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How ω-3 and ω-6 polyunsaturated fatty acids (PUFAs) lower plasma lipid levels is incompletely understood. 
We previously showed that marine ω-3 PUFAs (docosahexaenoic acid [DHA] and eicosapentaenoic acid) 
stimulate a novel pathway, post-ER presecretory proteolysis (PERPP), that degrades apolipoprotein B100 
(ApoB100), thereby reducing lipoprotein secretion from liver cells. To identify signals stimulating PERPP, 
we examined known actions of ω-3 PUFA. In rat hepatoma or primary rodent hepatocytes incubated with ω-3 
PUFA, cotreatment with the iron chelator desferrioxamine, an inhibitor of iron-dependent lipid peroxidation, 
or vitamin E, a lipid antioxidant, suppressed increases in thiobarbituric acid–reactive substances (TBARSs; a 
measure of lipid peroxidation products) and restored ApoB100 recovery and VLDL secretion. Moreover, ω-6 
and nonmarine ω-3 PUFA, also prone to peroxidation, increased ApoB100 degradation via intracellular induc-
tion of TBARSs. Even without added fatty acids, degradation of ApoB100 in primary hepatocytes was blocked 
by desferrioxamine or antioxidant cotreatment. To extend these results in vivo, mice were infused with DHA, 
which increased hepatic TBARSs and reduced VLDL-ApoB100 secretion. These results establish a novel link 
between lipid peroxidation and oxidant stress with ApoB100 degradation via PERPP, and may be relevant to 
the hypolipidemic actions of dietary PUFAs, the basal regulation of ApoB100 secretion, and hyperlipidemias 
arising from ApoB100 overproduction.

Introduction
Apolipoprotein B100 (ApoB100) is the critical protein compo-
nent of VLDL, LDL, and lipoprotein (a), the major atherogenic 
lipoproteins derived from human liver. Assembly of ApoB100 into 
lipoproteins begins when the nascent polypeptide translocates 
into the ER lumen, where it associates with lipids in a process 
facilitated by the microsomal triglyceride transfer protein (MTP). 
Unlike synthesis of the majority of hepatic secretory proteins, that 
of ApoB100 is nearly constitutive, and its secretion is regulated 
primarily by co- and posttranslational degradation (for a recent 
review, see ref. 1).

We recently characterized a novel pathway for the degradation of 
newly synthesized ApoB100 within cells of hepatic origin (2). This 
pathway, which we have called post-ER presecretory proteolysis 
(PERPP), acts after the early MTP-dependent steps of lipoprotein 
assembly and preferentially targets large (lipid-rich) ApoB-lipo-
proteins and decreases their secretion. Importantly, PERPP is dis-

tinct from the two previously described pathways for degradation 
of newly synthesized ApoB100, namely, ER-associated degrada-
tion (ERAD) and reuptake (1). The PERPP pathway, therefore, fills 
an important gap in our understanding of the physiologic control 
of ApoB100 secretion.

The ERAD pathway appears to be most active during cellular 
deficiency of lipids or of lipid transfer and has been demonstrated 
in vitro and in vivo (2, 3). Under these circumstances, less newly syn-
thesized ApoB100 is required for lipoprotein assembly, and the rela-
tive excess is degraded by the proteasome. On the other hand, under 
conditions where the supply of lipids is not a limitation, ApoB100 
secretion can still be regulated at a posttranscriptional level, as 
exemplified by the changes in lipoprotein secretion when differ-
ent types of fatty acid are supplied to liver cells (4). Consistent with 
their dietary effects on plasma lipoprotein levels (5, 6), ApoB100 
secretion is reduced by the fish oil (marine) ω-3 fatty acids and is 
increased by saturated fatty acids, with alterations in PERPP being 
responsible for these changes (2, 4). In addition, based on either 
subcellular fractionation or proteasome inhibitor studies, PERPP 
may also be responsible for alterations in ApoB100 secretion caused 
by other metabolic factors, such as the administration of insulin 
(7), insulin resistance (8), and choline deficiency (9).

The goal of the present study was to discover the biochemical 
basis for the stimulation of PERPP by marine ω-3 fatty acids. Six 
actions of these fatty acids have been reported in the literature, 
and each action was considered whether or not it was already 
known to alter VLDL secretion. Two of these, suppression of tri-
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glyceride synthesis (10, 11) and stimulation of PPARα (12), were 
not a focus here, because there is already evidence against their 
participation in effects of ω-3 fatty acids on hepatic ApoB100 out-
put (e.g., refs. 13, 14). Thus, we examined the other four actions: 
stimulation of LDL receptor activity (15, 16); action as precursors 
of eicosanoids (17); stimulation of Ca2+ flux (18, 19); and, because 
of the presence of multiple unsaturated bonds, action as robust 
substrates for lipid peroxidation and inducers of oxidant stress. 
Of these, only LDL receptor activity (16, 20–22) and calcium 
flux (23–25) had been reported to affect the secretion VLDL or 
ApoB100, although, regarding the LDL receptor, there has been 
some controversy (e.g., refs. 26, 27).

Surprisingly, the results of the present experiments in vitro and 
in vivo provide strong evidence that stimulation of ApoB100 deg-
radation by marine ω-3 fatty acids requires increased generation 
of lipid peroxidation products. Moreover, other easily peroxidized 
lipid molecules — ω-6 and nonmarine ω-3 polyunsaturated fatty 
acids (PUFAs) — act similarly. Besides introducing a novel regu-
latory mechanism for hepatic ApoB-lipoprotein production, the 
results have significant implications for the mechanisms of the 
well-known lipid-lowering effect of dietary PUFA, and, as will be 
explained, for basal regulation of ApoB100 secretion, hyperlipid-
emias arising from ApoB100 overproduction, and the ineffective-
ness of antioxidants in recent clinical trials (28–30).

Results
The LDL receptor does not contribute to docosahexaenoic acid–induced 
ApoB100 degradation. In our previous study, we ruled out a role for 
LDL receptor–mediated cell-surface reuptake (20) in the effects of 
ω-3 fatty acids on VLDL secretion (2). We therefore sought to inves-
tigate a possible role for LDL receptors in any cellular compart-
ment. Primary hepatocytes were prepared from LDL receptor–defi-
cient (Ldlr-KO; ref. 31) and wild-type mice. The cells were pretreated 
with BSA (0.12 mM; control) or docosahexaenoic acid (DHA)/BSA 
(0.6 mM/0.12 mM) for 2 hours. They were then pulse-labeled with 
[35S]-methionine/cysteine ([35S]-Met/Cys) for 30 minutes, and 
chased (in the presence of BSA or DHA/BSA) for 30 or 120 min-
utes. As shown in Figure 1A, DHA stimulated substantial degrada-
tion of newly synthesized ApoB100 even in the complete absence of 
cellular LDL receptors. Furthermore, when incubated in the same 
medium, Ldlr-KO and wild-type hepatocytes degraded essentially 
identical amounts of newly synthesized ApoB100 (compare Figure 
1A with Figure 1B), indicating no detectable role for LDL receptors 
under the conditions of this experiment. This may be related to 
the recent finding that the LDL receptor influences the secretion 
of small, dense ApoB-lipoproteins (32), whereas PERPP predomi-
nantly affects the secretion of larger, buoyant ones (2).

Enzymatic conversion of DHA to eicosanoids is not required for the stimu-
lation of ApoB100 degradation. DHA is a substrate for cyclooxygenase 
and can give rise to eicosanoids with pleiotropic biological effects 
(17). In four separate pulse-chase studies, we found that high 
concentrations of aspirin, a potent cyclooxygenase inhibitor (33), 
did not impair the ability of DHA to induce ApoB100 degrada-
tion (e.g., 30% ± 5% recovery without aspirin; 33% ± 3% with 5 mM 
aspirin). These results are consistent with prior studies indicating 
that fish oils are relatively poor cyclooxygenase substrates and that 
cyclooxygenase activity is naturally low in hepatic cells (17).

DHA-induced ApoB100 degradation is independent of calcium flux. 
DHA can increase intracellular Ca2+ in a number of extrahepatic cell 
types (e.g., refs. 18, 19), and changes in calcium metabolism have 

been reported to affect VLDL production (e.g., refs. 23–25). There-
fore, we used several strategies to investigate the role of increased 
intracellular calcium in the effects of marine ω-3 fatty acids on the 
degradation of newly synthesized ApoB100 in hepatocytes.

First, to eliminate calcium influx, the calcium-containing medi-
um routinely used was replaced by calcium-free medium (no. 
21068-028; Life Technologies Inc., Carlsbad, California, USA) for 
the entire experiment (pretreatment, pulse, and chase periods). In 
addition, calcium-free PBS was used to wash the cells. In pulse-
chase studies in McArdle RH7777 (McA) cells, the recovery of total 
[35S]-ApoB100 was not affected by the absence of calcium from the 
medium (data not shown). Second, several agents that manipulate 
intracellular calcium concentrations or flux also had no effect on 
DHA-stimulated ApoB100 degradation (data not shown): (a) GdCl3 

(100 mM), a general blocker of stretch-activated calcium channels 
(34); (b) thapsigargin (2 μM), which depletes the ER calcium pool 
and increases cytosolic calcium (35); and (c) the calcium ionophore 
A23187 (0.5 μg/ml), which increases calcium influx (36). Finally, the 
inhibitor E64d (10 μM), which inhibits calpains and other cysteine 
proteases, had no significant effect on recovery of ApoB100 from 
DHA-treated McA cells (29% ± 6% without vs. 34% ± 4% with E64d).

Overall, then, there is no evidence to support DHA-induced per-
turbations of the influx or intracellular concentration of calcium 
as the basis for the stimulation of degradation of newly synthe-
sized ApoB100 in hepatocytes.

DHA-stimulated degradation of newly synthesized ApoB100 requires 
increases in the cellular content of lipid peroxides. Owing to their 

Figure 1
DHA stimulates ApoB100 degradation in primary hepatocytes inde-
pendent of the LDL receptor. Primary hepatocytes from Ldlr-KO (A) 
or wild-type (B) C57BL/6J male mice were maintained overnight in 
modified Waymouth’s medium. Cells were then incubated with either 
BSA or DHA/BSA complexes and subjected to the pulse-chase proto-
col described in the text. Chase medium and cell lysate samples were 
harvested at the indicated time points for immunoprecipitation/SDS-
PAGE analysis of newly synthesized ApoB100. The fluorograms shown 
here on the right, as well as in the following figures, were representative 
of three independent experiments, in each of which at least duplicate 
wells were analyzed. The graph summarizes the recovery data of total 
(cell lysate + medium) labeled ApoB100 as determined by densitomet-
ric analysis of the fluorograms. The arrows in this and the other figures 
indicate the position of the ApoB100 band. *P < 0.001 vs. BSA.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 113   Number 9   May 2004 1279

numerous double bonds, eicosapentaenoic acid (EPA) and DHA 
are excellent substrates for iron-dependent peroxidation reac-
tions that can give rise to lipid peroxides, reactive lipid oxygen 
species, and increased oxidant stress (37, 38). To explore the 
involvement of lipid peroxidation in DHA-stimulated degrada-
tion of newly synthesized ApoB100, we used desferrioxamine 
(DFX), a specific chelator for iron (39), which inhibits iron-
dependent lipid peroxidation. As shown in Figure 2A, McA cells 
treated with DHA exhibited a large increase in their content of 
thiobarbituric acid–reactive substances (TBARSs), a common 
measure of lipid peroxidation products (∼4.6-fold over cells 
treated with either BSA or oleic acid (OA)/BSA complexes; data 
not shown), which was completely abolished by cotreatment with 
DFX. Most importantly, DFX cotreatment also increased the 
total recovery of [35S]-ApoB100 from DHA-treated cells almost 
threefold relative to the peak incorporation of isotope in the BSA 
group (Figure 2B). This represented a 72% inhibition of DHA-
induced ApoB100 degradation.

Because DFX passes across the plasma membrane, we next 
sought to determine whether extracellular iron, intracellular iron, 
or both are important for the effects of DHA on ApoB100 degra-
dation. Thus, we used a nonpermeable chelator for iron, diethy-
lenetriaminepentaacetic acid (DTPA) (40). Unlike DFX, DTPA 
failed to inhibit the induction of cellular ApoB100 degradation 
by DHA (Figure 2C). Consistent with this failure was the inability 
of DTPA to inhibit the DHA-stimulated increase in TBARSs (data 
not shown). Therefore, only the cell-permeable chelator DFX pro-
tects ApoB100, indicating that the generation of lipid peroxides 
essential for this process occurs intracellularly.

To verify the key role of lipid peroxidation in ApoB100 degra-
dation, we inhibited this process by a method distinct from iron 
chelation. Cotreatment of McA cells with the natural lipid antioxi-
dant vitamin E efficiently blocked both the DHA-induced accu-

mulation of TBARSs in the cells (Figure 2A) and the enhanced 
degradation of newly synthesized ApoB100 (Figure 2B).

We were interested in whether the effects of DHA on ApoB100 
degradation were limited to the treatment time we typically study 
(4 hours or less). To approach this issue, a longer-term study 
was undertaken in which McA cells were incubated for up to 12 
hours with fatty acid/BSA (FA/BSA) complexes (either DHA/BSA 
or OA/BSA; because of the prolonged exposure of the cells to 
unsaturated fatty acid, the final concentration for either was 
reduced to 0.3 mM to prevent cytotoxicity). After every 4 hours, 
up to 12 hours, the conditioned medium was collected and fresh 
medium applied, so that the recovery of labeled ApoB100 from 
the conditioned medium of the first and last 4-hour intervals 
could be compared. At the end of the first 4-hour interval, relative to 
recovery from OA-treated cells, the recovery of labeled ApoB100 
from the DHA-treated cells was 49% ± 6%. In the last 4-hour peri-
od, the decrease in ApoB100 recovery from the DHA-treated cells 
was not only maintained but magnified, to only 15% ± 5% of the 
OA-treated value.

Taken together, our data in vitro show that DHA-induced 
ApoB100 degradation is strongly associated with, and depends on, 
the substantial cellular accumulation of lipid peroxidation prod-
ucts, and that the effects of DHA on ApoB100 degradation can be 
sustained for at least 12 hours.

Blockage of DHA-induced lipid peroxidation restores the secretion of 
ApoB100 on VLDL particles. In our studies of ERAD of ApoB100, 
we noted that proteasomal inhibitors did not increase the secre-
tion of ApoB-lipoproteins; instead, the rescued ApoB100 remained 
intracellular, associated with the ER (41, 42). Because ApoB100 
degradation induced by marine ω-3 fatty acids is mediated by 
PERPP, a process independent of ERAD (2), we now sought to 
determine whether the rescue of ApoB100 by DFX or vitamin E 
also increases the secretion of ApoB100.

For this purpose, we preincubated the McA cells for 1.5 hours 
with DHA, then labeled the cells to steady state with [35S]-Met/Cys 
for 3 hours. The medium was collected to recover [35S]-ApoB100. 
The accumulation of labeled ApoB100 in medium from DHA-
treated cells was only 16% of the BSA control value (Figure 3A), 
which is consistent with the pulse-chase data (Figure 2). Cotreat-
ment with either DFX or vitamin E substantially increased the 
secretion of ApoB100 approximately fourfold over that obtained 
by DHA alone (Figure 3A).

Figure 2
Cotreatment of McA cells with DHA and either an intracellular iron 
chelator or an antioxidant inhibits ApoB100 degradation and the 
increase in intracellular lipid peroxidation. (A) McA cells were pretreat-
ed for 1 hour with medium containing BSA or DHA/BSA complexes, 
followed by a 3-hour incubation in medium containing BSA, DHA/BSA, 
DHA/BSA plus 100 μM DFX, or DHA/BSA plus 120 μM vitamin E (vit E). 
Cells were then harvested for TBARS assays. *P < 0.01 vs. DHA. (B) 
McA cells were pretreated with BSA or DHA/BSA for 2 hours and then 
subjected to a pulse-chase study similar to that illustrated in Figure 
1, except that DFX or vitamin E was administered 45 minutes before 
labeling and was present in the medium thereafter. The composite fluo-
rogram displays representative total labeled ApoB100 recovery data, 
and the graph summarizes three complete experiments with each 
treatment applied to triplicate wells. *P < 0.01 vs. DHA. (C) A similar 
pulse-chase study was carried out, but DFX was replaced by the cell-
impermeable iron chelator DTPA (100 μM). Recovery and fluorography 
of labeled ApoB100 were done as in Figure 1.
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Because ω-3 fatty acid–induced ApoB100 degradation prefer-
entially targets large, buoyant lipoproteins (2), we next sought to 
determine whether these particles would be preferentially rescued 
by DFX or vitamin E and appear in the medium. Sucrose den-
sity gradient ultracentrifugation of media indicated that under 
control conditions, 63% of the total ApoB100 that was secret-
ed by McA cells was in the form of VLDL (i.e., in the d ≤ 1.006 
fraction; Figure 3B). DHA incubation reduced VLDL-ApoB100 
secretion to only 34% of the total ApoB100 output from these 
cells. Importantly, DFX or vitamin E restored the fraction of the 
total ApoB100 that was secreted as VLDL to 60% or 63%, respec-
tively; i.e., essentially the control value (Figure 3B). Thus, inhibi-
tion of lipid peroxidation substantially prevented DHA-induced 
ApoB100 degradation and the preferential loss of large, buoyant 
ApoB-lipoproteins from conditioned media.

Lipid peroxidation regulates the secretion of Apolipoprotein E (ApoE), 
but not its degradation. We have previously reported that DHA or 
EPA decreased the recovery of metabolically labeled ApoE from 
rat hepatic cells (2). To determine whether the basis for this was 
the same as for the effects of DHA or EPA on ApoB100 secretion, 
i.e., an increase in degradation related to cellular lipid peroxide 
levels, pulse-chase studies similar to those described above were 
performed in rat primary hepatocytes and McA cells, with similar 
results obtained from either cell type.

As shown in Figure 4A, the recoveries of total labeled ApoE 
(cell+medium) from rat primary hepatocytes were not significantly 
different among the treatments (OA, DHA, and DHA+DFX), which 
is consistent with the reports that ApoE is relatively resistant to 
intracellular degradation (e.g., ref. 43). Although DFX did not affect 
ApoE degradation, the inhibition of lipid peroxidation increased 
the fraction of the cellular pool of ApoE that was secreted (Figure 
4B). An interpretation of these results is given in the Discussion.

Common dietary PUFAs also promote intracellular lipid peroxidation 
and induce hepatic ApoB100 degradation. Like marine ω-3 fatty acids, 
common dietary PUFAs from nonmarine sources are good sub-
strates for lipid peroxidation and have long been known to lower 
plasma concentrations of ApoB-lipoproteins in vivo (reviewed in 
ref. 44). To determine whether these common PUFAs provoke lipid 
peroxide–dependent degradation of newly synthesized ApoB100, 

we conducted pulse-chase experiments with McA cells incubated 
in the presence of the following fatty acids complexed to BSA: 
myristic acid (MA; 14:0; a saturated fatty acid that is not subject 
to peroxidation because of the absence of double bonds), oleic 
acid (OA; 18:1; an ω-6 monounsaturated fatty acid that is rela-
tively resistant but not impervious to peroxidation), linolenic acid 
(LNA; 18:3; a nonmarine ω-3 PUFA), arachidonic acid (AA; 20:4; an 
ω-6 PUFA), or DHA. Control cells were incubated under the same 
conditions, but in the presence of BSA without any exogenously 
added fatty acid.

As shown in Figure 5A, cellular levels of TBARSs after these treat-
ments were higher when the exogenous fatty acid was polyunsatu-
rated, independent of the position of the double bonds. The recov-
eries of total [35S]-ApoB100 are summarized in Figure 5B and show 
a general inverse relationship to the TBARS results. To statistically 
analyze the relationship between TBARSs and ApoB100 recovery, 
a regression analysis was performed using the data from Figure 2 
and Figure 5, A and B, in which experiments were conducted under 
similar conditions with the same cell type, as well as the data from 

Figure 3
DFX or vitamin E restores the secretion of VLDL from 
McA cells incubated with DHA. McA cells were pretreat-
ed with BSA or DHA/BSA for 1 hour, then labeled to 
steady state in the presence of BSA, DHA/BSA, DHA/
BSA plus 100 μM DFX, or DHA/BSA plus 120 μM vita-
min E. Conditioned medium samples were then taken 
for the quantification of recovered total [35S]-ApoB100 
(A), and for sucrose density gradient ultracentrifugation 
(B). After ultracentrifugation, the density fractions were 
collected and their ApoB100 contents analyzed as in 
Figure 1. *P < 0.01 vs. DHA.

Figure 4
Lipid peroxidation regulates the secretion of ApoE, but not its degrada-
tion. Rat primary hepatocytes were maintained overnight in modified 
Waymouth’s medium (Figure 1) and then treated with OA/BSA, DHA/
BSA, or DHA/BSA plus 100 μM DFX in a pulse-chase protocol similar 
to that used for Figure 2B. Cell lysate and medium samples were col-
lected at 20 and 120 minutes of the chase period, and the recovery of 
total (cell + medium) labeled ApoE (A) or the fractional secretion of 
labeled ApoE (B) was determined. *P < 0.004 vs. DHA.
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an experiment using o-phenanthroline (60 μg/ml), a weak iron 
chelator that decreases fish oil–induced hepatic ApoB100 degrada-
tion (45) and TBARS levels (M. Pan and E.A. Fisher, unpublished 
data). As shown in Figure 5C, there was a significant inverse correla-
tion between TBARSs and ApoB100 recovery (r = –0.78, P < 0.005).

There are two conspicuous outliers, however, namely MA and 
LNA. If these outliers were not included in the analysis, the r value 
improved to –0.93 (P < 0.002). For MA, we have previously shown 
that this fatty acid has a depressive effect on ApoB100 degradation 
related to decreased recruitment of triglycerides to form smaller 
VLDL particles (which are not good substrates for PERPP) (4). This 
may explain why the ApoB100 recovery is higher than would be 
expected from the TBARS data alone. For LNA, although there is an 
increase in TBARSs over control, they are lower than in DHA-treated 
cells, yet there is virtually no recovery of ApoB100. Nevertheless, as 
with DHA, cotreatment with DFX blocked the effects of LNA (or any 
of the PUFAs) on ApoB100 recovery and TBARSs (data not shown).

Although the results indicate a common mechanism among con-
ventional and marine PUFAs, in which iron-dependent lipid peroxi-
dation promotes the degradation of newly synthesized ApoB100, 
the data with LNA suggest, among other possibilities, that all com-
ponents of TBARSs may not be entirely equivalent in this process 
or that different PUFAs may undergo lipid peroxidation in specific 
locations where ApoB100 varies in its susceptibility to their effects.

Lipid peroxidation regulates both DHA-induced and basal ApoB100 deg-
radation in primary rodent hepatocytes. Though McA cells have many 
features in common with primary rat hepatocytes (46, 47), to 
avoid potential artifacts from the use of a transformed cell line, we 
directly tested in primary rat hepatocytes the role of lipid peroxi-
dation in ApoB100 degradation and secretion. As shown in Figure 
6, A and B, in the DHA-treated cells, TBARSs increased fivefold 
over the level in the BSA-treated cells, whereas ApoB100 recovery 
was only about 30% of the (basal) recovery of total [35S]-ApoB100 
in BSA-treated cells.

Importantly, the induction of lipid peroxidation and the induc-
tion of ApoB100 degradation by DHA in primary rat hepatocytes 
were both essentially abolished by DFX (Figure 6, A and B). Vita-
min E also produced substantial decreases in both cellular lipid 
peroxidation and ApoB100 degradation. Surprisingly, the recovery 
of ApoB100 after DHA+DFX was greater than control (BSA alone), 
implying that even in the basal state, lipid peroxidation may play a 
role in ApoB100 degradation (a point pursued below).

Similar to our findings in DHA-treated McA cells, there was sub-
stantial secretion of the ApoB100 rescued by DFX or vitamin E in 

Figure 5
Nonmarine PUFAs promote intracellular lipid peroxidation, which 
inversely correlates with ApoB100 recovery. (A) McA cells were incu-
bated for a total of 4 hours with fatty acids of various degrees of length 
and saturation and then taken for the measurement of TBARSs. (B) 
McA cells were pretreated with the fatty acids for 2 hours and were 
then subjected to a pulse-chase study as for Figure 2B. Displayed are 
the total labeled ApoB100 recovery data, determined as in Figure 1. 
(C) Regression analysis of the relationship between cellular TBARSs 
and total ApoB100 recovery. See the text for details concerning the 
data included in this analysis. The two outliers, MA and LNA, are indi-
cated by a square and a circle, respectively.

Figure 6
DHA-induced ApoB100 degradation in primary rat hepatocytes also 
requires the increased generation of lipid peroxides. Primary rat 
hepatocytes were maintained overnight in modified Waymouth’s medi-
um (Figure 1). Two different treatment protocols were subsequently 
followed: (A) Cells were incubated for 1 hour with either BSA or DHA/
BSA, followed by 3 hours of incubation with BSA, DHA/BSA, DHA/BSA 
plus 100 μM DFX, or DHA/BSA plus 200 μM vitamin E. Shown are the 
TBARS assay results. *P < 0.01 vs. DHA. (B) Cells were pretreated 
with BSA or DHA/BSA for 2 hours, followed by pulse labeling and a 
chase period up to 120 minutes. DFX or vitamin E was added as in 
Figure 2B. The recovery of total labeled ApoB100 was determined as 
in Figure 1. *P < 0.01 vs. DHA.
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DHA-treated primary rat hepatocytes (percentage of initial labeled 
cellular ApoB100 that accumulated in the conditioned media: 
DHA, 2.0% ± 0.3%; DHA+DFX, 29% ± 4%; DHA+vitamin E, 14% ± 2%; 
P < 0.001, DHA+DFX or DHA+vitamin E vs. DHA). The ability of 
compounds with antioxidant activity to coordinately reduce lipid 
peroxide generation and increase ApoB100 recovery and secretion 
was also observed in primary mouse hepatocytes (data not shown). 
Thus, in all three cell types — primary rat and mouse hepatocytes 
and McA cells — DHA stimulated the degradation of newly synthe-
sized ApoB100 and inhibited ApoB-lipoprotein secretion through 
a lipid peroxide–dependent mechanism.

The relatively high level of TBARSs in BSA-treated hepatocytes and 
the ability of DFX+DHA cotreatment to increase ApoB100 recovery 
over control both suggested that basal (i.e., in the absence of exog-
enous fatty acids) ApoB100 degradation in normal, nonfasted liver 
cells may have regulatory features similar to PUFA-induced PERPP.

To provide direct support for this suggestion, rat primary 
hepatocytes in basal medium were subjected to pulse-chase 
studies in the presence or absence of DFX or vitamin E. As 
shown in Figure 7, A and B, DFX treatment substantially 
reduced TBARS levels and ApoB100 degradation. In the basal 
state (BSA treatment), ApoB100 degradation was about 46%, 
consistent with the initial report of about 50% ApoB100 degra-
dation in rat primary hepatocytes (48). In addition, the secretion 
of ApoB100 increased from 27% to 46% of the initially labeled 
cellular pool. Vitamin E treatment resulted in a similar pattern: 
reduction of TBARSs, a decrease in ApoB100 degradation, and 
an increase in ApoB100 secretion to 40%. These observations 
were also reproduced with mouse primary hepatocytes (data not 
shown). It should also be noted that in BSA-treated rat primary 
hepatocytes, treatment with the specific proteasome inhibitor 
lactacystin failed to increase the recovery of labeled ApoB100 
(data not shown), as has also been seen in previous studies (49), 
making it unlikely that ERAD is a major contributor to basal 
ApoB100 degradation in primary hepatocytes under the meta-
bolic conditions of our experiments.

The above results support a role for lipid peroxide regulation 
of PERPP in the degradation of ApoB100 under basal conditions. 
Consistent with this role is the considerable difference in the basal 
level of ApoB100 degradation between McA cells and rat primary 
hepatocytes (compare Figure 2 with Figure 7). A likely basis for 
this is the TBARS content of primary hepatocytes compared with 
that of McA cells (McA, 9.3 pmol malondialdehyde (MDA)/mg 
cell protein; primary hepatocytes, 30 pmol MDA/mg cell protein). 
This inverse correlation between the levels of basal degradation 
and lipid peroxidation is similar to the results for ω-3 fatty acid 
stimulation of PERPP (Figure 5).

Infusion of DHA into living mice increases hepatic lipid peroxide content 
and reduces VLDL-ApoB100 secretion in vivo. We sought to determine 
whether the mechanistic links we found in vitro among PUFA, lipid 
peroxidation, and ApoB100 degradation are also functionally impor-
tant in vivo. To quickly produce effects of DHA (0.2 mM complexed 
to 0.04 mM BSA) in vivo under controlled conditions, we made 
minor modifications of a previously established protocol for infus-
ing FA/BSA complexes into the mouse jugular vein (see Methods; 
also Y.-L. Zhang and H.N. Ginsberg, unpublished data). Infusion of 
0.2 mM OA (complexed to 0.04 mM BSA) was used as control. At this 
concentration, OA does not affect hepatic VLDL-ApoB100 produc-
tion compared with saline-infused controls (Y.-L. Zhang and H.N. 
Ginsberg, unpublished data), consistent with the lack of stimulation 
by OA of ApoB100 secretion in rat primary hepatocytes (50).

After 6 hours of infusion, each mouse was injected intravenous-
ly with a bolus of [35S]-Met/Cys, followed immediately by Triton 
WR1339, a reagent that blocks clearance of ApoB-lipoproteins, 
thereby allowing direct measurements of hepatic secretion of 
labeled ApoB100 in vivo (51). One hour after radioisotope injec-
tion, blood samples were collected and assayed for plasma [35S]-
ApoB100, which reflects VLDL-[35S]-ApoB100 secretion by the 
liver according to our published study (52). The lipid peroxide 
levels of the liver homogenate were also measured.

The lipid peroxide levels in the livers of control mice (OA-
infused) were statistically indistinguishable from hepatic levels in 
mice without any infusion treatment (data not shown). However, 
consistent with our data in vitro, as shown in Figure 8A, DHA 
infusion was associated with a substantial (>40%) elevation in 
hepatic lipid peroxide content. Importantly, DHA treatment in 
vivo also produced a significant (>30%) decrease in the secretion 
of newly synthesized ApoB100 (Figure 8B). Thus, as we found in 
vitro, administration of DHA increases hepatic lipid peroxidation 
and decreases the secretion of VLDL-ApoB100.

Discussion
We have previously shown that marine ω-3 fatty acids, which are 
clinically useful hypolipidemic agents (53), stimulate a post-ER 
presecretory proteolysis (PERPP) of newly synthesized ApoB100 
that is not mediated by either the proteasome or the lysosome (2). 
In the current study, we have shown that these fatty acids stimulate 
this form of ApoB100 degradation through their ability to increase 
the cellular content of lipid peroxidation products. Moreover, this 
novel link between cellular oxidant stress and presecretory deg-
radation of ApoB100 was not confined to marine ω-3 fatty acids: 
our studies also show that additional species of PUFAs stimulate 
the loss of nascent ApoB100, and that this loss occurs in a lipid 
peroxide-dependent manner.

The link between oxidant stress and ApoB100 degradation was 
further strengthened by experiments in which the addition of 

Figure 7
Lipid peroxides regulate basal ApoB100 degradation in primary rat 
hepatocytes. Primary rat hepatocytes were treated as in Figure 6, except 
that there was no DHA treatment. Shown are the data for TBARSs (A) 
and total labeled ApoB100 recovery (B). *P < 0.01 vs. BSA.
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agents with antioxidant activities, such as DFX or vitamin E, in 
the presence of marine ω-3 or other PUFAs, substantially reduced 
degradation, resulting in increased secretion of VLDL. The effects 
of DFX, an iron chelator that inhibits iron-dependent lipid per-
oxidation, may explain the reported ability of o-phenanthroline, 
a cell-permeable reagent that also chelates iron, to decrease DHA-
stimulated ApoB100 degradation and increase VLDL secretion 
(45), especially because o-phenanthroline lowers the TBARS con-
tents of rat hepatic cells incubated with DHA (M. Pan and E.A. 
Fisher, unpublished data; and Figure 5C).

Quite striking was the finding that lipid peroxidation within pri-
mary cultured hepatocytes promoted degradation and inhibited 
secretion of ApoB100 even in the basal state, i.e., in the absence of 
exogenous sources of unsaturated fatty acids. Since its discovery in 
rat primary hepatocytes (48), basal degradation of ApoB100 has been 
a subject of investigation and speculation. While ERAD of ApoB100 
has been found in hepatic lipid-deficiency states in vitro and in vivo 
(1, 3), the lack of an effect of proteasome inhibitors on PERPP (2) 
or on basal degradation of ApoB100 in the present and published 
studies (49) implicates PERPP or a PERPP-like pathway. Overall, 
then, our results from studies both in vitro and in vivo indicate a 
broad and central role for lipid peroxidation and oxidant stress in 
the physiological control by PERPP of ApoB-lipoprotein secretion 
from hepatocytes under a broad range of metabolic conditions.

Regulatory effects of oxidants have recently received substan-
tial attention. Some growth factors (e.g., EGF [ref. 54] and insulin 
[ref. 55]) appear to use hydrogen peroxide as a second messenger 
to mediate key downstream effects, including PI3K activation, 
although a link to other oxidant stress molecules, such as lipid 
peroxides, has not been examined. To investigate whether hydro-
gen peroxide had a specific role in our system, we performed pulse-
chase studies in the presence of exogenous catalase (up to 0.015%, 
wt/vol, a concentration twice that needed to deplete hepatic cells 
of hydrogen peroxide [ref. 55]). There was no effect on ApoB100 
recovery from DHA-treated cells (M. Pan et al., unpublished data), 
suggesting that another iron-dependent oxidant is important in 
catalyzing the lipid peroxidation required for the stimulation of 
ApoB100 degradation. Several signaling paths could exist between 
lipid peroxidation products and ApoB100 destruction by PERPP 
that, for example, ultimately alter intracellular trafficking of newly 

assembled ApoB-lipoproteins to a yet unidentified degradation 
compartment or protease(s). This would be consistent with our 
previous demonstration that inhibition of PI3K reduces DHA-
induced ApoB100 degradation (2).

Our current results also suggest another possibility, namely, 
direct oxidative damage to ApoB100, which could promote either 
enzymatic or nonenzymatic degradation (56). This would certainly 
be plausible if the lipid peroxides were part of the nascent lipopro-
teins, resulting in a high local concentration of damaging agents. 
This would also be consistent with the recent finding (57) in rat liver 
that microsome-associated ApoB100 was associated with the iron-
binding protein ferritin, which could serve, perhaps, a biological role 
akin to the protective effects of DFX. Another potential “protec-
tor” of ApoB100 is ApoE, which associates with ApoB-lipoproteins 
within the secretory pathway (58), has antioxidant activities (59, 
60), is relatively resistant to intracellular degradation (43), and can 
promote hepatic VLDL production (e.g., ref. 61). Our findings that 
cellular lipid peroxide levels regulated ApoE secretion, but not deg-
radation (Figure 4), suggest that whatever protection ApoE affords 
to ApoB100 can be overcome and the nascent VLDL diverted from 
the secretory pathway. Presumably, ApoE would still not share the 
same degradative fate as ApoB100, either because of its aforemen-
tioned resistance to proteolysis or because, as a surface exchange-
able protein, it becomes uncoupled from the intracellular itinerary 
of ApoB100 (consistent with the aggregation data, described just 
below). We are currently investigating these possibilities.

Generally, oxidized proteins in mammalian cells can undergo 
chemical fragmentation or form large aggregates owing to covalent 
cross-linking and increased surface hydrophobicity (56). Indeed, 
preliminary data indicate the lipid peroxidation-dependent for-
mation of high–molecular weight aggregates containing oxidized 
ApoB100 (but not ApoE) in cells incubated with DHA (M. Pan et 
al., unpublished data). Relevant to the notion that intracellular oxi-
dative damage of ApoB100 directly or indirectly promotes degrada-
tion is the abundant literature that the extracellular oxidation of 
purified LDL in vitro often causes the nonenzymatic breakdown of 
ApoB100 (62) and can facilitate the enzymatic cleavage of ApoB100 
by secreted proteases such as leukocyte elastase or MMPs (63).

Our finding that infusion of DHA in mice increased hepatic lipid 
peroxide content is consistent with a large body of literature, pri-
marily from studies of animals fed on diets enriched in PUFAs (45, 
64–67). For example, feeding rats on diets enriched in EPA, DHA, 
or LNA increased hepatic lipid peroxidation and the breakdown 
of vitamin E (64). In another rat-feeding study, the ingestion of 
DHA-containing oils decreased triglyceride concentrations in 
the plasma and liver at the same time that hepatic levels of lipid 
hydroperoxides and TBARSs rose and vitamin E fell (65). In mice 
fed fish oil–enriched diets for 6 months, transcript profiling of the 
liver revealed increased expression of genes encoding antioxidant-
related proteins, such as several glutathione transferases, uncou-
pling protein 2, and Mn-superoxide dismutase, consistent with a 
defensive response against increased oxidant stress (68). It will be of 
interest, then, in our future studies to determine whether increasing 
the capacity to oppose oxidant stress by pre- or coadministration of 
DFX or vitamin E will attenuate hepatic lipid peroxide content and 
promote VLDL-ApoB100 secretion, either in the context of a DHA 
infusion or in the basal state.

A number of clinical studies indirectly support the regulation 
of ApoB-lipoprotein production by oxidant stress. For example, 
after 3–8 weeks of dietary supplementation with EPA and DHA, 

Figure 8
DHA infusion into living mice increases hepatic lipid peroxidation and 
reduces VLDL-ApoB100 secretion. C57BL/6J mice were infused with 
DHA/BSA or OA/BSA for 6 hours. The mice were then injected via the 
jugular vein with [35S]-Met/Cys together with Triton WR1339. After 60 
minutes, liver homogenate and plasma samples were prepared. (A) 
Lipid peroxidation levels in the liver homogenate samples. *P < 0.03 
vs. OA. (B) Plasma [35S]-ApoB100, which reflects hepatic production 
of VLDL-[35S]-ApoB100, was determined by SDS-PAGE/fluorography. 
**P < 0.003 vs. OA.
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healthy volunteers showed increased plasma concentrations of 
lipid peroxides along with deceased triglycerides and LDL (69–71). 
The classic dietary studies of Hegsted, Keys, Ahrens, and others 
(reviewed in ref. 44; see also refs. 72–74) have consistently shown 
that PUFAs had hypolipidemic effects and saturated fatty acids 
had hyperlipidemic effects. There is evidence that these effects 
were partially attributable to induced changes in hepatic LDL 
receptor activity affecting lipoprotein clearance (75). The current 
results, taken with our recent report (4), show that ApoB100 pro-
duction and degradation in hepatic cells are inversely and directly 
related, respectively, to the degree of polyunsaturation of the sup-
plied fatty acids. Thus, a varying degree of hepatic oxidant stress 
induced by different fatty acids may be another major mechanistic 
basis for the classic dietary observations.

As noted above, a striking finding of the present study is that 
lipid peroxidation played a substantial role in regulating the out-
put of ApoB100 from hepatocytes even in the absence of added 
PUFA. Thus, decreased lipid peroxidation products or enhanced 
antioxidants in the liver would be expected to increase net hepat-
ic ApoB100 production, and thereby to elevate plasma levels 
of VLDL or LDL. This line of reasoning provides an attractive 
explanation for the pathophysiology of a spontaneously mutant 
mouse proposed to be a model for the human disease Familial 
Combined Hypercholesterolemia (76, 77). The murine combined 
hyperlipidemia is characterized by increased secretion of triglyc-
eride-rich lipoproteins and elevated plasma concentrations of 
triglyceride, cholesterol, and ApoB100. The mutation results in 
low thioredoxin-interacting protein (TxnIP) levels (77). Because 
TxnIP inhibits thioredoxin, a major endogenous cellular antioxi-
dant, the mutation should increase the hepatic antioxidant capac-
ity, which we would associate with lipoprotein overproduction 
and hyperlipidemia. Other situations in which our findings may 
provide a mechanistic basis include human dyslipidemias — par-
ticularly those associated with insulin resistance, since insulin has 
also been shown to regulate a PERPP-like ApoB100-degradative 
process (1, 2) — and the decreased hepatic secretion of ApoB100 
in mice with phospholipid transfer protein deficiency. This defi-
ciency results in increased hepatic levels of TBARS and decreased 
hepatic levels of vitamin E (78).

Manipulation of oxidation in humans for the purpose of pre-
venting cardiovascular disease has received substantial attention 
and effort. Administration of antioxidants, such as vitamin E, 
has generally lessened arterial lesions in animal models of athero-
sclerosis but has had no consistent benefit (e.g., refs. 29, 30), and 
has resulted possibly in occasional harm (28, 79), in the authentic 
human disease. Our current results imply that potential benefits of 
antioxidants on human arterial lesion development might be coun-
teracted by potentially harmful alterations in ApoB100 metabolism 
within the liver. Thus, a search for antioxidants that either do not 
enter the liver or do not affect hepatic lipid peroxidation might be 
warranted. In addition, agents that could transport oxidized or oxi-
dizable material from the arterial wall, where it may be harmful, to 
the liver, where it may be beneficial, may be desirable (80).

In conclusion, our data firmly establish a novel link between cel-
lular lipid peroxidation and oxidant stress with the destruction of 
newly synthesized ApoB100 via PERPP. These results have wide 
implications. The basal turnover of ApoB100, the origins of hyper-
lipidemias that involve ApoB100 overproduction, the hypolipid-
emic actions of fish oils and other conventional PUFAs, the rela-
tionship between insulin resistance and dyslipidemia, and perhaps 

the clinical utility of antioxidants are all phenomena on which lipid 
peroxidation and PERPP may exert significant regulatory impact.

Methods
Unless otherwise indicated, the materials and methods closely fol-
lowed published protocols used in the prior work by us (2, 4, 50, 
81) and others (82–85). All animal procedures were approved by 
the Mount Sinai Animal Care Committee.

Cell culture. Rat hepatoma McA cells, obtained from American 
Type Culture Collection (Manassas, Virginia, USA), were grown 
in six-well plates or P100 cell-culture dishes coated with type I col-
lagen from rat tails. Note that of the two apolipoprotein B species 
secreted by rodent liver, ApoB100 and ApoB48, this clone of cells 
produces predominantly ApoB100 (4).

Mouse or rat primary hepatocytes were isolated and cultured as 
described (50, 82).

Metabolic labeling of ApoB100 or ApoE. Two protocols were fol-
lowed: pulse chase or continuous labeling. At the beginning of 
a pulse-chase study, cells were preincubated for 60 minutes in 
medium containing either 0.12 mM BSA (fatty acid–free) or 0.6 
mM fatty acid (complexed to 0.12 mM BSA), except for AA, which 
was administered at a concentration of 175 μM to avoid cellular 
toxicity. DMEM (for McA cells) was also supplemented with 0.5% 
FBS, 0.5% horse serum, 1% L-glutamine, and 1% penicillin/strep-
tomycin. Waymouth’s medium (for primary hepatocytes) was 
supplemented with 0.1 nM insulin and 0.2% BSA. The correspond-
ing BSA and FA/BSA treatments were continued throughout the 
experiments. After this preincubation, there was a 60-minute incu-
bation in Met/Cys–free medium. To pulse-label the cells, they were 
then incubated in Met/Cys–free medium supplemented with 200 
μCi [35S]-Met/Cys per milliliter of medium for 15 minutes (McA 
cells), 20 minutes (rat primary hepatocytes), or 30 minutes (mouse 
primary hepatocytes). The chase period was begun by removal of 
the labeling medium, washing of the cell monolayer with cold 
PBS, and addition of medium at 37°C without radioisotopes but 
supplemented with an excess of unlabeled Met/Cys (10 mM Met, 
3 mM Cys). The initial chase points were identical to the labeling 
times. These labeling and initial chase periods were designed to 
highly label the ApoB100 pool and to sample the peak incorpora-
tion of isotope into ApoB100 for each cell type (data not shown).

At the time points indicated in Results, medium samples were 
collected, and cell monolayers were washed twice with cold PBS 
and lysed in 10 mM PBS (pH 7.4), 125 mM NaCl, 36 mM lithi-
um dodecyl sulfate, 24 mM deoxycholate, and 1% Triton X-100. 
Both media and cell lysate samples were supplemented with 
protease inhibitors. [35S]-labeled Apoproteins were immunopre-
cipitated with rabbit polyclonal antiserum to rat ApoB100 or 
goat polyclonal antiserum to mouse ApoB100 (developed in the 

authors’ laboratories), or rabbit polyclonal antiserum to rat ApoE 
(a generous gift of Janet D. Sparks) (2, 50, 81). Quantification 
was performed by SDS-PAGE (4% polyacrylamide, 0.1% SDS, 1 M 
urea), fluorography, and densitometry, as we previously described 
(2, 50, 81). Total protein synthesis was measured by determination 
of the trichloroacetic acid–precipitable radioactivity in aliquots of 
cell lysates and conditioned media (2).

For steady-state labeling, an identical protocol was followed, 
except that the labeling lasted at least 2 hours and there was no 
chase period. In some experiments, cells were treated with a variety 
of compounds, including enzyme inhibitors, calcium perturbants, 
and inhibitors of lipid peroxidation, as indicated in Results. Also, 
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in some experiments, sucrose-gradient analysis of the buoyant 
densities of the lipoproteins in conditioned medium was carried 
out according to a modification of the protocol of Stillemark et 
al. (83). The sucrose gradient was formed by layering of 1.95 ml of 
49% sucrose, 1.95 ml of 25% sucrose, 4.75 ml of sample in 12.5% 
sucrose, and 2.85 ml of PBS. All solutions in the gradient con-
tained protease inhibitors as well as 150 mM NaCl, 50 μM of the 
synthetic antioxidant butylated hydroxytoluene (BHT), and 50 mM 
PBS (pH 7.4). The gradients were ultracentrifuged at 210,000 g in 
a swinging-bucket SW41 rotor (Beckman Coulter, Fullerton, Cali-
fornia, USA) for 65 hours at 10°C, then unloaded into 12 fractions. 
Labeled ApoB100 was recovered from each fraction and analyzed 
by immunoprecipitation, SDS-PAGE, and fluorography, as above.

Lipid peroxidation assays. The content of lipid peroxides in cultured 
cell lysate was determined by the classical method of measuring 
TBARSs (84). Briefly, cells (in a P100 dish) were preincubated for 1 
hour in the presence of BSA or FA/BSA (in the appropriate medium 
as described above in “Metabolic labeling of ApoB100 or ApoE”), 
followed by a 3-hour incubation in phenol red–free medium (to 
avoid interference with absorption at 532 nm), in the continued 
presence of BSA or FA/BSA. Some wells were supplemented with 
the antioxidants indicated in Results. Cells were then washed twice 
in cold PBS, scraped off the dishes, and then suspended in 12 ml of 
PBS supplemented with 150 μM BHT (to prevent any further lipid 
peroxide formation). After centrifugation at 2,000 g for 5 minutes, 
the supernatant was discarded, and the cells were resuspended in 
150 μl of PBS with BHT. The cell suspension (100 μl) was combined 
with freshly made 50 μl 30% trichloroacetic acid, 0.75% thiobarbitu-
ric acid, and 0.5N HCl, and incubated for 15 minutes at 100°C. The 
reaction mixture was then centrifuged for 8 minutes at 13,500 g. The 
absorbance of the supernatant was measured at 532 nm (the contri-
bution of absorbance by a peak at less than 532 nm was deducted). 
The concentration of MDA equivalents was calculated using an 
extinction coefficient of 1.56 × 105 M–1 cm–1. The rest of the cells 
were used for protein determination using the DC protein assay kit 
(Bio-Rad, Hercules, California, USA). Similar assays were performed 
on stock solutions of FA/BSA complexes to detect pre-existing lipid 
peroxidation, or on medium placed in wells without cells to detect 
lipid peroxidation independent of cellular metabolism. In both 
cases, there were no TBARSs above background.

Fatty acid infusion in vivo. Male C57BL/6J mice (12–14 weeks of 
age), maintained on a chow diet, were anesthetized with ketamine/
xylazine. Silicone rubber tubing filled with saline was inserted into 
the jugular vein, and the outer portion of the tubing was tunneled 
subcutaneously so that its exit was at the nape of the neck, where 
it was inaccessible to the mouse. The tubing was closed at the end 
with a metal stopper. The mice were allowed to recover for 12–15 
hours before the infusion experiment.

On the morning of the experiment, food was removed, and the 
silicone tubing was connected to a Harvard Compact Infusion 
Pump (Harvard Apparatus, Holliston, Massachusetts, USA). The 
infusate was freshly prepared and contained a final concentration 
of 0.2 mM fatty acid (DHA or OA), complexed to 0.04 mM BSA, in 

buffered saline. The infusion line ran inside a tether and through 
a swivel to allow for free movement of the mice. The tubing was 
wrapped with black plastic to shield the fatty acids from light. A 
modified TBARS assay (see below) was performed before and after 
the infusion, and no reactive oxygen species were detected in either 
the DHA or the OA infusates. The infusion was carried out at the 
rate of 3 μl/min for 6 hours. Blood samples were obtained from 
the retro-orbital plexus before and after the 6-hour infusion.

After completion of the infusion, mice were injected intrave-
nously with [35S]-Met/Cys (200 μCi per mouse, in 100 μl 0.9% 
NaCl) together with 500 mg Triton WR1339 per kilogram body 
weight (15% vol/vol stock diluted in 0.9% NaCl). One hour after 
radioisotope injection, blood samples (80 μl) were collected and 
plasma was separated immediately. The animals were sacrificed 
upon completion of the experiment. The liver was flushed with 
0.9% NaCl and freshly homogenized with 1.15% KCl/0.2 mg BHT 
per ml (9 ml/g tissue). Both the plasma and the liver homogenate 
were quick-frozen in liquid N2 and stored at –80°C until further 
use. To determine the plasma accumulation of [35S]-labeled VLDL-
ApoB100 after Triton injection, at the indicated time points, plas-
ma was collected, mixed with equal volume of sample buffer, and 
heated at 95°C for 5 minutes prior to SDS-PAGE, fluorography, 
and densitometry (52). The content of lipid peroxides in liver 
homogenates was measured according to the method of Ohkawa 
et al. (85) using tetraethoxypropane as an external standard.

Statistical analyses. For any treatment, two to three wells per exper-
iment were studied and the entire experiment was conducted at 
least three times. Data are typically expressed as mean ± SD. Statis-
tical differences and linear regression were analyzed by GraphPad 
Prism software (GraphPad Software Inc., San Diego, California, 
USA). Data between two groups were analyzed by unpaired, two-
tailed t tests, and among three groups by ANOVA and the Dunnett 
post-test for multiple comparisons. A P value of less than 0.05 was 
considered significant.
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