�-free
(0%) medium. The figure shows the single traces of the
response, induced by DHA (10 �M). D, � increases in
[Ca2�]i evoked by DHA (10 �M) in 100% and 0% Ca2�

medium (n � 5). E, Fura-2-loaded cells were resuspended
in 100% or 0% medium and preincubated in the presence or
absence of U-73122 (3 �M) for 15 min before the addition of
DHA (10 �M). F, � increases in [Ca2�]i evoked by DHA (10
�M) in 100% and 0% Ca2� medium in the presence or
absence of U-73122 (n � 5).
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Cell Culture. U937 human myeloid leukemic cells (American
Type Culture Collection, Rockville, MD) were maintained in RPMI
1640 medium supplemented with 10% heat-inactivated fetal calf
serum (FCS), 2 mM glutamine, 50 �g/ml penicillin-streptomycin,
and 20 mM HEPES. Cell viability was determined by trypan blue
exclusion test. To ensure exponential growth, cells were resuspended
at a density of 0.5 � 106 cells/ml in fresh medium for 24 h before each
treatment.

Measurement of Free Intracellular Ca2� Concentrations.
Cells (2 � 106/ml) were washed with phosphate-buffered saline, pH
7.4, and then incubated with Fura-2/acetoxymethyl ester (1 �M) for
60 min at 37°C in Ca2� buffer containing the following: 110 mM
NaCl, 5.5 mM KCl, 25 mM NaHCO3, 0.8 mM MgCl2, 0.4 mM
KH2PO4, 20 mM HEPES, and 1.2 mM CaCl2, and pH was adjusted to
7.4. After loading, cells were washed three times (720g � 10 min) and
remained suspended in Ca2� buffer. The fluorescence intensities
were measured in the ratio mode in a PTI spectrofluorometer at 340
and 380 nm (excitation filters) and 510 nm (emission filters). Cells
were continuously stirred throughout the experiment. The concen-
trations of intracellular free Ca2� were calculated by using the
following equation: [Ca2�]i � Kd � (R 	 Rmin)Rmin)/(Fmax(Fmax 	
F)(Sf2/Sb2). A value of 224 nM for Kd was added into the calculations.
Rmax value was obtained by addition of ionomycin (5 �M) and Rmin

value was obtained by addition of MnCl2 (2 mM), Triton X-100 (0.1%),
and EGTA (24 mM).

For experiments conducted in absence of external calcium (0%
Ca2�), CaCl2 was replaced by 1 mM EGTA in the buffer. Before
addition of DHA in the free fatty acid form, the cells were incubated
for 15 min with the inhibitors of calcium channels as well as PKC. All
test molecules were added in small volumes with no interruption in
recordings. DHA was dissolved in ethanol [0.1% (v/v)] and used
immediately or kept at 	20°C, tightly sealed under the stream of
nitrogen. Control cells were treated only with 0.1% vehicle (ethanol
or DMSO). At this concentration, ethanol or DMSO did not modify
basal [Ca2�]i.

Measurement of IP3 Production. U937 cells (10 � 106) were
treated, for 1 min, in Ca2� buffer with one of the following: 10 �M
DHA, 10 �M DHA methyl ester, or 0.1% vehicle (ethanol). After
stimulation, cells were washed twice with ice-cold PBS. Cell suspen-
sion was then lysed with 20% ice-cold perchloric acid (0.2:1; v/v).
After centrifugation, the supernatant was assayed for IP3 produc-
tion, according to the manufacturer’s instructions (D-myo-IP3; [3H]
Biotrak Assay System; Amersham). In brief, the assay was based on
competition between [3H]IP3 (tracer) and unlabeled (cellular) IP3 for
binding to D-myo-IP3 bovine adrenal binding protein. The bound IP3

was separated from the free IP3 by centrifugation, and the resulting
supernatant, containing free IP3, was then collected. Bound and
unbound IP3 were assessed by determining the radioactivity in a
�-scintillation counter.

In Vitro Determination of PKC Kinase Activity. Before mea-
suring PKC activity, U937 cells (10 � 106) were treated with test
molecules in Ca2� buffer. After stimulation, cells were lysed for 1 h
at 4°C with 800 �l of ice-cold lysis buffer A (20 mM HEPES, pH 7.4,
2 mM EDTA, 125 mM NaCl, 1 mM DTT, 1 mM sodium orthovana-
date, 0.5 mg/ml benzamidine, and 1% Nonidet P-40) in the presence
of protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
aprotinin, 2.5 �g/ml pepstatin, and 5 �g/ml leupeptin). The lysates
were centrifuged at 13,500g for 15 min at 4°C, and supernatants
were further used for immunoprecipitation. One milligram of protein
was immunoprecipitated with 1 �g of either anti-PKC� or anti-PKC�

antibodies overnight at 4°C, and then 25 �l of Sepharose-A beads
(PKC�) or 25 �l of Sepharose-G beads (PKC�) were added and
further incubated for 3 h at 4°C. PKC�- or PKC�-containing immu-
noprecipitates were then washed three times with buffer A and, later
on, with buffer B (20 mM HEPES, pH 7.4, 25 mM NaCl, and 1 mM
DTT). Immunoprecipitates were then incubated at 32°C for 15 min in
a total volume of 40 �l with buffer C (0.5 mM EGTA, 12.5 mM MgCl2,
and 20 mM HEPES, pH 7.4) containing 30 �g of histone H1 as

substrate and 10 �M [�-32P]ATP (1.5 �Ci/tube). Samples were mixed
(v/v) with loading buffer (125 mM Tris-HCl, pH 6.8, 10% �-mercap-
toethanol, 4.6% SDS, 20% glycerol, and 0.003% bromphenol blue),
boiled for 5 min, and separated by SDS-PAGE. Phosphorylated his-
tone H1 was quantified by PhosphorImager (GE Healthcare).

Preparation of Vesicles for Cell-Free PKC� and � Assay. The
required amounts of PS, fatty acids, Dic8, and phorbol 12-myristate
13-acetate (PMA) in chloroform were dried under the stream of
nitrogen in a glass tube and solubilized in 20 mM Tris-HCl, pH 7.5,
by vortexing and sonication (3 � 5 min) at 30°C.

PKC� and -� Assays in a Cell-Free System. PKC activity was
assayed by measuring the incorporation of 32P from [�-32P]ATP into
MBP as described previously (Madani et al., 2001). PKC� was diluted
with a buffer containing 20 mM HEPES, pH 7.4, 100 mM NaCl, 2
mM EDTA, 2 mM EGTA, 5 mM DTT, 0.05% Triton X-100, and 50%
glycerol). PKC� was diluted in the same buffer except that it con-
tained 250 mM NaCl. For PKC� assay, the reaction mixture (40 �l)
contained 20 mM Tris-HCl at pH 7.4, 20 mM MgCl2, 200 �g/ml MBP,
5 �g/ml PS, and 50 ng of PKC (final concentrations). For PKC� assay,
the reaction mixture was the same except that it contained 100
�g/ml PS, 100 ng of PKC, and 100 �M CaCl2. The reaction was
initiated by the addition of 100 �M [�-32P]ATP (20–25 �Ci/ml) for 10
min at 30°C and stopped by spotting 20 �l of samples on phospho-
cellulose filters that were then washed three times (10 min) with 1%
H3PO4 and transferred to a scintillation counter to determine
[32P]MBP activity.

Measurement of Reactive Oxygen Species Generation. Lev-
els of reactive oxygen species (ROS) were measured in U937 cells by
flow cytometry as the fluorescence of ethidium, which is the oxida-
tion product of dihydroethidine (DHE). DHE enters cells and is
oxidized by ROS, with a relative selectivity for O2

	 (Benov et al.,
1998), to form ethidium, which intercalates with DNA and causes
nucleus to exhibit a red shift in fluorescence. DHE and ethidium are
retained within cells with minimal leakage. In brief, after stimula-
tion in Ca2� medium, cells were incubated for 15 min at 37°C with
6.6 �M DHE (Sigma-Aldrich). Samples were cooled (4°C) to stop the
reaction and were then immediately analyzed with a FACScan flow
cytometer (BD Biosciences, San Jose, CA). Signals were obtained
using a 585-nm bandpass filter (FL-2 channel). We also conducted a
few experiments by employing DHE in PTI spectrofluorometer,
where we recorded the fluorescence intensities at 306 nm (excitation
filters) and 609 nm (emission filters). We observed the same results
by the two techniques.

Measurement of Caspase-3 Activity. Cells were incubated in
the lysis buffer [20 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM EGTA,
150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM phenylmethyl-
sulfonyl fluoride, and 2 mM sodium orthovanadate; antiprotease
cocktail (2 �l in 1 ml of buffer)] for 30 min at 4°C and centrifuged
(13,000g, 15 min, 4°C). The resulting supernatant (50 �g of protein)
was incubated in assay buffer (100 mM HEPES, pH 7.0, 1 mM
EDTA, 0.1% CHAPS, 10% glycerol, and 20 mM dithiothreitol) in the
presence of 100 �M fluorogenic peptide substrate, Ac-DEVD-7-ami-
no-4-methylcoumarin (France Biochem, Meudon, France). 7-Amino-
4-methylcoumarin released from the substrate was excited at 380
nm to measure emission at 460 nm. Fluorescence was monitored
continuously at 37°C for 30 min in a dual luminescence fluorimeter
(MicroTek OS; Bio-Tek Kontron Instruments, Winooski, VT).

TABLE 1
Effect of DHA on the production of IP3 in U937 cells

Treatment IP3 Production n

pmol/min/106 cells

Control 1.426 � 0.06 4
DHA (10 �M) 3.41 � 0.25*** 4
DHA-meth (10 �M) 1.429 � 0.02NS 4

N, number of experiments performed; NS, insignificant difference compared with
control (vehicle alone).

*** P 
 0.001 compared with control (vehicle alone).
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Assay of Apoptosis. Morphological changes in nuclear chromatin
of cells undergoing apoptosis were monitored with a fluorescent
microscope (Nikon, Champigny, France) after staining the cells with
Hoechst 33342 dye (Sigma-Aldrich). In brief, untreated and treated
cells (1 � 106) were collected, washed with PBS, incubated with 1
�g/ml Hoechst 33342 for 15 min, at 37°C, and then mounted on glass
slides and observed under a microscope. The percentage of apoptotic
cells (chromatin condensation and nuclear fragmentation) was de-
termined by counting at least 300 cells from randomly selected fields
in each experiment.

Statistical Analysis. Statistical analysis of data were carried out
using Statistica (version 4.1; Statsoft, Paris, France). The signifi-
cance of the differences between mean values was determined by
one-way analysis of variance followed by a least-significant differ-
ence (LSD) test.

Results
DHA Increases [Ca2�]i in a Dose-Dependent Manner.

Figure 1A shows that DHA evoked a dose-dependent calcium
increase in U937 monocytic cells. The calcium increase was
maximal at a concentration of 10 �M, and there was no
statistical difference in calcium peaks between 10 and 20 �M
(Fig. 1B). We therefore used DHA at 10 �M in the subsequent
experiments. In addition, calcium peak was transient, appar-
ent between 40 s and 1 min. Cell viability, assessed by trypan
blue exclusion test, was 98 � 2% after DHA treatment.

DHA Recruits Calcium via PLC-Mediated Mecha-
nism from Intracellular Pool and via SOC Influx. The
absence of calcium in the extracellular medium considerably
decreased the DHA-evoked amplitude of calcium peak com-
pared with that in the presence of Ca2� in the extracellular
medium (Fig. 1, C and D). To evaluate whether DHA evokes
increases in [Ca2�]i via the production of free IP3, U937 cells
were preincubated with U-73122, an inhibitor of phospho-
lipase C, PLC (Bonin and Khan, 2000) in 100% Ca2� or 0%

Ca2� medium. U-73122 significantly curtailed DHA-induced
increases in [Ca2�]i in 100% Ca2� buffer (Fig. 1, E and F).
Likewise, the response evoked by this fatty acid in 0% Ca2�

medium was significantly diminished in cells pretreated with
U-73122 (Fig. 1, E and F). IP3 release in cells stimulated with
DHA was further assessed. As shown in Table 1, incubation
of U937 cells with DHA for 1 min of stimulated significant
production of IP3. On the other hand, cells treated with
DHA-meth, a DHA analog in which the 	COOH end was
replaced by a methyl ester group, did not show any signifi-
cant production of IP3. All together, these results suggest
that DHA stimulates IP3 production via a PLC-mediated
mechanism.

To explore the mechanisms of Ca2� influx induced by DHA,
different calcium channel blockers were tested. Pretreatment
of U937 cells with SOC influx inhibitors (e.g., econazole and
SKF-96365) significantly reduced DHA-induced Ca2� influx
(Fig. 2, A and B). However, incubation of cells with either
L-type calcium channel blockers (nifedipine and verapamil)
or N-type calcium channel blockers (�-conotoxin), failed to
influence DHA-induced increases in [Ca2�]i (Fig. 2B). Pre-
treatment of U937 cells with TA9, an inhibitor of Ca2� re-
lease-activated Ca2� (CRAC) channels, reduced by 51.07 �
7.37% the DHA-induced calcium peak (Fig. 2, A and B).

As a control, we employed thapsigargin (TG), known to
increase [Ca2�]i via the inhibition of the endoplasmic retic-
ulum Ca2�-ATPase (Thastrup et al., 1990). Figure 2 (C and
D) shows that econazole, SKF-96365, and TA9, as expected,
significantly blocked TG-induced rise in [Ca2�]i. L-type cal-
cium channel blockers or N-type calcium channel blocker
failed to influence TG-induced increases in [Ca2�]i (Fig. 2D),
which is in agreement with the study of Willmott et al.
(1996), showing that TG-induced rises in [Ca2�]i are not
mediated by L-type or N-type calcium channels.
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Fig. 2. Effects of calcium channel blockers on DHA- and
TG-induced increases in [Ca2�]i. Fura-2-loaded cells
were preincubated for 15 min at room temperature in
the presence or absence of calcium channel blockers:
nifedipine, 10 �M; verapamil, 10 �M; �-conotoxin, 1
�M; TA9, 10 �M; econazole, 15 �M; and SKF-96365, 30
�M. The arrowheads indicate the addition of DHA (10
�M) or TG (500 nM) into the cuvette. All experiments
were performed in Ca2�-containing medium. Data in
histograms (B and D), represented as means � S.D.,
were analyzed by employing LSD test of significance.
Data (B and D) are significantly different compared
with DHA-treated cells (���, p 
 0.001). A, typical pro-
file of the changes in DHA-induced calcium peak after
preincubation or not with TA9, econazole, and SKF-
96365. B, � increases in [Ca2�]i evoked by DHA in the
presence or absence of calcium channel inhibitors (n �
3). C, typical profile of the changes in TG-induced cal-
cium peak after preincubation with TA9, econazole, and
SKF-96365. D, � increases in [Ca2�]i evoked by TG in
the presence or absence of calcium channel blockers
(n � 6).
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Effects of PKC Inhibitors on DHA-Induced Increases
in [Ca2�]i. U937 cells have been reported to possess Ca2�-
dependent PKCs (�, �, and �), Ca2�-independent PKCs (�
and �) and an atypical PKC isoform, � (�iley et al., 1994). To
investigate the role of PKC in the DHA-induced calcium
response, we first employed three known inhibitors of PKC
(i.e., GF109203X, calphostin C, and chelerythrine), which
exhibit different specificity of actions. GF109203X acts as a
competitive inhibitor for the ATP-binding site of PKC. Cal-
phostin C is known to inhibit PKC by competing at the
binding site of diacylglycerol and phorbol esters in the regu-
latory domain of PKC. Chelerythrine is a potent, selective,
and cell-permeable inhibitor of PKC that acts on the catalytic
domain of PKC. As shown in Fig. 3A and B, pretreatment of
cells with calphostin C (Cal-C), GF109203X (GF109), or chel-
erythrine (CHE) (Fig. 3B) significantly diminished the DHA-
induced calcium response.

HBDDE, a selective inhibitor of both PKC� and PKC�
(Kashiwada et al., 1994), and rottlerin, a specific inhibitor of
PKC� (Gschwendt et al., 1994), significantly curtailed the
DHA-induced Ca2� rise (Fig. 3, C and D), though preincuba-
tion of cells with Gö-6976, a selective inhibitor of both PKC�
and PKC� (Martiny-Baron et al., 1993) or with hispidin, a
selective inhibitor of PKC�I and PKC�II (Gonindard et al.,
1997), failed to do so (Fig. 3D).

Effects of PKC Inhibitors on TG-Induced Increases
in [Ca2�]i. To gain insight into the specificity of the action of
DHA, we determined whether TG-induced calcium influx
required PKC activation. Preincubation of cells with calphos-
tin C, GF109203X, or chelerythrine significantly decreased
TG-induced calcium peak (Fig. 3, E and F). We further ob-
served that HBDDE failed to curtail TG-evoked SOC influx
in these cells (Fig. 3F).

Effects of PKC Inhibitors on PMA-Induced Increases
in [Ca2�]i. PMA, an activator of Ca2�- and DAG-dependent
PKC (Kashiwada et al., 1994), was used to assess the speci-
ficity of DHA regarding the implication of PKC. PMA induced
a slight increase in [Ca2�]i (�[Ca2�]i, 23,28 � 7.48 nM) as
shown in Fig. 3 (G and H). It was also observed that in
presence of the PKC inhibitors (i.e., calphostin C,
GF109203X, chelerythrine, or rottlerin), PMA-induced cal-
cium peak was almost completely abolished. However, Fig.
3H shows that calcium influx was not influenced by preincu-
bation of cells with Gö-6976, hispidin, or HBDDE.

DHA Up-Regulates in Vitro PKC� and PKC� Kinase
Activities. The effects of DHA on the kinase activities of
PKC� and PKC� were examined by an in vitro kinase assay.
Using histone H1 and [�-32P]ATP as substrates for PKC, we
observed that DHA induced a significant increase in PKC�
and PKC� activities (Fig. 4, A and B), at 40 s and 1 min, time
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Fig. 3. Effects of PKC inhibitors on DHA-, TG-, and PMA-
induced increases in [Ca2�]i. Fura-2 loaded U937 cells were
preincubated in the presence or absence of various PKC
inhibitors: GF109203X (GF109), 10 �M; calphostin C (Cal-
C), 100 nM, chelerythrine (CHE), 10 �M; 2,2�,3,3�,4,4�-
hexahydroxy-1–1�-biphenyl-6,6�-dimethanoldiethyl ether
(HBDDE), 100 �M; hispidin, 5 �M; Gö-6976, 1 �M; and
rottlerin, 3 �M. Cells were preincubated for 15 min at room
temperature with the various inhibitors before the addition
of DHA (10 �M), TG (500 nM), or PMA (1 �M), indicated by
arrow heads. All experiments were performed in Ca2�-
containing medium. Data in histograms (B, D, F, and H),
represented as means � S.D., were analyzed by employing
LSD test of significance. Data (���, p 
 0.001) are signifi-
cantly different as compared with DHA-treated cells (B and
D), TG-treated cells (F) or PMA-treated cells (H). NS, non-
significant differences. A, typical profile of the changes in
DHA-induced calcium peak in presence or absence of PKC
inhibitors (GF109 and Cal-C). B, � increases in [Ca2�]i
evoked by DHA in the presence or absence of GF109, Cal-C,
or CHE (n � 10). C, original tracings show the influence of
rottlerin and HBDDE on DHA-induced rises in [Ca2�]i. D, �
increases in [Ca2�]i evoked by DHA in the presence or
absence of PKC isoform-specific inhibitors (n � 12). E,
representative experimental curves showing inhibition of
TG-induced calcium peak by the PKC inhibitors. F, � rep-
resents the amplitude of the calcium response triggered by
TG in presence or absence of the various PKC inhibitors
(n � 15). G, representative experimental curve showing
inhibition of PMA-induced calcium peak by rottlerin. H, �
represents the amplitude of the calcium response triggered
by PMA in presence or absence of the various PKC inhibi-
tors (n � 15).
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periods corresponding to DHA-evoked calcium peak (Fig. 1A).
TG-treated cells were also assessed for PKC� and PKC�
kinase activity. As observed for DHA, TG at 2 and 3 min
(time periods corresponding to TG-evoked calcium peak; see
Fig. 2C), significantly increased PKC�, but not PKC�, activ-
ities (Fig. 4, C and D). However, PMA increased both PKC�
and PKC� activities (Fig. 4, E and F).

In a Cell-Free System, DHA Specifically Seems to
Activate PKC� and -� by Interacting with the Phospha-
tidylserine Binding Site. To determine whether DHA
could directly activate PKC� and -�, we used the sonic dis-
persion of lipids/vesicles that have been previously shown
suitable to determine the specificity and stoichiometry of
PKC lipid interaction. Optimal concentration of PS to acti-
vate PKC� and -� were found to be 100 �g/ml for PKC�, and
5 �g/ml for PKC� (data not shown). These concentrations
were thus used for further experiments. As shown in Figs. 5A
and 6A (dashed lines), DHA activated directly both PKC�
and -� in a dose-dependent fashion in the absence of PS.
PKC� and -� activation was maximal for 10 �M DHA. On the
other hand, DHA at high concentrations was found to de-
crease the activation of both PKC� and -�. In the presence of

PS (Figs. 5A and 6A, solid lines), DHA-induced PKC� and -�
activation was 2-fold higher than that in the absence of PS.
PKC activity was also found maximal at 10 �M DHA under
these experimental conditions. To validate our experimental
approach, we used, as a control, Dic8, a cell-permeable ana-
log of DAG that has been used to explore the cell signaling
mechanisms involving DAG/PKC pathway (Khan and
Hichami, 1999). As shown in Figs. 5A and 6A (insets), PKC�
and -� activities were significantly enhanced in the presence
of vesicles containing Dic8 compared with that in the pres-
ence of PS alone.

PKC activation by free fatty acids has been shown to be
independent or dependent of the PS binding site (Kanno et
al., 2006). To determine whether DHA interacts with the PS
binding site to activate PKC� or -�, competition experiments
were conducted with DHA and PS. In these experiments, we
used DHA at 10 �M (optimal concentration for PKC� and -�
activation) and increasing concentrations of PS. As shown in
Figs. 5B and 6B, DHA-induced PKC� and PKC� activation
was significantly reduced in the presence of 400 and 50 �g/ml
PS, respectively, thus suggesting that DHA activates these
PKC isoforms by binding to the PS binding site.

To further support the notion that DHA may act through
the PS binding site, the ability of DHA to interact with
phorbol ester/DAG binding site that is present in both con-
ventional and novel PKCs was next evaluated. Hence, com-
petition experiments with DHA and PMA were performed. In
a first set of experiments, vesicles were prepared with in-
creasing concentrations of DHA, in the presence of 3.2 �M
PMA (for PKC�) or 1.6 �M PMA (for PKC�). DHA dose-
dependently and significantly potentiated PMA-induced ac-
tivation of PKC� (Fig. 6C) and PKC� (Fig. 5C). In both cases,
DHA was found to be the most effective at 10 �M. In a second
set of experiments, vesicles were prepared with increasing
concentrations of PMA, in the presence of DHA. As shown in
Fig. 5D, PMA dose-dependently and significantly potentiated
DHA-induced PKC� activation. Maximal potentiation was
observed with PMA at 3.2 �M. Similar potentiation of DHA-
induced PKC� activation was observed; however, PMA at 1.6
�M was found to be the most effective for this PKC isoform
(Fig. 6D).

To rule out the possibility that DHA could act via the ATP
binding site of PKC, competition studies with ATP were
performed. In these experiments, vesicles were prepared
with PS in the presence or absence of DHA, and PKC activity
was assayed as a function of increasing concentrations of
ATP added to the reaction assay. As shown in Fig. 5E, PKC�
activity was higher (�2-fold) in vesicles containing DHA plus
PS than that with PS alone, at each concentration of ATP
used. Moreover, ATP at 100 �M was the optimal concentra-
tion for maximal PKC activation under these conditions. No
statistical differences were observed between PS- or
DHA�PS-induced PKC� activation at 100 �M ATP and at
500 �M ATP. Similar results were obtained with regard to
PKC� activity under the same experimental conditions
(Fig. 6E).

To evaluate the specificity of DHA-induced activation of
PKC� and -�, a series of structurally related long-chain fatty
acids were further used and examined for their efficacy as
activators of both PKC isoforms. The details regarding the
structure of the following compounds can be seen elsewhere
(Mirnikjoo et al., 2001). DHA-meth was used to determine
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Fig. 4. Effects of DHA, TG, and PMA on PKC� and PKC� activities in
U937 cells. Cells (10 � 106) were treated with DHA (A and B) or TG (C
and D) for the indicated times that corresponded to DHA- and TG-
induced calcium peaks in Fura-2 loaded cells. Cells were also treated with
PMA for 20 min (E and F). PKC� and PKC� activities were assessed as
described under Materials and Methods. Histone H1 phosphorylation was
visualized by Western blotting (representative experiments shown in
bottom panels) and quantified by a PhosphorImager [upper panels,
means � S.D. (bars), n � 6]. �, p 
 0.05 compared with controls (vehicles
alone). Treatments of cells with test molecules were performed in Ca2�-
containing medium.
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whether the carboxylic end of DHA molecule is required for
PKC activation (Fig. 7). DPEA is a 22-carbon n-3 fatty acid
with five double bonds. EPA is a 21-carbon n-3 fatty acid with
five double bonds. AA is a 20-carbon fatty acid that lacks the
n-3 moiety and thus belongs to the n-6 PUFA family (Fig. 7).
DPEA, EPA, and AA were used to determine whether the
length of the carbon chain or degree of unsaturation could
influence PKC activation. As shown in Fig. 5F, AA, DHA-
meth and EPA (10 �M) failed to potentiate PS-induced PKC�
activation. However, DPEA was found to decrease signifi-
cantly PS- induced PKC� activation. No significant modifi-
cation of PS-induced PKC� activation was found in the pres-
ence of AA, DHA-meth, EPA, or DPEA (Fig. 6F).

DHA Induces Apoptosis through ROS Generation
and Caspase-3 Activation. It has been shown that n-3
PUFAs can initiate apoptosis through different processes,
including the modulation of free radical and ROS production
(Larsson et al., 2004). To determine whether DHA induces
apoptosis in U937 cells, we examined its effect on ROS pro-
duction in the periods that correspond to DHA-induced cal-
cium peak (Fig. 1A). A significant increase in ROS was ob-
served after 1 min of treatment with DHA (DHA, 87 � 4.57%;
control, 17.85 � 7.96%; p 
 0.001), and the level of ROS was
decreased as a function of time thereafter, up to 1 h of
incubation (Fig. 8A). A consequence of mitochondrial damage

during apoptosis is the activation of caspase-3. Thus, we
investigated whether activity of caspase-3 was induced by
DHA treatment. As represented in Fig. 8A, activity of
caspase-3 was significantly enhanced in DHA-treated cells
over untreated cells after 1 h of incubation. It is noteworthy
that we noticed an inverse correlation between ROS produc-
tion and caspase-3 activity; i.e., the peak of activated
caspase-3 took place after decline of the ROS peak. As a
positive control, we used etoposide (VP16), an important
chemotherapeutic agent that has been shown to induce apo-
ptosis independently of ROS production but via a caspase-3-
dependent process (Abdelhaleem, 2002). Under our experi-
mental conditions, after treatment with VP16 (50 �M, 4 h),
caspase-3 activity was increased by 6-fold (Fig. 8A, inset).

To study a possible relationship between the DHA-induced
Ca2� rise via activation of PKC� and PKC� and their impli-
cation in ROS production and caspase-3 activation, cells were
treated with DHA in the presence or absence of SOC channel
blockers and inhibitors of these PKC isoforms in Ca2� me-
dium. In Fig. 8B, cells were exposed for 1 min to DHA (10
�M) and then analyzed by flow cytometry to determine ROS
production. This time-period was chosen because it corre-
sponds to maximal induction of ROS by DHA (Fig. 8A), and to
DHA-induced Ca2� peak in fura-2 loaded cells (Fig. 1A) and
DHA-induced PKC� and -� activation, as determined by in

**

A

P
K

C
γ 

ac
tiv

ity

(n
m

ol
es

/m
in

/m
g 

pr
ot

ei
n)

0

20

40

60

80

100

120

140

160

0 10 20 40

DHA, µM

B

100 200 400 800

D

E

PS, µg/ml

0

50

100

150

200

250

0 0.4 0.8 1.6 3.2 6.4

P
K

C
γ

ac
tiv

ity

(n
m

o l
es

/m
in

/m
g 

pr
ot

ei
n)

F

0

20

40

60

80

100

120

140

160

PMA, µM

P
K

C
γ

ac
tiv

ity

(n
m

ol
es

/m
in

/m
g 

pr
ot

ei
n)

0 25 50 100 500

ATP, µM

0

20

40

60

80

100

120

140

160

P
K

C
γ

ac
tiv

ity

(n
m

ol
es

/m
in

/ m
g 

pr
ot

ei
n)

PS
alone

+ DHA
+ AA

+ DHA-m
eth

+ DPEA

+ EPA

*

** **

**

0
10
20
30
40
50
60
70
80
90

100

Dic 8, µM
0 2

Inset:
**

**

**

**

a

b

c

**

£

$

**
# **

**

P
K

C
γ

ac
tiv

ity

(n
m

ol
es

/m
in

/m
g 

pr
ot

ei
n)

DHA, µM

C

0

20

40

60

80

100

120

140

160

P
K

C
γ

ac
tiv

ity

(n
m

ol
es

/m
in

/m
g 

pr
ot

ei
n)

**

+ PS

- PS

PS alone

PS + DHA

In  the presence of DHA, 10 µM

In the presence of PMA, 3.2 µM
In the presence of DHA, 10 µM

0

50

100

150

200

250

0 2.5 5 10 20

** **

**
**

P
K

C
δ

ac
ti v

ity

**
**

Fig. 5. Effects of DHA on PKC� activity in a cell-free
system. Each point represents the mean � S.E.M. of
PKC activity (nanomoles per minute per milligram of
protein) of at least two independent experiments, each
performed in triplicate. A, PKC� activity was quantified
in the presence of CaCl2 (100 �M) and vesicles contain-
ing increasing concentrations of DHA alone (dashed
line) or with PS (100 �g/ml; full line) as described under
Materials and Methods. Data are significantly different
between DHA-containing vesicles and vesicles without
DHA (��, p 
 0.001). Inset, effect of dioctanoyl-sn-glyc-
erol (Dic8) on PKC� activity (nanomoles per minute per
milligram of protein). Lipid vesicles were prepared with
PS (100 �g/ml) alone or with Dic8 (2 �M), as described
under Materials and Methods. Data are significantly
different between Dic8-containing vesicles and vesicles
containing PS alone (��, p 
 0.001). B, PKC� activation
induced by DHA (10 �M) in the presence of increasing
concentrations of PS. Data are significantly different
between vesicles containing DHA (10 �M) plus PS (100
�g/ml) versus vesicles containing DHA (10 �M) plus PS
at 400 or 800 �g/ml (��, p 
 0.001). C, lipid vesicles were
prepared with increasing concentrations of DHA as in-
dicated, in the presence of PMA (3.2 �M) and PS (100
�g/ml). ��, p 
 0.001; DHA-containing vesicles versus
vesicles containing no DHA. D, lipid vesicles were pre-
pared with increasing concentrations of PMA as indi-
cated, in the presence of DHA (10 �M) and PS (100
�g/ml). �, p 
 0.05; ��, p 
 0.001 compared with vesicles
containing no PMA. E, lipid vesicles were prepared with
DHA (10 �M) plus PS (100 �g/ml) or with PS (100
�g/ml) alone as described under Materials and Methods.
PKC� activity was determined toward MBP in vesicles
as a function of increasing concentrations of ATP added
to the reaction assay. Data are significantly different
compared with vesicles containing no DHA (��, p 

0.001), PS alone/ATP 0 �M (a, p 
 0.001), PS alone/ATP
25 �M (b, p 
 0.001), PS alone/ATP 50 �M (c, p 
 0.05),
PS � DHA/ATP 0 �M (£, p 
 0.001), PS � DHA/ATP 25
�M ($, p 
 0.001), and PS � DHA/ATP 50 �M (#, p 

0.05). F, lipid vesicles were prepared with different fatty
acids (i.e., DHA, AA, DHA-meth, DPEA, and EPA) at 10
�M in the presence of PS (100 �g/ml) or with PS (100
�g/ml) alone. Data are significantly different compared
with PS (100 �g/ml) alone (��, p 
 0.001).
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vitro kinase assay (Fig. 4, A and B). The Fig. 8B shows that
blocking SOC channels or PKC� and PKC� resulted in a
significant decrease in DHA-induced ROS production (per-
centage of cells producing ROS: DHA, 70.21 � 9.11%; DHA �
rottlerin, 46.13 � 12.13%; DHA � HBDDE, 50.38 � 5.55%;
DHA � TA9, 35.46 � 5.64%; DHA � econazole, 27.84 �
5.55%). It is noteworthy that verapamil, hispidin, and Gö-
6976 failed to diminish the ROS production. It is also note-
worthy that in these cells, the DHA-induced ROS was signif-
icantly curtailed by CCCP, a mitochondrial uncoupler,
suggesting that the ROS production is well controlled and
produced by this organelle. The CCCP alone did not influence
the ROS production (data not shown). Figure 8C shows that
DHA-induced peak of activated caspase-3 was also signifi-
cantly diminished by pretreatment with HBDDE, rottlerin,
and TA9 (and also by econazole, data not shown). Further-
more, verapamil, hispidin, and Gö-6976 also failed to inhibit
DHA-induced caspase-3 activation in these cells (Fig. 3C).

DHA Induces Morphological Changes in Nuclear
Chromatin. To confirm that DHA, per se, does effectively
trigger apoptosis, cells were treated with or without DHA in
growth medium containing only 0.5% FCS to avoid incorpo-
ration of the fatty acid into membrane phospholipids and
were then examined for typical apoptotic chromatin conden-

sation after Hoechst 33342 staining. Hence, cells were
treated for 72 h to assess the long-term effects of DHA-
induced early events of apoptosis. As a positive control, cells
were also treated with VP16 (0.5 �M) up to 72 h. Until 48 h
of treatment with DHA or VP16, no significant increase in
the percentage of apoptotic cells was observed (data not
shown). However, at 48 h, a significant but discrete increase
in the number of apoptotic cells was seen in DHA-treated
cells, whereas in VP16-treated cells, more than 50% of them
displayed nuclear chromatin condensation (Fig. 9A). At 72 h,
60% of DHA-treated cells showed typical nuclear chromatin
condensation and in VP16-treated cells, 90% of cells were
apoptotic (Fig. 9, A and B). In control cells, which were
treated only with 0.1% vehicle (ethanol or DMSO), less than
10% of apoptotic cells were observed at 72 h of culture.

Discussion
The present study shows that DHA, in U937 cells, evoked

a rapid increase in [Ca2�]i that was significantly curtailed in
0% Ca2� medium, suggesting that DHA, in part, mobilizes
Ca2� from intracellular pool. U-73122, a pharmacological
inhibitor of PLC, in 0% Ca2� medium, completely abolished
the DHA-induced rise in [Ca2�]i. Besides, DHA, but not
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Fig. 6. Effects of DHA on PKC� activity in a cell-free
system. Each point represents the mean � S.E.M. of
PKC activity (nanomoles per minute per milligram of
protein) of at least two independent experiments, each
performed in triplicate. A, PKC� activity was quantified
in the absence of CaCl2 and vesicles containing increas-
ing concentrations of DHA alone (dashed line) or with
PS (5 �g/ml; full line) as described under Materials and
Methods. Data are significantly different between DHA-
containing vesicles and vesicles containing no DHA (��,
p 
 0.001). Inset, effect of Dic8 on PKC� activity (nano-
moles per minute per milligram of protein). Lipid vesi-
cles were prepared with PS (5 �g/ml) alone or with Dic8
(2 �M) as described under Materials and Methods. Data
are significantly different between Dic8-containing ves-
icles and vesicles containing PS alone (��, p 
 0.001). B,
PKC� activation induced by DHA (10 �M) in the pres-
ence of increasing concentrations of PS. Data are signif-
icantly different between vesicles containing DHA (10
�M) plus PS (5 �g/ml) versus vesicles containing DHA
(10 �M) plus PS at 50 or 100 �g/ml (��, p 
 0.001). C,
lipid vesicles were prepared with increasing concentra-
tions of DHA as indicated, in the presence of PMA (1.6
�M) and PS (5 �g/ml). ��, p 
 0.001, DHA-containing
vesicles versus vesicles containing no DHA. D, lipid
vesicles were prepared with increasing concentrations
of PMA as indicated, in the presence of DHA (10 �M)
and PS (5 �g/ml). ��, p 
 0.001 compared with vesicles
containing no PMA. E, lipid vesicles were prepared with
DHA (10 �M) plus PS (5 �g/ml) or with PS (5 �g/ml)
alone as described under Materials and Methods. PKC�
activity was determined toward MBP in vesicles as a
function of increasing concentrations of ATP added to
the reaction assay. Data are significantly different com-
pared with vesicles containing no DHA (��, p 
 0.001),
PS alone/ATP 0 �M (a, p 
 0.001), PS alone/ATP 25 �M
(b, p 
 0.001), PS alone/ATP 50 �M (c, p 
 0.05), PS �
DHA/ATP 0 �M (£, p 
 0.05), PS � DHA/ATP 25 �M ($,
p 
 0.001), and PS � DHA/ATP 50 �M (#, p 
 0.001). F,
lipid vesicles were prepared with different fatty acids
(i.e., DHA, AA, DHA-meth, DPEA and EPA) at 10 �M in
the presence of PS (5 �g/ml) or with PS (5 �g/ml) alone.
Data are significantly different compared with PS (5
�g/ml) alone (��, p 
 0.001).
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DHA-methyl ester, induced IP3 production in these cells.
These observations demonstrate that DHA, at first hand,
activates PLC, which hydrolyzes the phosphatidylinositol-
4,5-bisphosphate and releases free IP3. The free IP3, pro-
duced by DHA, recruits calcium from the endoplasmic retic-
ulum pool. However, the mechanism of action of DHA to
activate PLC remains to be studied in future.

DHA-induced calcium response was also found to be sig-
nificantly curtailed by the specific CRAC channel inhibitor
TA9, as well as by SOC channel blockers, thus suggesting
that DHA evokes an initial rise in [Ca2�]i from intracellular
pool followed by the opening of SOC channels in these cells.
This is in close agreement with the findings of Gamberucci et
al. (1997), who have shown that in vitro addition of EPA and
DHA significantly mobilizes Ca2� from intracellular stores.

We have also previously shown that DHA-evoked Ca2� mo-
bilization from intracellular stores is followed by SOC influx
through the opening of CRAC channels in Jurkat T cells
(Bonin and Khan, 2000).

How DHA exactly controls the opening of CRAC channels
is still not known. We hypothesized that this process could be
mediated by PKC, shown to control the opening of various
Ca2� channels, including SOC channels (Albert and Large,
2002; Vanden Abeele et al., 2003). Moreover, several studies
have shown that PUFAs may modulate the activity of PKC
(Madani et al., 2001). DHA-induced Ca2� influx was medi-
ated through PKC�- and PKC�-dependent pathways because
HBDDE, an inhibitor of PKC�, PKC�, and rottlerin, an in-
hibitor of PKC�, significantly curtailed DHA-induced in-
creases in [Ca2�]i. Our results corroborate the observations
of Heo et al. (2006), who have shown, in mouse embryonic
stem cells, that PKC� and PKC� inhibition prevented EGF-
induced increases in [Ca2�]i, thus suggesting a positive reg-
ulation of Ca2� channels by these PKC isoforms. It is note-
worthy that TG-induced increases in [Ca2�]i were also
significantly curtailed by broad spectrum PKC inhibitors and
rottlerin, but not by HBDDE, suggesting that only PKC�
mediated the TG-induced increases in [Ca2�]i in these cells.
This DHA-specific mode of action was further supported by
the use of PMA which was found to evoke an increase in
[Ca2�]i in a PKC�-dependent fashion.

In vitro kinase assays show that DHA, in 40-s to 1-min
time periods coinciding with DHA-evoked calcium peaks in
Fura-2 ratiometry experiments, induced significant PKC�
and PKC� activities. Moreover, TG was found only to induce

Fig. 7. Structure of DHA and control isomers. A graphic representation of
fatty acids used in the experiments is shown. DHA (22:6 n-3), DHA-
methyl (DHA analog in which the 	COOH end has been replaced by a
methyl ester group), EPA (20:5 n-3), DPEA (22:5 n-3), and AA (20:4 n-6).
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Fig. 8. Effects of DHA on ROS generation
and caspase-3 activity. All the experiments
were performed in Ca2�-containing medium.
A, U937 cells were cultured, at the indicated
times, with 10 �M DHA or vehicle alone (un-
treated cells) and then assayed for ROS gen-
eration (MFI, mean fluorescence intensity)
and caspase-3 activity as described under
Materials and Methods. Results are ex-
pressed as means (%) � S.D. of at least three
independent experiments. Inset, cells were
treated with vehicle alone or with etoposide
(VP16, 50 �M) for 4 h and assayed for
caspase-3 activity as described under Materi-
als and Methods. Results are expressed as
means � S.D. (n � 4). �, p 
 0.05 versus
control cells. NS, nonsignificant data com-
pared with DHA-treated cells. B, before ad-
dition of DHA (10 �M, 1 min), cells were
allowed to incubate or not for 15 min with one
of the following: TA9 (10 �M) and econazole
(15 �M), HBDDE (100 �M), rottlerin (3 �M),
verapamil (10 �M), hispidin (5 �M), Gö-6976
(1 �M), or CCCP (10 �M), and ROS produc-
tion was then measured by flow cytometry.
Results are expressed as means of mean flu-
orescence intensity (MFI %) � S.D. of five
independent experiments. £, p 
 0.05 versus
control cells; �, p 
 0.05 versus DHA-treated
cells. C, before addition of DHA (10 �M, 1 h),
cells were incubated or not for 15 min with
one of the following: TA9 (10 �M), HBDDE
(100 �M), rottlerin (3 �M), verapamil (10
�M), hispidin (5 �M), or Gö-6976 (1 �M).
Caspase-3 activity was measured as de-
scribed under Materials and Methods. Re-
sults are expressed as means � S.D. (n � 4).
£, p 
 0.05 versus control cells; �, p 
 0.05
versus DHA-treated cells. NS, nonsignificant
data compared with DHA-treated cells.
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PKC� activity, which also corroborated the data obtained in
Fura-2-loaded U937 cells. Although DHA and TG both induce
SOC influx, the mechanisms of PKC activation by DHA and
TG are different. TG binds to endoplasmic reticulum Ca2�-
ATPase but not to PKC (Thastrup et al., 1990). Activation of
PKC by TG thus seems to take place by an indirect mecha-
nism. TG has also been shown, in GH4C1 cells, to induce
selective redistribution of PKC� and to a lesser extent that of
PKC�, without influencing subcellular distribution of PKC�
and PKC� (Kiley et al., 1992). It is also possible that for
detection of activated PKC�, a longer preincubation time (�3
min) with TG is required. Nevertheless, a TG-induced cal-
cium peak in U937 cells took place within 2 to 3 min; during
this time, no PKC� activation was observed. As far as PMA is
concerned, it induced both PKC� and PKC� activities, al-
though PMA induced increases in [Ca2�]i only in a PKC�-
dependent manner. These results demonstrate the
implication of PKC� and PKC� in the DHA-induced Ca2�

influx.
We were further interested in assessing the mechanism of

action of DHA in PKC activation. Cell-free PKC assays dem-
onstrated that DHA, within the same concentration range
used in intact cells, could by itself stimulate both PKC� and
PKC� activities. Moreover, competition experiments revealed
that DHA was most probably activating these PKC isoforms
by binding to the PS binding site, because PKC� and PKC�
activities induced by PS were enhanced in the presence of an
optimal concentration of DHA (10 �M), which at high con-
centrations (20 and 40 �M) inhibited PKC� and PKC� activ-
ities. On the other hand, PS, by competing with DHA, dimin-
ished PKC� and PKC� activities as a function of its
increasing concentrations. These findings are supported by
the observations of Kanno et al. (2006), who have shown that
activation of PKC� by a linoleic acid-derivative, 8-[2-(2-pen-
tyl-cyclopropylmethyl)-cyclopropyl]-octanoic acid, was inhib-

ited by dioleyl-PS. Taken together, these results strongly
suggest that DHA may act via the PS binding site. The use of
structurally related long-chain fatty acids allowed us to point
out first that the carboxylic end of DHA molecule is critical
for PKC activation, as evidenced by the fact that DHA methyl
ester, an esterified form of DHA, failed to potentiate PKC�
and PKC� activities in the presence of PS, thus corroborating
the observations of Murakami et al. (1986), who have shown
a requirement of the negative charge of lipid for PKC activa-
tion. The n-3 moiety was also found to play a critical role, in
that arachidonic acid (n-6 PUFA), DPEA (same carbon-chain
length as DHA but with only five double bonds), and EPA (20
carbons and five double bounds) were found unable to en-
hance PS-induced PKC� and � activities. These results show
the specificity of the mechanism of action of DHA.

We set out to investigate further the physiological rele-
vance of DHA-induced Ca2� signaling. In the apoptotic path-
way, the collapse of the mitochondrial membrane potential
(MMP) is a common event that leads to mitochondrial dys-
function and production of ROS (Arita et al., 2001). n-3 PU-
FAs are known to be able to disrupt the MMP, induce ROS,
and sensitize tumor cells to ROS-inducing anticancer agents
(Arita et al., 2001). Treatment of U937 cells with DHA was
found to be associated with an increase in ROS production
that took place as early as 1 min, and it decreased thereafter
as a function of time. In addition, 1-h exposure of cells to
DHA caused a significant increase in caspase-3 activity. This
is in agreement with previous studies showing that DHA-
induced apoptosis was mediated by an increase in intracel-
lular ROS production and in caspase-3 activity (Diep et al.,
2000; Kim et al., 2005). The action of DHA on ROS produc-
tion is also further supported by an in vivo study conducted
on colonic crypts isolated from rats fed with fish oil; hence,
incorporation of EPA and DHA in the colonic mitochondrial
phospholipids was correlated to altered MMP and increased
caspase-3 activity (Chapkin et al., 2002). Besides, in our
study, the ROS produced by DHA seems to be as a result of
MMP, because the CCCP, a mitochondrial uncoupler, dimin-
ished the action of this fatty acid.

To establish a possible relationship between DHA-induced
increases in [Ca2�]i and PKC activation in apoptosis, cells
were preincubated with either PKC� and PKC� inhibitors or
SOC channel blockers and further assessed for ROS produc-
tion and caspase-3 activation. Inhibition of PKC�/� and
CRAC/SOC channels markedly reduced DHA-induced ROS
generation and caspase-3 activation, thus raising the possi-
bility that DHA-induced Ca2� influx and activation of
PKC�/� play a pivotal role in ROS generation, which seems to
act upstream of caspase-3 activation. Indeed, overexpression
of PKC� has been shown to reduce MMP and the release of
cytochrome c, which subsequently leads to activation of
caspases and apoptosis (Basu et al., 2001). The use of rot-
tlerin to selectively block PKC� has also provided evidence, in
U937 cells, that this PKC isoform can activate caspase-3
(Jang et al., 2004). Phospholipase C-dependent elevation in
[Ca2�]i and activation of PKC� has also been shown to posi-
tively regulate ROS production (Jeon et al., 2005). The im-
plication of PKC� in sodium butyrate-/PMA-induced apopto-
sis in U937 and HL-60 cells has also been described
previously (Abdelhaleem, 2002). Although these data clearly
describe a role for PKC� and PKC� in DHA-induced apopto-
sis, how PKC isoforms could stimulate ROS production and
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Fig. 9. Morphological changes in nuclear chromatin-induced by DHA.
U937 cells (2 � 105 cells/ml) were cultured in RPMI 1640 medium
supplemented with 0.5% FCS and treated with vehicle alone (control
cells), DHA (10 �M), or etoposide (VP16, 0.5 �M) for the indicated times.
After two washes in ice-cold PBS, apoptotic cells were identified morpho-
logically after nuclear chromatin staining with Hoechst 33342 dye as
described under Materials and Methods. A, means % � S.D. of four
independent experiments. In control cells, the percentage of apoptotic
cells was less than 10%. �, p 
 0.05 versus control cells; ���, p 
 0.001
versus control cells. B, representative images of nuclear chromatin con-
densation observed at 72 h after treatment with DHA or etoposide.
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subsequent activation of caspase-3 remains unresolved. As
far as PKC� is concerned, its translocation onto mitochondria
has been correlated with cytochrome c release, caspase acti-
vation, and perturbation of MMP (Majumder et al., 2000).
PKC�, once translocated onto mitochondria, may alter elec-
tron transport chain complexes or electron carriers, such as
ubiquinone or cytochrome c, thus leading to the escape of
electrons, which would be ultimately converted into ROS.
Another possible mechanism is the activation of NADPH
oxidase-like enzyme(s) by PKC�. It has been demonstrated
that PKC� induces the formation of active NADPH oxidase
complex in human monocytes, possibly through phosphory-
lation of the regulatory subunit p47phox (Bey et al., 2004). In
addition, oleic and linolenic acids have been found to induce
ROS production via NADPH oxidase activation through PKC
activation in Jurkat and Raji cells (Cury-Boaventura and
Curi, 2005). Whatever the mechanism of action of DHA is,
this fatty acid does trigger apoptosis in the U937 cell line, as
evidenced by typical chromatin condensation observed after
72 h of treatment with this fatty acid.

To sum up, we can propose a schematic pathway of the
mechanisms of action of DHA (Fig. 10). First, DHA mobilizes

Ca2� from the intracellular pool via production of IP3 that
may activate the Ca2�-dependent PKC� isoform. PKC� will
also be activated by the interaction of DHA, possibly at the
PS-binding site. In turn, phosphorylation of CRAC channels
by activated PKC� and PKC� may lead to SOC influx. In-
creased [Ca2�]i as well as activation of PKC� and PKC� may
stimulate ROS production from the mitochondria, followed
by downstream signaling, which will involve the activation of
caspase-3, leading to chromatin fragmentation and apoptosis
in U937 cells. DHA might also exert its inhibitory action on
ERK1/ERK2 or may give rise to the production of diacylglyc-
erol-containing DHA (DAG-DHA) which will also evoke an
increase in [Ca2�]i and thus contribute to apoptosis.

The novelty of our findings is that DHA-induced activation
of the PLC/IP3 pathway increases in [Ca2�]i from the endo-
plasmic reticulum pool, followed by the opening of CRAC
channels, and DHA-induced activation of PKC� and PKC�
may be implicated in ROS generation and caspase-3 activa-
tion. Nevertheless, further study is needed to clarify the
mechanism(s) involved in DHA-induced apoptosis.
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