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The influence of chylomicron remnants enriched in n-3 or n-6
polyunsaturated fatty acids (PUFA) (derived from fish or corn
oil, respectively) on the expression of mRNA for four genes
involved in the regulation of the synthesis, assembly, and se-
cretion of very-low-density lipoprotein (VLDL) In the liver was
investigated In normal rat hepatocytes and after manipulation
of the cellutar oxidative state by incubation with N-acetyl cys-
teine (NAC) or CuSQ,. The four genes investigated were those
encoding apolipoprotein B (apoB), the microsomal triacylglyc-
erol transfer protein (MTP), and the enzymes acyl coenzyme
A:dlacylglycerol acyltransferase (DGAT) and acyl coenzyme
A:cholesterol acyltransferase 2 (ACAT2), whiich play a role in
the regulation of triacylglycerol and cholesteryl ester synthesis,
respectively. mRNA levels for apoB, MTP, and DGAT were un-
affected by either fish or corn oil chylomicron remnants, but the
amount of ACAT2 mRNA was significantly reduced after incu-
bation of the hepatocytes with fish oil remnants as compared
with corn oil remnants or without remnants. These findings in-
dicate that the delivery of dietary n-3 PUFA to hepatocytes in
chylomicron remnants downregulates the expression of mRNA
for ACAT2, and this may play a role in their inhibition of VLDL
secretion. However, when the cells were shifted into a pro-
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oxidizing or pro-reducing state by pretreatment with CuSO,
(1 mM) or NAC (5 mM) for 24 hr, levels of mRNA for MTP were
increased by about 2- or 4-fold, respectively, by fish oil rem-
nants, whereas corn oil remnants had no significant effect. Fish
oil remnants also caused a smaller Increase in apoB mRNA in
comparison with corn ol remnants in NAC-treated cells (+38%).
These changes would be expected to lead to Increased VLDL
secretion rather than the decrease associated with dletary n-3
PUFA In normal conditions. These findings suggest that rela-
tively minor changes in cellular redox levels can have a major
influence on important liver functions such as VLDL synthesis
and secretion. Exp Biol Med 228:143-151, 2003

Key words: chylomicron remnants; dietary n-3 PUFA; VLDL secre-
tion; cellular redox state; hepatocytes

and atherogenesis has been established in a large
number of studies (1, 2), but it is now generally
recognized that hypertriacylglycerolemia is also a risk fac-
tor for the disease (3, 4). Dietary intake of n-6 polyunsatu-
rated fatty acids (PUFA), found in vegetable oils, and n-3
PUFA, found in oily fish, is known to decrease blood cho-
lesterol and triacylglycerol levels, and consequently to re-
duce the risk atherosclerosis development (5, 6). However,
dietary n-6 PUFA exert their effects mainly by lowering
plasma low-density lipoprotein (LDL) cholesterol levels
and cause only a modest reduction in blood triacylglycerols,
whereas consumption of n-3 PUFA leads to a substantial
decrease in plasma triacylglycerol concentrations, but
has little effect on blood cholesterol in most circum-
stances (7, 8).
Triacylglycerol and cholesterol from the diet are deliv-
ered to the liver for processing in chylomicron remnants,

The link between increased plasma cholesterol levels
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which are lipoproteins that are formed from the larger, in-
testinally derived chylomicrons by lipolysis of part of their
triacylglycerol content during their transport in the blood
(9). A considerable amount of evidence has accumulated in
recent years to indicate that these remnant particles are
strongly atherogenic. We and others (10-12) have shown
that they are taken up by the blood vessel wall, and this
process occurs as efficiently as the uptake of LDL. Further-
more, delayed clearance of chylomicron remnants from the
blood has been found to be associated with progression of
the development of atherosclerotic lesions (13-15).

Dietary n-3 PUFA lower plasma triacylglycerols by
decreasing plasma levels of very-low-density lipoprotein
(VLDL) (7, 8), and this is believed to be caused by sup-
pression of VLDL secretion by the liver, an effect that is not
observed with dietary n-6 PUFA (16, 17). Feeding studies
have shown that hepatic secretion of triacylglycerol, cho-
lesterol, and apolipoprotein B (apoB) in VLDL secretion is
reduced by n-3 PUFA (18-20). Moreover, recent work in
our laboratory has demonstrated that these effects are
brought about directly when the n-3 PUFA are delivered to
hepatocytes in chylomicron remnants (21).

Reactive oxygen species (ROS) are formed in the body
as by-products of biological reactions involving electron
transfer (22). In addition, however, they also modify the
intracellular redox balance, causing oxidative stress, and
current evidence suggests that relatively small changes in
this parameter can affect cell functions such as gene expres-
sion and the post-translational modification of proteins (23),
which could have an important influence on the develop-
ment of atherosclerotic lesions (24). Because of its role in
detoxification, liver tissue is highly susceptible to oxidative
stress generated by its metabolism of drugs, heavy metals,
and alcohol (25). There is also evidence to suggest that the
type of fat in the diet can influence the oxidative state of
hepatocytes, as n-6 PUFA have been shown to increase
oxidation levels in comparison with saturated fat (26). Fur-
thermore, we have reported recently that lipid metabolism is
altered after exposure of cultured hepatocytes to mild oxi-
dative stress (27).

It is now clear that dietary PUFA influence hepatic
gene expression by suppressing the transcription of certain
genes and inducing that of others, and that this leads to
significant changes in lipid and lipoprotein metabolism
(28). In previous work, we have demonstrated that PUFA
delivered to liver cells in chylomicron remnants downregu-
lates the expression of mRNA for two important genes in-
volved in hepatic lipid metabolism, namely, the LDL recep-
tor-related protein (LRP), which is involved in the uptake of
the remnant particles, and the nuclear receptor peroxisome
proliferator-activated receptor o (PPARa), which has an
important role in the regulation of hepatic lipid metabolism.
Moreover, we have shown that these effects are modulated
not only by the type of PUFA predominating in the par-
ticles, with n-3 being more effective than n-6 PUFA, but
also by the oxidative state of the hepatocytes (29). These

findings indicate that dietary PUFA can influence gene tran-
scription directly when they are taken up by the liver in
chylomicron remnants, and that the redox state of the cells
may play an important part in determining the exact re-
sponse elicited.

The aim of the present study was to test the hypothesis
that the direct effects of dietary n-3 PUFA in suppressing
hepatic VLDL secretion when delivered to the liver in chy-
lomicron remnants (21) are related to changes in the tran-
scription of genes encoding key proteins involved in the
synthesis, assembly, and secretion of the VLDL particles,
and that the oxidative state of hepatocytes influences these
changes. The assembly of VLDL particles in the liver is
believed to occur in two steps; first, lipid is transferred by
the microsomal triacylglycerol transfer protein (MTP) to
apoB during translation, and second, the apoB-containing
precursor particles fuse with triacylglycerol droplets to form
mature VLDL (30). Thus, in the absence of MTP, VLDL are
not synthesized (31). In addition, hepatic levels of compo-
nent lipids such as cholesteryl ester and triacylglycerol also
play a role in modulating VLDL formation (32). Cholesteryl
ester synthesis is regulated by acyl coenzyme A:cholesterol
acyltransferase (ACAT), an enzyme that exists in two
forms, ACAT]1, which is widely expressed in tissues, and
ACAT?2, which is found mainly in the liver and intestine.
However, current evidence suggests that ACAT? is respon-
sible for supplying cholesteryl ester for VLDL (30, 33-35).
The only committed step in triacylglycerol synthesis is the
last in the pathway, which is catalyzed by acyl coenzyme
A:diacylglycerol acyliransferase (DGAT) (36). In the pres-
ent study, cultured rat hepatocytes were incubated with chy-
lomicron remnants enriched in n-3 or n-6 PUFA (derived
from fish or corn oil, respectively [37]), and the effects on
the expression of mRNA for apoB, MTP, ACAT2, and
DGAT were determined by reverse transcriptase-
polymerase chain reaction (RT-PCR). For investigation of
the influence of the cellular redox state, mild nontoxic in-
creases or decreases in this parameter were induced by in-
cubation with CuSO, or N-acetyl cysteine (NAC), respec-
tively.

Materials and Methods

Male Wistar rats (300-350 g of body weight) fed a
standard pellet diet were housed under constant day length
(12 hr) and were allowed access to food and water ad libi-
tum. The use of animals was conducted in compliance with
the applicable laws in the United Kingdom, and was ap-
proved by the Royal Veterinary College Ethics and Welfare
Committee.

Sodium pentobarbital, collagenase, bovine serum albu-
min (BSA), Percoll, dexamethasone, NAC, and Menhaden
fish oil were obtained from Sigma-Aldrich Chemical
(Poole, Dorset, UK). RPMI 1640 culture medium, antibiot-
ics, insulin, and fetal bovine serum (FBS) were supplied by
Life Technologies (Paisley, Renfrewshire, Scotland, UK).
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Fetal bovine serum was heat inactivated at 56°C for 30 min
prior to use. '

Preparation of Chylomicron Remnants. Chylo-
micron remnants enriched in n-3 or n-6 PUFA were pre-
pared as described by Lambert et al. (37). Rats were fed a
single dose (1 ml) of corn or fish oil (containing 4 mg/ml
a-tocopherol as antioxidant) by stomach tube, and approxi-
mately 1 hr later, rats were anaesthetized with sodium pen-
tobarbital (60 mg/kg body weight) and the thoracic duct was
cannulated. Chyle was collected (16-18 hr) in the presence
of ampicillin (0.1 mg/ml), layered under 0.9% NaCl (d =
1.006 g/ml) and centrifuged at 30,000g (20 min at 12°C in
a 50.4Ti fixed angle rotor (Beckman Instruments, Fullerton,
CA). Large chylomicrons (d > 100 nm) were harvested
from the top 1-1.5 ml and were injected (3040 wM chy-
lomicron triacylglycerol + 50 mg of added glucose/rat) in-
travenously into anaesthetized rats, which were functionally
hepatectomized by ligation of all blood vessels supplying
the liver and the gut. After 45 min, the blood was with-
drawn, the erythrocytes were removed by centrifugation
(2,500g for 25 min at 12°C), and the serum obtained was
centrifuged for 16 hr at 65,000g. Chylomicron remnants
were collected from the top fraction by tube slicing and
were further purified by layering under 0.9% NaCl (d =
1.006 g/ml), centrifuging at 104,000g for S hr, and collect-
ing of the top 1-1.5 ml by tube slicing. The triacylglycer-
ol:total cholesterol molar ratio was similar in remnants de-
rived from fish or corn oil (fish oil remnants 9.1 £ 1.1; corn
oil remnants 8.7 = 0.9). In addition, our previous studies
have demonstrated that chylomicron remnants prepared in
this way are enriched in the fatty acids predominating in the
oils fed prior to collection of the chylomicrons, and that the
fatty acid composition shows little variation between prepa-
rations (37). We have also shown that the ratio of n-3:n-6
PUFA in total lipids is approximately 10-fold higher in fish
oil (19.8% n-3 PUFA, 15.4% n-6 PUFA, ratio 1.3) as com-
pared with corn oil (4.2% n-3 PUFA, 33.7% n-6 PUFA,
ratio 0.12) remnants (36), and that there is no significant
difference in the diameter (104 and 109 nm) of the particles
or the apolipoprotein composition of the two types of par-
ticles (21, 38).

Preparation and Culture of Hepatocytes. Hepa-
tocytes were isolated by perfusion of rat livers with colla-
genase as described by Ford er al. (39). The cells were
resuspended in RPMI 1640 medium supplemented with so-
dium bicarbonate (2 g/l) penicillin/streptomycin (100 mg/l),
gentamycin (50 mg/l), glucose (2 g/1), pyruvate (110 mg/l),
and dexamethasone (1 pM [incubation medium]), and the
viable cells were separated from the nonviable cells using a
Percoll gradient (0%-70%, v/v) (37). The viable cells were
washed twice (incubation medium) and were resuspended in
incubation medium containing FBS (10%, v/v), and insulin
(4 mg/ml). Cell viability as assessed by trypan blue exclu-
sion was routinely >90%. The hepatocytes were cultured in
Primaria-coated 6-well plates at 37°C in an atmosphere of
95% air/5% CO, as before (21). After attachment of the

cells to the dishes, the medium was removed and replaced
with incubation medium containing 60 g/l insulin (culture
medium). The monolayer cultures were incubated with chy-
lomicron remnants derived from corn or fish oil or with an
equal volume of culture medium, as indicated in the text, at
37°C in air/CO, (95%/5%). In some experiments, the cells
were preincubated with or without CuSO, (1 pM) or NAC
(5 mM) for 24 hr, the medium was removed and replaced
with fresh culture medium, and the chylomicron remnants
were then added. Cell viability as assessed by trypan blue
exclusion after the incubations with CuSO, or NAC was not
different from that in control cells (>90%). For mRNA de-
termination, total RNA was extracted from the cells using a
Promega kit (Promega UK, Southampton, UK) according to
the manufacturer’s instructions.

Analytical Methods. The triacylglycerol and total
cholesterol of the chylomicron remnants was determined
using kits supplied by Sigma-Aldrich.

The relative abundance of mRNA transcripts for the
ACAT2, DGAT, apoB, and MTP were determined by RT-
PCR. First-strand synthesis of cDNA was performed using
Hotstar Taq reverse transcriptase (Qiagen, Crowley, West
Sussex, UK) RT, and amplification was carried out using
the following primers for the appropriate rat (apoB) or
mouse (ACAT2, DGAT, and MTP) genes: ACAT?2, sense,
5'-CCATTGATCTATTCCCTTGTCC-3', antisense,
5'-GAGTCCTTGGGTAGTTGTCTCG-3'; DGAT, sense,
5'-GTGGTGATGCTGATCCTGAGT-3', antisense, GAG-
TATGATGCCAGAGCAAAC-3’, apoB, sense, 5'-
TACCTCCGGCAGCTCCATTCC-3', antisense, 5'-
TGCGCTTCCTGCTCTTGCTGTT-3'; MTP, sense
5'-GCTGGAAGGCTTAATTGCAG-3', antisense, 5'-
CGGGTTTTAGACTCGCGATA-3'. Initial denaturation
was carried out at 95°C for 15 min, followed by 30 (apoB),
32 (DGAT and MTP) or 35 (ACAT2) cycles consisting of
denaturation at 94°C for 1 min, annealing at 56°C (apoB
and ACAT?2) or 58°C (DGAT and MTP) for 1 min, exten-
sion at 72°C for 1 min, followed by final extension at 72°C
for 10 min. The products (ACAT2, 300 bp; DGAT, 329 bp;
apoB, 340 bp, and MTP 321 bp) were analyzed by electro-
phoresis using agarose gels (1.2%, wiv) containing ethidium
bromide (0.5 pg/ml). Product size was verified using a 100-
bp DNA ladder standard (Promega UK). The bands were
quantified by optical density volume analysis and were nor-
malized using the values obtained simultaneously for glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) in the
samples in the same assay system. The primers were de-
signed to produce products of a different size for each the
four genes under investigation. Each primer set was tested
by running tubes containing the sense primer + RNA, the
antisense primer + RNA, both primers without RNA, and
both primers with RNA. In all cases, one band of the ex-
pected product size was obtained when both primers and
RNA were included, and no bands were found in any other
conditions. All samples were diluted appropriately to ensure
that they were assayed on the linear part of the curve of
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band intensity versus RNA concentration for each gene,
which was determined in preliminary experiments (Fig. 1).

Significance limits were calculated using one- or two-
way analysis of variance (ANOVA).

Results

Effect of Chylomicron Remnants Derived from
Corn or Fish Oil on apoB, MTP, ACAT2, and DGAT
mRNA Levels in Cultured Rat Hepatocytes. The lev-
els of mRNA for apoB, MTP, ACAT2, and DGAT were
measured after incubation of cultured rat hepatocytes with
chylomicron remnants derived from corn or fish oil. The
results are shown in Table L. Incubation with corn oil rem-
nants had no significant effect on the amount of mRNA
found in the cells for any of the four genes tested after 5 hr
of incubation, or on mRNA levels for ACAT?2 or apoB after
16 hr of incubation. Experiments with fish oil remnants also
showed no change in the amount of mRNA for DGAT,
MTP (5 hr of incubation), or apoB (5 or 16 hr of incubation)
in the hepatocytes. However, mRNA levels for ACAT?2
were decreased markedly (mean change —50%, range of
—15% to —80%) in cells exposed to fish oil remnants for 16
hr as compared with those incubated without remnants
(Table I and Fig. 2). In addition, the value found with fish
oil remnants was significantly lower than that observed with
corn oil remnants after the 16-hr time point (mean change,
—44%, range of —30% to —69%).

Effect of Treatment of Cultured Rat Hepato-
cytes with NAC or CuSO, on mRNA Levels for
apoB, MTP, ACAT2, and DGAT. In previous work, we
have shown that treatment of cultured hepatocytes with
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Flgure 1. Band intensity versus RNA concentration for GAPDH (A),
apoB (W), ACAT2 (@), DGAT (#), and MTP (V). RNA samples were
diluted as indicated, and the band intensity after RT-PCR was de-

termined by optical density volume analysis. Data from one experi-
ment of two which gave similar results are shown.

NAC (5 mM) or CuSO, (1 pM) for 24 hr alters the thiol
balance so that the GSH:GSSG ratio is approximately 8-fold
higher in CuSO,- as compared with the NAC-trzated cells,
indicating a shift to a pro-oxidizing or pro-reducing state,
respectively (29). However, the treatments did not results in
any significant loss of viability of the cells as assessed by
trypan blue exclusion, general cell morphology under light
microscopy, or the propensity of the cells to detach from the
culture dishes

The effect of incubation of the cells with NAC or
CuSO, for 24 hr on the levels of mRNA for apoB, MTP,
ACAT2, and DGAT are shown in Table II. No effect of
either treatment on the amounts of mRNA for ACAT?2,
MTP, or apoB were observed. However, DGAT mRNA was
significantly reduced in NAC-treated as compared with un-
treated cells (mean change —35%, range of —~22% to —60%).

Effect of Chylomicron Remnants Derived from
Corn or Fish Qil on apoB, MTP, ACAT2, and DGAT
mARNA Levels in Cultured Rat Hepatocytes. Table
11T shows the effects of corn or _fish oil remnants on mRNA
levels for apoB, MTP, ACAT2, and DGAT in hepatocytes
pretreated with CuSO, or NAC for 24 hr. ACAT2 mRNA
was significantly reduced after 5 hr of incubation without
remnants in NAC-treated as compared with untreated and
CuSO,-treated cells (NAC versus untreated: mean change
of ~-32%, range of —49% to —18%; NAC versus CuSO,;:
mean change of —32%, range of —48% to —16%). Parallel
decreases were also observed in the presence of corn or fish
oil remnants, although the difference between CuSO,- and
NAC-treated cells did not reach significance with fish oil
remnants, The effect of NAC treatment in lowering DGAT
mRNA after the 24-hr pretreatment period (see Table II)
was maintained after 5 hr of incubation in the absence of
remnants (mean change of —42%, range of -25% to —57%),
but these differences were abolished when either corn or
fish oil remnants were included in the incubations, In the
case of MTP mRNA (Table II and Fig. 3), levels were not
significantly different in untreated as compared with
CuSO,-treated cells regardless of whether remnants were
present or not. However, in NAC-treated cells, fish oil rem-
nants caused an increase in the value observed compared
with untreated cells (mean change of +89%, range of +64%
to +115%). Furthermore, when the hepatocytes were pre-
treated with either CuSO, or NAC, there was a marked rise
in MTP mRNA after incubation with fish oil remnants as
compared with without remnants (CuSO,: mean change of
+118%, range of +58% to +273%; NAC: mean change
+277%, range +59% to +385%). mRNA levels for apoB
showed no significant change in the presence or absence of
remnants after CuSO, or NAC treatment in comparison
with untreated cells. However, there was a small but sig-
nificant increase in apoB mRNA levels in NAC-treated cells
incubated with fish oil remnants as compared with those
found with cells incubated with corn oil remnants (mean
change of +38%, range of +23% to +44%).
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Table I. Effect of Chylomicron Remnants Derived from Corn or Fish Oil on apoB, MTP, DGAT, and ACAT2
mRNA Levels in Cultured Rat Hepatocytes

Treatment Time ACAT2 DGAT MTP ApoB
None S5hr 0.28 £ 0.03 (4) 0.45+0.10 (4) 0.46 + 0.08 (4) 0.83 + 0.05 (4)
16 hr 0.34 £ 0.02 (5) ND ND 0.78 + 0.17 (4)
Corn remnants 5hr 0.32+0.04 (4) 0.35 + 0.04 (4) 0.63+0.18 (4) 0.83 + 0.08 (3)
16 hr 0.30 + 0.06 (4) Ny ND 0.95 x 0.15 (5)
Fish remnants 5hr 0.21 £ 0.07 (3) 0.42 £ 0.07 (4) 0.70 = 0.11 (4) 0.72 £ 0.14 (3)
16 hr 0.17 + 0.06 (5)*2 ND ND 0.61 +0.13 (4)

Note. Hepatocytes were incubated witifshylomicron remnants derived from corn or fish oil (0.3 pmol triacylglycerol/ml) for 5 or 16 hr. Total
mRNA was then extracted from the cells and the relative abundance of mRNA for apoB, MTP, DGAT, and ACAT2 wés determined by RT-PCR.
The bands we#e quantified by optical density volume analysis, and the values were normalized using those obtained for GAPDH in the same
assay system Data are expressed as the ratio of apoB, MTP, DGAT, or ACAT2:GAPDH and are the mean + SEM from the number of
experiments shown in parentheses. Significance limits: *P < 0.05 vs corresponding control (no remnants); 2P < 0.05 vs corn oil remnants

(two-way ANOVA, remnant type x time). ND, not determined.

Sh 16h
FR CR NR FR CR NR

Figure 2. Hepatocytes were incubated without (NR) or with chylo-
micron remnants derived from corn (CR) or fish oil (FR; 0.3 uyM
triacylglycerol/ml) for 5 or 16 hr. Total mRNA was then extracted
from the cells and the relative abundance of mRNA for ACAT2 was
determined by RT-PCR. Bands obtained for ACAT2 and GAPDH in
a typical experiment from three to five experiments performed are
shown.

Discussion .

It has been established in many previous studies that
dietary n-3 PUFA decrease plasma triacylglycerol levels by
suppressing VLDL secretion by the liver. Feeding fish oil
has been shown to decrease the hepatic secretion of triac-
ylglycerol and apoB in humans and experimental animals
(1618, 40), and direct addition of eicosapentaenoic acid to
hepatocyte cultures has also been found to have a similar
effect (40, 41). However, to study the direct effects of di-
etary fatty acids on VLDL secretion when they are delivered
to the liver from the gut, it is necessary to examine the
effects of the physiological carrier, chylomicron remnants,
using cultured hepatocytes because the changes observed in
feeding experiments could be caused by subsequent changes
in the fatty acid composition of the tissues or endogenous
lipoproteins such as LDL. In recent work taking this type of
approach, we have demonstrated that n-3 PUFA carried in
chylomicron remnants directly suppress the secretion of
triacylglycerol, cholesterol;-and apoB48 in cultured rat liver
cells (21). Therefore, the initial objective of the present
work was to determine whether the mechanism of these
effects involves changes in the transcription of various
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genes that have an important role in the regulation of he-
patic VLDL synthesis, assembly, and secretion.

We have shown previously that chylomicron remnants
derived from fish or corn oil prepared in vivo from rats as
described in “Materials and Methods™ are enriched in n-3
(mainly eicosapentaenoic and docosahexaenoic acids) or
n-6 (mainly linoleic acid) PUFA, respectively, with the
n-3:n-6 ratio being 10-fold higher in the former, and that the
two types of particles are similar in all other respects, in-
cluding their size and lipid and apolipoprotein content (21,
37, 38). Therefore, any differences in the effects of the
remnants derived from fish or corn oil must be caused by
the difference in their fatty acid composition.

ApoB exists in two forms, apoB100 and apoB48, which
corresponds to the N-terminal 48% of apoB100 (42). The
two proteins are encoded by the same gene, and apoB48 is
produced after post-transcriptional modification of the full-
length mRNA transcript by the introduction of a stop signal
at codon 2153 (43). ApoB is required for the assembly and
secretion of VLDL by the liver, and rat VLDL contains both
apoB100 and apoB48 (44, 45). It has been reported previ-
ously that the secretion of apoB48, but not apoB100, by rat
liver is inhibited by fish oil feeding (20, 40), but that the
levels of apoB mRNA are unaffected. Moreover, studies in
our laboratory have demonstrated that the suppression of
apoB48 secretion occurs directly when n-3 PUFA are de-
livered to hepatocytes in chylomicron remnants (21), but is
not accompanied by changes in the transcription of apoB,
and this latter finding was confirmed in the present study
(Table I). Therefore, we conclude that dietary n-3 PUFA do
not affect the synthesis of apoB at the transcriptional level.

Hepatic MTP mRNA levels have been shown to be
influenced by dietary fats, with levels being increased by
saturated as compared with monounsaturated and n-6
PUFAs (46). However, the effects of dietary n-3 PUFA do
not appear to have been reported previously. Our finding
that there was no significant change in MTP mRNA abun-
dance after incubation of hepatocytes with fish oil chylo-
micron remnants as compared with corn oil remnants or with-
out remnants (Table I) indicates that the effects of remnants
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Table . Effect of CuSO, and NAC Treatment on apoB, MTP, DGAT, and ACAT2 mRNA Levels in Cultured
Rat Hepatocytes

Treatment ACAT2 DGAT MTP ApoB
None 0.85 + 0.07 0.52 £ 0.08 0.44 +0.08 1.26 + 0.17
CuSO0, 0.87 £ 0.05 0.43+£0.07 0.43 +£0.08 1.26 £ 0.18
NAC 0.73+0.07 0.34 +0.13" 0.46 + 0.05 1.14£0.12

Note. Hepatocytes were incubated without (no treatment) or with CuSO,, (1 pM) or NAC (5 mM) for 24 hr. Total mRNA was then extracted from
the cells and the relative abundance of mRNA for apoB, MTP, DGAT, and ACAT2 was determined by RT-PCR. The bands were quantified
by optical density volume analysis, and the values were normalized using those obtained for GAPDH in the same assay system. Data are
expressed as the ratio of apoB, MTP, DGAT, or ACAT2:GAPDH and are the mean + SEM from four experiments. Significance limits: *P < 0.05
vs untreated cell (one-way ANOVA).

Table lll. Effect of Chylomicron Remnants Derived from Fish or Corn Oil on apoB, MTP, DGAT, and ACAT2
mRNA Levels in NAC- and CuSO,-Treated Hepatocytes

Remnant No
Gene type treatment CuSO, NAC
ACAT2 None 0.82 +£0.13 (4) 0.82 £ 0.12 (4) 0.56 + 0.15 (4)2°
Corn 0.68 + 0.15 (4) 0.72 £ 0.16 (4) 0.54 + 0.17 (4)%°
Fish 0.63 + 0.09 (4) 0.60 + 0.05 (4) 0.52 + 0.07 (3)2
DGAT None 0.45+0.10 (4) 0.33 + 0.08 (4) 0.26 + 0.07 (4)®
Corn 0.35 + 0.04 (4) 0.31 £ 0.05 (4) 0.26 + 0.03 (4)
Fish 0.42 + 0.07 (4) 0.48 £ 0.04 (4)* 0.47 + 0.07 (4)*
MTP None 0.46 + 0.08 (4) 0.50 x 0.09 (4) 0.35 + 0.09 (4)
Corn 0.63 +0.18 (4) 0.80 £ 0.25 (4) 0.66 £ 0.20 (4)
Fish 0.70 £ 0.11 (4) 1.09 £ 0.26 (4)* 1.32 £ 0.33 (4)**@
ApoB None 1.37 £ 0.20 (4) 1.36 + 0.13 (4) 1.32 £ 0.14 (4)
Corn 1.20 + 0.05 (4) 1.31 £ 0.13 (4) 1.12+0.14 (4)
Fish 1.16 £ 0.17 (4) 1.29 + 0.19 (4) 1.55 + 0.33 (3)*

Note. Hepatocytes were incubated without (no treatment) or with CuSO,, (1 uM) or NAC (5 mM) for 24 hr and the medium was then replaced
with fresh medium containing chylomicron remnants derived from corn or fish oil (0.3 pmol triacylglycerol/ml) and the incubation continued for
an additional 5 hr. Total mMRNA was extracted from the cells and the relative abundance of mRNA for apoB, MTP, DGAT, and ACAT2 was
determined by RT-PCR. The bans were quantified by optical density volume analysis, and the values were normalized using those obtained
for GAPDH in the same assay system. Data are expressed as the ratio of apoB, MTP, DGAT, or ACAT2:GAPDH and are the mean + SEM
from the number of experiments shown in parentheses. Significance limits: *P < 0.05 vs no remnants with same redox treatment: *P < 0.05
vs com remnants with same redox treatment; 2P < 0.05 vs untreated cells incubated with the same remnant type or without remnants: °P <

0.05 vs CuSOQ,-treated cells incubated with same remnant type or without remnants (two-way ANOVA, remnant type x redox treatment).

4—NR—P<4+—CR—P»<“—FR—»>

1 2 3 1 2 3 1 2 3

GAPDH
MTP

enriched in n-3 PUFA in suppressing VLDL secretion dem-
onstrated in our earlier work do not involve effects on MTP
at-the transcriptional level. Decreased activity of DGAT,
causing a reduction in the availability of triacylglycerol, has
been suggested as another possible contributory factor in the
suppression of VLDL secretion by dietary n-3 PUFA (47).
However, our experiments show that DGAT mRNA levels
are not affected by exposure of hepatocytes to chylomicron
remnants enriched in either n-3 or n-6 PUFA (Table I), and
this is consistent with previous work showing that hepatic
DGAT activity was not changed in rats fed fish oil (48).
Because VLDL secretion is thought to be dependent on

Figure 3. Hepatocytes were incubated without (no
treatment) or with CuSO,, (1pM) or NAC (5 mM) for 24 hr
and the medium was then replaced with fresh medium
containing chylomicron remnants derived from corn (CR)
or fish oil (FR; 0.3 uM triacylglycerol/ml) or without rem-
nants (NR) and the incubation continued for an addi-
tional 5 hr. Total MRNA was extracted from the cells, and
the relative abundance of mRNA for MTP was deter-
mined by RT-PCR. Bands obtained for MTP and
GAPDH in a typica! experiment from four experiments
performed are shown. 1, no treatment; 2, CuSQ, treated,;
3, NAC treated.

cholesteryl ester synthesis (33), the expression of ACAT is
another possible target for the action of n-3 PUFA. In an
earlier study, we found that the activity of ACAT in cultured
rat hepatocytes is decreased by chylomicron remnants de-
rived from fish oil. Levels of mRNA for ACAT] were
unaffected, but the amount of ACAT2 mRNA was de-
creased by fish oil remnants (49), and a similar effect was
observed in the present study (Table I and Fig. 2). Thus, the
regulation of the transcription of ACAT2, but not apoB,
MTP, or DGAT, appears to play a role in the direct sup-
pression of hepatic VLDL secretion by n-3 PUFA delivered
to the liver in chylomicron remnants.
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The role of the liver in detoxification and lipid process-
ing renders it susceptible to oxidative stress (25), which may
have important effects on hepatocyte function. Mild, non-
toxic manipulation of hepatocyte redox levels has been
shown in our laboratory and others to influence lipid syn-
thesis, mitochondrial and microsomal cholesterol levels,
and the activity of enzymes such as the lysosomal cho-
lesteryl ester hydrolase (27, 50, 51). The GSH:GSSG ratio
within cells is known to play an important role in regulating
intracellular redox balance, and we have shown previously
that treatment of rat hepatocytes with CuSO, or NAC for 24
hr alters this parameter without detectable loss of cell vi-
ability, with the ratio being 8-fold higher in CuSO,- as
compared with NAC-treated cells (29). Thus, the treatments
shift the cells into pro-oxidizing or pro-reducing states, re-
spectively. Our studies indicated that although these types
of redox changes in themselves do not alter the transcription
of the genes encoding the LDL receptor, the LDL receptor-
related protein (LRP), or PPARa, they do influence the
response of mRNA levels of these genes to dietary PUFA
taken up by the liver from chylomicron remnants. For ex-
ample, the abundance of mRNA for all three genes in the
presence of remnants enriched in n-3 PUFA was increased
in pro-reducing as compared with pro-oxidizing cells (29).
However, the effects of the hepatic redox state on the ex-
pression of mRNA for the genes involved in VLDL synthe-
sis under investigation in the present work are not known.

The results presented here demonstrate that levels of
mRNA for apoB and MTP were unaffected by either NAC
or CuSQ,, both .immediately after 24 hr of exposure, and
after an additional 5 hr of incubation in the absence of the
compounds (Tables II and III), indicating that the transcrip-
tion of these genes is unaffected by the cellular redox state.
In contrast, the amount of DGAT mRNA (at both time
points) and ACAT2 mRNA (5 hr after removal of the
CuSO, or NAC) was decreased in NAC-treated as com-
pared with untreated cells (and CuSO,-treated cells in the
case of ACAT?2), suggesting that triacylglycerol and cho-
lesteryl ester synthesis is downregulated in pro-reducing
conditions. In addition to these changes, the response of
transcription of all the genes tested, except ACAT?, to chy-
lomicron remnants was altered by manipulation of the cel-
lular redox state. Moreover, the effects observed varied de-
pending on whether the remnants were enriched in n-3 or
n-6 PUFA. In general, the main differences were observed
in pro-reducing conditions and with fish oil as compared
with corn oil remnants (Table III).

The downregulation of ACAT2 mRNA expression in
NAC-treated cells was maintained in the presence of both
corn oil and fish oil chylomicron remnants, but the effect on
DGAT was abolished, suggesting that the influx of fatty
acids from chylomicron remnant triacylglycerol counteracts
the suppressive effect of the reducing conditions on the
transcription of the gene. However, the most striking effects
of the changes in the cellular redox state were observed on
the response of MTP mRNA to fish oil remnants (Table 111

and Fig. 3). In CuSO,- or NAC-treated cells, fish oil rem-
nants caused increases of about 2- or 4-fold, respectively, in
hepatocyte MTP mRNA levels, although they had no sig-
nificant effect in untreated cells (Table III). In marked con-
trast, no changes in MTP mRNA expression were observed
in incubations with corn oil remnants in any redox condi-
tions. In addition, a parallel, but much smaller, change in
apoB mRNA was found when NAC-treated cells were ex-
posed to fish oil remnants as compared with corn oil rem-
nants. Assuming that these changes result in increased ex-
pression of MTP and apoB protein, they would be expected
to lead to a rise in VLDL secretion in hepatocytes exposed
to remnants enriched in n-3 as compared with n-6 PUFA in
pro-reducing and to a lesser extent in pro-oxidizing cells.
Because this is exactly opposite to the effects of the two
types of remnants in normal cells, these findings suggest
that the cellular redox state is profoundly important in de-
termining the response of hepatic VLDL output to dietary
n-3 or n-6 PUFA.

In previous work, we have demonstrated that in pro-
reducing conditions, the expression of the LDL receptor,
LRP, and PPAR« in rat hepatocytes is upregulated by chy-
lomicron remnants derived from fish, but not corn oil (29).
Therefore, it appears that a shift to more reducing conditions
in the cells enables dietary n-3 PUFA to influence the tran-
scription of a variety of genes involved in the processing of
dietary lipids. The highly unsaturated n-3 components of
fish oil, eicosapentaenoic (C20:5) and docosahexaenoic
(C22:6) acids, are easily peroxidized, and their intake in the
diet is known to increase lipid peroxidation in the liver in
comparison with the less highly unsaturated n-6 PUFA, lin-
oleic acid (C18:2), which is the major fatty acid in corn oil
(52, 53). EPA and DHA have also been shown to increase
lipid peroxidation to a greater extent than linoleic acid in
cultured rat hepatocytes (54). However, in response, liver
cells appear to upregulate their antioxidant defenses. The
expression of genes for various antioxidant enzymes, in-
cluding superoxide dismutase and glutathione transferase,
has been shown to be induced by dietary n-3 as compared
with n-6 PUFA in mice using high:densit){ oligonucleotide
arrays, whereas the expression of genes related to the pro-
duction of ROS was decreased (55). Furthermore, at the
functional level, the activities of enzymes such as catalase
and glutathione peroxidase have been found to be increased
(56) by dietary fish oil. Therefore, it is clear that complex
interactions occur between n-3 PUFA of dietary origin and
the cellular redox state, and that these often result in
changes at the gene level.

The results of the present study demonstrate that the
suppression of VLDL secretion by dietary n-3 PUFA deliv-
ered to hepatocytes in chylomicron remnants is not associ-
ated with changes in the transcription of the genes for apoB,
MTP, or DGAT in cells in their basal redox state, but that
downregulation of the expression of mRNA for ACAT2
may have a role in this effect. However, mild, nontoxic
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changes in the oxidative state of the liver cells, particularly
to pro-reducing conditions, caused striking changes in the
response of levels of MTP mRNA (and to a lesser extent,
apoB mRNA) to remnants enriched in n-3 PUFA, which
suggest that VLDL production may be increased rather than
decreased in this case. These findings indicate that relatively
minor changes in cellular redox levels can have a major
influence on important liver functions such as VLDL syn-
thesis and secretion, and they highlight the importance of
further investigation of the mechanism of these effects.
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