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Summary

Beneficial effects of docosahexaenoic acid (DHA) intake in the prevention of
cardiovascular diseases are known, and platelets play a crucial role in cardiovascular
complications. However, high doses of DHA may increase lipid peroxidation and
induce deleterious effects, notably in platelets. This led us to investigate the effect of
DHA on gene expression of some enzymes controlling redox status and prostanoid
formation in human megakaryoblastic cells (MEG-01 cell line). MEG-01 cells were
incubated in presence of DHA (10 and 100 pmol/L) for 6 h. DHA enrichment up-
regulated glutathione peroxidase-1 and thromboxane synthase mRNA. DHA increased
gene catalase expression and up-regulated PPAR [3/6 and PPAR y mRNA in presence of
high concentration of DHA. In conclusion, our results support an antioxidant
mechanism of DHA. The effects of DHA on cellular redox status could, with others,
provide an explanation for the beneficial influence of low consumption of DHA on

cardiovascular events.
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Introduction

It is now well established that dietary marine n-3 polyunsaturated fatty acids
(PUFA), especially docosahexaenoic acid (DHA) can reduce morbidity and mortality
from cardiovascular diseases [1,2]. However some studies failed to report a beneficial
association between n-3 fatty acid consumption and cardio-vascular events [3,4].

DHA is highly oxidizable owing to the presence of its six double bonds in the
22-carbon fatty acyl chain and the peroxidation process provides a variety of lipid
peroxides, including malondialdehyde (MDA), which have been implicated in the
aetiology of cardiovascular diseases [5]. In agreement with these observations, several
studies have reported higher peroxidation index and oxidative stress in some dietary
interventions with high doses of n-3 PUFA [6,7].

Because circulating blood platelets are known to play a crucial role in the
regulation of haemostasis, thrombosis and the initiation of atherosclerosis [8,9], some
studies have focused on the effects of n-3 PUFA on platelet function. Previously, we
have shown that small intake of n-3 PUFA decreased oxidative stress in platelets from
elderly people [10,11]. Thus, DHA can exert opposite activities and we have found
these different effects on human blood platelet redox status depending on the dose [12].

The role of PUFA in the regulation of gene transcription has been well
documented [13] and PUFA regulate the activity and/or abundance of at least four
transcription factor families including peroxisome proliferator-activated receptors
(PPARs). However, data concerning DHA effects on redox status genes are less
numerous. As platelets are produced from megakaryocytes as cytoplasmic fragments
without genomic DNA, platelets are thought to have no synthetic capacity for

transcription of nuclear material. Thus, the regulation of gene expression must occur
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during megakaryocytopoiesis. To study DHA-induced regulation of gene expression,
we have chosen the immortalized human megakaryoblastic cell line (MEG-01 cells) as a
model of megakaryocytes [14].

The present study was undertaken to mainly investigate the effects of different
concentrations of DHA on some enzymes controlling the redox status and prostanoid

formation in a well established megakaryocyte cell model.

Materials and methods

Materials
All chemicals and reagents were purchased from Sigma-Aldrich (St. Quentin
Fallavier, France), unless otherwise specified. All tissue culture reagents were obtained

from Fisher Bioblock Scientific (Illkirch, France).

Cell culture
MEG-01 cells (American Type Culture Collection) were cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 10% fetal bovine serum at 37° C and in a 5%

CO; atmosphere.

DHA supplementation

Ethanolic DHA solutions or ethanol were dried and incubated overnight under
nitrogen at 37°C with complete IMDM medium containing human albumin (fatty acid
free). Cells were incubated with medium supplemented or not with 10 and 100 pM

DHA (molar ratio of albumin 0.1 and 1, respectively) for 6 hours.
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Reverse transcriptase and real-time PCR

Total RNA was isolated from MEG-01 cells using a previously described method with
Trizol Reagent according to the manufacturer’s protocol [15]. After quantification, 1ug
of total RNA was reverse transcribed into cDNA in presence of 100 U Superscipt 11
(Invitrogen, Eragny, France) using both random hexamers and oligo(dT). Real time
PCR was performed with Fast Start DNA Master SYBR Green kit using a Light-Cycler.

Primers sequences are available on request (evelyne.vericel@insa-lyon.fr). The results

were normalized to hypoxanthine phosphoribosyltransferase 1 mRNA level. Data were

analyzed using Light-Cycler software (Roche Diagnosis).

Malondialdehyde (MDA) determination
The overall lipid peroxidation was evaluated by measuring MDA according to
the HPLC method of Therasse and Lemonnier [16] with fluorometric detection (A

excitation 515 nm, A emission 553 nm).

Arachidonic acid cyclooxygenation in MEG-01 cells

The oxygenation of exogenous arachidonic acid (AA) through the
cyclooxygenase pathway was determined by incubating 10 uM [1-'*C] AA with MEG-
01 cells for 5 min at 37°C. After lipid extraction, the oxygenated end-products were
separated by thin-layer chromatography (TLC), and quantified with a Berthold TLC

linear analyzer (Berthold Technologies LB511, Germany) [17].

Fatty acid composition of phospholipid
After total lipid extraction, phospholipids were separated from neutral lipids by

TLC and phospholipid classes were then resolved in a second step by the eluent system
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chloroform/methanol/methylamine (60:25:5, v/v/v) [18]. The phospholipids were
transmethylated [19] and the resulting fatty acid methyl esters and fatty aldehyde
dimethyl acetals (DMA) were analyzed by gas-liquid chromatography (GC) using

BPx70 SGE column (60m x 0.25mm x 0.25 pm).

Statistical analysis
Statistical analysis of differences was carried out by analysis of variance
(ANOVA) test using StatView (version 5.0). A p value of less than 0.05 (Fisher’s PLSD

test) was considered significant.

Results

Regulation of redox enzyme expressions in response to DHA

The MEG-01 cell line was used to determine whether DHA altered the expression
pattern of a number of key genes involved in oxidative stress, including antioxidant
enzymes and enzymes known to produce reactive oxygen species (ROS) such as
NADPH oxidase. The mRNA levels of glutathione peroxidase 1 (UniGene access
number Hs.76686, GPx-1) significantly increased after 6-hour DHA incubation with 10
UM (1.5 fold) or 100 UM (2.5 fold) DHA. The mRNA of GPx-4 (Hs.433951) also
significantly increased but only with the highest DHA concentration (Fig. 1). Copper-
zinc containing superoxide dismutase (Cu-Zn SOD, Hs.443914) mRNA expression was
neither modified by DHA concentration compared to mRNA expression in control
untreated cells (Fig. 1). Catalase (Hs.S502302) mRNA slightly but significantly

increased above control levels in cells incubated with 100 pM DHA. Finally, as shown
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in Figure 1, p22phox (Hs.S13803) mRNA level expression was not significantly

modified by DHA compared to mRNA expression in control cells.

Regulation of PGH synthase and Tx synthase expressions in response to DHA

The enzyme prostaglandin endoperoxide H synthase (PGH synthase) catalyzes the
conversion of AA to prostaglandin endoperoxide H, (PGH;). PGH; is further converted
into prostaglandins (PGs) and mainly into thromboxane A;, one of the most potent
platelet aggregatory and vasoconstricting substances, by thromboxane synthase
(Hs.520757, Tx synthase). The levels of PGH synthase-1 (Hs.201978) did not change
compared to mRNA levels in control cells (Fig. 2). Tx synthase mRNA increased with

10 UM (1.4 fold) and 100 UM (2.2 fold) DHA (Fig. 2).

Regulation of PPAR (/0 and PPAR yexpressions in response to DHA

As fatty acids, including DHA, are known as natural ligands of PPARs, mRNA levels of
PPAR [3/0 (Hs.696032) and PPAR Yy (Hs.162646) were measured after incubation with
DHA on MEG-01 cells. Both PPAR [(/dand PPAR y mRNA expressions were
significantly increased with the highest DHA concentration compared to control cells :
PPAR [(3/d mRNA expression by 99 % and PPAR y mRNA by 88 % compared with

control cells (Fig. 3).

Lffects of DHA on MEG-01 MDA levels

In order to determine whether the incubations of MEG-01 cells with DHA affected the
overall lipid peroxidation, basal levels of MDA were measured after 6 hour incubation
in the presence or absence of DHA. As shown in Table 1, 10 uM DHA did not induce

any significant changes of MDA concentrations compared to control cells. Significant
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increase (51%) of MDA was observed with the highest concentration of DHA compared

to controls.

Lffect of DHA on arachidonic acid cyclooxygenation in MEG-01 cells

The conversion of exogenous AA into its main cyclooxygenase products (thromboxane
B, PGE; and PGA,/B;) was measured. The corresponding results, given in Figure 4,
indicate that the formation of PGs was not altered by DHA, but a significant decrease of

TxB; was observed in cells incubated with 100 uM DHA (Fig. 4).

Effect of DHA on fatty acid composition of phospholipids

Incorporation and distribution of DHA within MEG-01 phospholipids were determined,
especially in the most important ones regarding n-3 PUFA esterification, namely
phosphatidylethanolamine (PE) and phosphatidylcholine (PC). Table 2 shows the fatty
acid composition of MEG-01 cell PE (% of main fatty acids are only reported). DHA
percentage was 2.1 fold higher than controls in MEG-01 cells incubated with 10 pM
DHA. This percentage of DHA was more elevated in cells incubated with 100 uM DHA
(3.6 fold increase). We can notice a significant increase of eicosapentaenoic acid (EPA,
20:5n-3) with the highest tested concentration of DHA. A concomitant significant
decrease of 18:1n-9 and 20:4n-6 was found. Similar results were observed for the main
fatty acids in PC with a significant higher enrichment of EPA and DHA than in PE from

cells incubated with 10 pM and 100 uM DHA (Table 3).

Discussion

Evidence to explain the positive association between cardiovascular health and

intake of n-3 PUFA in epidemiologic studies [20] has accumulated since Dyerberg and
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Bang [21] reported the decreased platelet function in Inuits. In the present study, we
investigated the expression of glutathione peroxidases, catalase and superoxide
dismutase in MEG-01 cells, a cell line known to express characteristic features of
platelet precursor cells, in presence of DHA. Our results show that DHA failed to
induce Cu-Zn SOD expression but up-regulated GPx-1 gene expression in a dose-
dependent manner. Incubation with DHA led to similar results on GPx-4 mRNA,
however to much lesser extent. These findings are in agreement with a previous study
[22] showing a modest but significant increase of mRNA GPx-4 by DHA. To explain
the up-regulation of GPx, several mechanisms can be considered. First, PUFA gene
control involves PPAR dependent pathway [23], and DHA is a ligand of the all three
PPAR subtypes. In agreement with these findings, we found an increase in both PPAR
[3/d and y mRNA expression in presence of DHA mainly with a high concentration of
the fatty acid. Second, GPx-1, one of the major detoxification enzymes, catalyzes the
degradation of hydroperoxides to the corresponding alcohols [24]. GPx-4 has the
important property of directly reducing lipid hydroperoxides in membranes. GPx-1 and
GPx-4 are present in platelets [25,26]. These enzymes play a key role in the protection
of cells from oxidative damage and also regulate the formation of eicosanoids, since
their formation depends on the cell peroxide tone. Our results are consistent with those
of Schonberg et al. [27] which found that GPx mRNA was increased in a human cancer
line in response to DHA that induced lipid peroxidation. The up-regulations of GPx-1
and 4 expressions can play an important role in the protection against DHA-induced
cytotoxicity. DHA-derived hydroperoxides, being substrates for these enzymes, are
among the likely candidates for mediating cytotoxic effect. In addition, it is admitted
that cellular stress leads to transcriptional activation of enzymes known to be involved

in the primary antioxidant defence. In a recent study, it has also been shown that
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oxidative stress induced the expression of GPx but failed to induce the expression of
Cu-Zn SOD [28] in agreement with our findings.

Because platelets are anucleated cells, PGH synthase-1 content is a consequence of gene
expression in megakaryocytes, so the effect of DHA on PGH-synthase-1 expression was
investigated. DHA failed to induce PGH synthase-1 mRNA expression. Few and
conflicting reports are available showing either inhibition [29] or enhancement [30] of
PGH-synthase-1 by DHA. By contrast, our data are the first to show up-regulation of
thromboxane synthase. This enzyme catalyzes the conversion of prostaglandin H; to
thromboxane A; (TxA;), a potent vasoconstrictor and proaggregatory substance but also
of prostaglandin H3 to thromboxane A3 from EPA which has considerably less activity
than TxA; [31]. This TxA3 could be synthesized even in presence of DHA since DHA
can be retroconverted to EPA in many cells and our results show such a retroconversion
in MEG-01 cells. Interestingly, the effect of DHA on thromboxane synthase was
concentration-dependent. Moreover, the highest concentration of DHA induced an
increased formation of MDA [12] and the oxidative stress induced by DHA might also
up-regulate the expression of thromboxane synthase. Although DHA failed to affect
PGH synthase-1 mRNA, it is known that DHA is a potent inhibitor of PGH synthase
[32]. In agreement, cyclooxygenase activity, measured in presence of exogenous AA,
was reduced after DHA treatment, and this resulted in a decreased thromboxane
formation, despite the increased expression of thromboxane synthase.

Last, DHA is highly incorporated in platelet PC and PE [33] which reflects its
endogenous distribution, and we found a similar pattern for megakaryocyte in PC and
PE. This means that the alterations caused in megakaryocytes by DHA enrichment may

be representative of those observed in platelets.

10
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In summary, our findings indicate that DHA up-regulates GPx-1 gene expression in a
megakaryocyte cell line. Since the beneficial effects of DHA can no longer be doubted,
numerous studies suggest several cellular mechanisms. In the present study, we cannot
conclude whether the action on GPx expression was due to esterified DHA in
phospholipids, unesterified DHA or its metabolites. Nevertheless this work supports an
additional antioxidant mechanism of this fatty acid in a human megakaryocyte cell line.
Such an antioxidant mechanism could, together with other effects, be an explanation for

the beneficial influence of low consumption of n-3 PUFA in cardiovascular events.
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Legends

Fig. 1. Effect of DHA on the mRNA level of redox enzymes in MEG-01 cells. Cells
were incubated in the absence (vehicle alone, human albumin) or presence of 10 and
100 uM DHA for 6 h (corresponding to DHA/human albumin ratio 0.1 and 1
respectively). The mRNA levels were determined by quantitative real-time PCR. Data
are expressed as fold change compared with the control and are means £ SEM, for four
to five independent experiments; * indicates significant difference vs. control cells
(*p<0.05). Cu-Zn SOD (copper-zinc containing superoxide dismutase 1), CAT
(catalase), GPx-1 (glutathione peroxidase 1), GPx-4 (glutathione peroxidase 4), p22°"

(component of NADH/NADPH oxidase).

Fig. 2. Effect of DHA on the mRNA level of arachidonic acid metabolism enzymes
in MEG-01 cells. Cells were treated as described in the legend of Figure 1. Data are
means = SEM (n=4 to 5), and are expressed as fold change compared to untreated cells;
* indicates significant difference vs. control cells (*p<0.05). PGH synthase-1

(prostaglandin-endoperoxide synthase 1), 7x synthase (thromboxane A synthase 1).

Fig. 3. Effect of DHA on the mRNA level of peroxisome proliferator-activated
receptors in MEG-01 cells. Cells were treated as described in the legend of Figure 1.
Data are means + SEM (n=4) and are expressed as fold change in mRNA levels
compared to untreated cells; * indicates significant difference vs. control cells

(*p<0.05). PPAR B /o (peroxisome proliferator-activated receptor delta), PPAR

y (peroxisome proliferator-activated receptor gamma).
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Fig. 4. Effect of DHA on cyclooxygenase activity in MEG-01 cells. Cells were treated
as described in the legend of Fig. 1. Data are means + SD (n=3); * indicates significant
difference vs. control cells (*p<0.05). TxB,: thromboxane B,, «<PGE; » : PGE; and its

metabolites PGA,/PGB,.

Table 1. Effect of DHA on MDA production in MEG-01 cells. Cells were cultured as
described above. MDA production was determined by HPLC analysis. Data, expressed
as pmol/ug protein, are means £ SEM (n=4-5) experiments; * indicates significant

difference vs. control cells (*p<0.05).

Table 2. Effect of DHA on the fatty acid composition of phosphatidylethanolamine
in MEG-01 cells. Cells were incubated as described above. Fatty acid composition was
determined by GC analysis. Data, expressed as mole percent, are means £ SEM of 4

experiments. Minor fatty acids are included for calculation but not tabulated; * indicates

significant difference vs. control cells (*p<0.05). DMA: dimethyl acetals.

Table 3. Effect of DHA on the fatty acid composition of phosphatidylcholine in
MEG-01 cells. Cells were incubated as described above. Fatty acid composition was
determined by GC analysis. Data, expressed as mole percent, are means £ SEM of 4
experiments. Minor fatty acids are included for calculation but not tabulated; * indicates

significant difference vs. control cells (*p<0.05).

16
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Table 1. Effect of DHA on MDA production in MEG-01 cells.

MDA
(pmol/ug protein)
Control 10 uM DHA
7.81+£0.44 8.08 £ 0.26

100 uM DHA

11.83+1.19*

17
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Table 2. Effect of DHA on the fatty acid composition of phosphatidylethanolamine

in MEG-01 cells.

Major fatty acids

(Mol%) control 10 uM DHA 100 uM DHA
16:0-DMA 8918 8.7+x1.9 8614
18:0-DMA 12.0+3.1 11.4+£29 11.6+£25
16:0 45+0.3 43+0.3 45 +0.7
18:0 109+0.1 10.5+0.7 11.6 £0.7
18:1 n-9 31.8+15 30.9+2.6 27.4 +0.8*
18:2 n-6 3.6+0.7 39+1.2 2910
20:4 n-6 6.5%+0.6 55+0.7 5.2+0.1*
20:5n-3 1.7+0.3 1.6+04 2.7+0.1*
22:5n-3 25+0.2 20x+0.2 1.9+0.1*
22:6 n-3 3.2+x04 6.8 +1.1* 11.8+£0.7*

18
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Table 3. Effect of DHA on the fatty acid composition of phosphatidylcholine in

MEG-01 cells.

Major fatty acids

(Mol%%) control 10 uM DHA 100 uM DHA
16:0 20.16 £ 0.43 21.03+ 1.27 22.36 £ 0.57
18:0 10.16 £+ 0.54 10.24 +0.31 8.48 £ 0.25*
18:1 n-9 47.12 £0.34 46.74 £ 0.53 39.01 £ 0.6*
18:2 n-6 297+0.21 2.57+£0.17 2931041
20:4 n-6 1.56 + 0.27 1.53+0.43 1.79+0.12
20:5n-3 0.38 £0.09 0.43+£0.15 1.18 + 0.10*
22:5n-3 0.71£0.13 0.64 £0.22 0.74 £ 0.08
22:6 n-3 0.94 £0.17 2.32£0.74* 9.38 £ 0.49*
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Figure 2
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Figure 3
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Figure 4

o
=1

3 DHA 10 pbd

1 Controd

=

=

(=]

=]

-4

= +

w oo Mmoo

(=] =] (=] =]
{ursyaud Byjowr)

EEOEISW PIOE JUopIORLY

ol

#PGEz»

TxBz

8002 unr GZ - T UOISIaA *29¥06200-W.ssul

23



