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Abstract We previously reported that 7) a Western diet in-
creased levels of unsaturated lysophosphatidic acid (LPA)
in small intestine and plasma of LDL receptor null (LDLR™'7)
mice, and ii) supplementing standard mouse chow with un-
saturated (but not saturated) LPA produced dyslipidemia
and inflammation. Here we report that supplementing chow
with unsaturated (but not saturated) LPA resulted in aortic
atherosclerosis, which was ameliorated by adding transgenic
6F tomatoes. Supplementing chow with lysophosphatidyl-
choline (LysoPC) 18:1 (but not LysoPC 18:0) resulted in
dyslipidemia similar to that seen on adding LPA 18:1 to
chow. PF8380 (a specific inhibitor of autotaxin) significantly
ameliorated the LysoPC 18:1-induced dyslipidemia. Supple-
menting chow with LysoPC 18:1 dramatically increased the
levels of unsaturated LPA species in small intestine, liver,
and plasma, and the increase was significantly ameliorated
by PF8380 indicating that the conversion of LysoPC 18:1 to
LPA 18:1 was autotaxin dependent. Adding LysoPC 18:0 to
chow increased levels of LPA 18:0 in small intestine, liver,
and plasma but was not altered by PF8380 indicating that
conversion of LysoPC 18:0 to LPA 18:0 was autotaxin inde-
pendent.ll We conclude that i) intestinally derived unsatu-
rated (but not saturated) LPA can cause atherosclerosis in
LDLR '~ mice, and ii) autotaxin mediates the conversion
of unsaturated (but not saturated) LysoPC to LPA.—Navab,
M., A. Chattopadhyay, G. Hough, D. Meriwether, S. 1. Fogelman,
A. C. Wagner, V. Grijalva, F. Su, G. M. Anantharamaiah,
L. H. Hwang, K. F. Faull, S. T. Reddy, and A. M. Fogelman.
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Our laboratories have been studying apoA-I mimetic
peptides containing 18 amino acids for more than a decade
(1). As aresult of the success of the 4F peptide (peptide
Ac-D-W-F-K-A-F-Y-D-K-V-A-E-K-F-K-E-A-F-NH,) in multiple
animal models of disease (2), clinical trials were undertaken
with the 4F peptide that resulted in three reports (3-5).
Two of these reports demonstrated efficacy, as measured
by improvement in HDL anti-inflammatory properties,
when the peptide was administered orally at high doses,
despite achieving very low plasma peptide levels (3, 4).
A third report described clinical trials in which low doses
of peptide were administered intravenously or subcuta-
neously in order to achieve high plasma peptide levels
with these low doses (5). Despite achieving high plasma
peptide levels with these low doses, the third report was
negative in terms of efficacy, as measured by the lack of
improvement in HDL anti-inflammatory properties. The
low doses used in the third report (5) had been tested in
the first clinical trial, but these low doses were found not
to be effective (3). To understand the differing clinical
trial results, we returned to mouse studies. In the first of
these mouse studies, the amount of peptide in the feces
predicted efficacy as measured by improvement in HDL

Abbreviations:  4F peptide, peptide Ac-D-W-F-K-A-F-Y-D-K-V-A-E-K-
F-K-E-A-F-NH,; 6F peptide, peptide D-W-L-K-A-F-Y-D-K-F-F-E-K-F-K-E-F-F
without blocked end groups; EV tomatoes, transgenic tomatoes express-
ing the control marker protein B-glucuronidase; Irel, inositol-requiring
enzyme 1; LDLR /", LDL receptor null; LPA, lysophosphatidic acid;
LPA 18:0, LPA with stearic acid at sn-1 and a hydroxyl group at sn-2;
LPA 18:1, LPA with oleic acid at sn-1 and a hydroxyl group at sn-2; LPA
18:2, LPA with linoleic acid at sn-1 and a hydroxyl group at sn-2; LPA
20:4, LPA with arachidonic acid at sn-1 and a hydroxyl group at sn-2;
Lpcat3, lysophosphatidyl acyltransferase 3; LysoPC, lysophosphatidyl-
choline; LysoPC 18:0, LysoPC with stearic acid at sn-1 and a hydroxyl
group at sn-2; LysoPC 18:1, LysoPC with oleic acid at s»-1 and a hydroxyl
group at sn-2; Mip, microsomal triglyceride transfer protein; PLA,,
phospholipase Ay; PLA2G1B, phospholipase Ay group 1B; PON, para-
oxonase-1; SAA, serum amyloid A; Tg6F tomatoes, transgenic tomatoes
expressing the 6F peptide; WD, Western diet.
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anti-inflammatory properties and by decreases in plasma
serum amyloid A (SAA) levels, but the plasma peptide lev-
els did not predict efficacy (6). In the next study, the pep-
tide concentration in the small intestine of LDL receptor
null (LDLR /") mice on a Western diet (WD) predicted
efficacy as measured by the ability of the peptide to reduce
tissue and plasma levels of proinflammatory oxidized me-
tabolites of arachidonic and linoleic acids and by plasma
SAA levels, but the plasma peptide levels again did not
predict efficacy (7). In these mouse studies (6, 7), the
dose required for efficacy was far above the highest dose
tested in the human clinical trials that did not demon-
strate efficacy (5). Additionally, we noted that the effec-
tive dose of these peptides tested in rabbits as measured by
improvement in HDL anti-inflammatory properties, plasma
SAA levels, and aortic atherosclerosis was also higher than
the doses used in the third study (8). These studies
demonstrated a significant correlation between the anti-
inflammatory properties of HDL and plasma SAA levels
(P < 0.0001), a significant correlation between the anti-
inflammatory properties of HDL and aortic atherosclero-
sis (P = 0.002), and a significant correlation between
plasma SAA levels and aortic atherosclerosis (P = 0.0079)
(8). In normolipidemic monkeys, the dose required
for efficacy as measured by improvement in HDL anti-
inflammatory properties was also higher than the doses
used in the third report (9, 10).

There were two reasons that a low dose of peptide was
chosen for the clinical trials described in the third report,
which did not demonstrate efficacy (5). First, because of
the need to chemically synthesize the 4F peptides, the cost
of production was very high. Second, there was a mistaken
belief that the peptides act primarily in the plasma, and
that the level of peptide in plasma was the critical success
factor. Our studies subsequent to the third report (5) sug-
gested that high doses of peptide (40-100 mg/kg/day)
must be delivered to the small intestine in order to achieve
efficacy (6, 7). The peptides used in the three reports of
human clinical trials (3-5) contained blocked end groups,
which can only be added by chemical synthesis. The cost
of producing such chemically synthesized peptides for use
at these high doses is prohibitive. Therefore, we searched
for and found a peptide [peptide D-W-L-K-A-F-Y-D-K-F-F-E-
K-F-K-E-F-F without blocked end groups (6F peptide) ] that
showed efficacy in mice as measured by plasma SAA levels
and aortic atherosclerosis similar to the 4F peptides with
blocked end groups (11). Peptides that require blocked
end groups for efficacy cannot be expressed as a trans-
gene. Because the 6F peptide did not require blocked end
groups for efficacy, we expressed 6F peptide in transgenic
tomatoes (Tg6F tomatoes). When freeze-dried and fed to
LDLR ™ mice on WD at only 2.2% by weight of the diet,
Tg6F was highly effective in ameliorating dyslipidemia and
atherosclerosis (11). Feeding control tomatoes that were
either wild type or made transgenic with the same vector,
but containing a sequence for the expression of a control
marker protein (B-glucuronidase) instead of 6F peptide,
was not effective (11). The amelioration of dyslipidemia by
TgbF differed from earlier studies with the 4F peptide. The
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4F peptide did not improve dyslipidemia but did improve
HDL anti-inflammatory properties, plasma SAA levels, and
atherosclerosis in animal models (1).

After feeding the mice TgbF tomatoes, intact 6F peptide
was found in the small intestine, but the levels of 6F pep-
tide were below the level of detection in the plasma (11).
In the course of investigating possible mechanisms of action,
we found that Tg6F tomatoes (but not control tomatoes)
significantly reduced lysophosphatidic acid (LPA) levels in
the small intestine (11). Remarkably, the tissue content of
unsaturated LPA in the small intestine significantly corre-
lated with the extent of aortic atherosclerosis (11). LPA is
emerging as an important signaling molecule in diverse
biological processes and disease states (11-38), and its role
in the pathogenesis of atherosclerosis has been emphasized
in recent years (30-40).

There are two major pathways for the formation of LPA
(23). The first pathway is illustrated by the example of
phosphatidylcholine being acted on by phospholipase A,
(PLA,) or phospholipase Ay (PLAy) removing the acyl group
from the sn-1 or sn-2 positions, respectively. Subsequently,
lysophospholipase D (autotaxin) converts lysophosphati-
dylcholine (LysoPC) to LPA by removing choline from the
sn-3 position of the lysophosphatidylcholine. The second
pathway is illustrated by the example of phosphatidylcho-
line being acted on by phospholipase D to yield phospha-
tidic acid, or diacylglycerol being acted on by diacylglycerol
kinase to yield phosphatidic acid. Phosphatidic acid can
subsequently be acted upon by PLA, or PLA, to give LPA.
A major pathway for the breakdown of LPA is by the action
of LPPs (25, 41). LPA levels are largely determined by the
balance between these pathways.

In a subsequent study, we found that feeding WD to
LDLR /" mice increased the levels of unsaturated (but
not saturated) LPA in the small intestine compared with
feeding the mice standard mouse chow even though WD
contained less preformed LPA than did standard mouse
chow (39). Adding unsaturated (but not saturated) LPA to
standard mouse chow (which only contains 4% fat and
very low levels of cholesterol) resulted in increased levels
of unsaturated LPA in the small intestine that was similar
to that seen on WD (39). Additionally, after supplement-
ing standard mouse chow with unsaturated LPA, changes
in gene expression in the small intestine, and changes in
plasma SAA levels, total cholesterol levels, triglyceride lev-
els, HDL-cholesterol levels, and fast-performance liquid
chromatography lipoprotein profiles were similar to those
seen on feeding the mice WD (39). Adding Tg6F (but not
control tomatoes) to standard mouse chow supplemented
with unsaturated LPA prevented the LPA-induced changes
(39). While these studies (39) established the ability of
intestinally derived unsaturated LPA to cause dyslipidemia
and inflammation (i.e., increased levels of plasma SAA),
these studies did not establish that the resulting dyslipid-
emia and inflammation would lead to atherosclerosis.

The studies reported here demonstrate that adding
unsaturated (but not saturated LPA) to standard mouse
chow produces aortic atherosclerosis similar to that seen on
feeding LDLR™/™ mice WD. Additionally, we also provide



evidence that is consistent with the hypothesis that intesti-
nally derived unsaturated LPA is formed as a result of di-
etary unsaturated phosphatidylcholine being acted on in
the small intestine by pancreatic phospholipase A, group 1B
(PLA2GIB) to form LysoPC, which is then absorbed into
enterocytes in the small intestine and converted to unsatu-
rated LPA species by the action of autotaxin. Interestingly,
our results suggest that intestinally derived saturated LysoPC
is converted to saturated LPA by autotaxin-independent
mechanisms and does not cause dyslipidemia. These stud-
ies also demonstrate that adding one species of unsatu-
rated LysoPC or LPA to standard mouse chow can result in
increased levels of other unsaturated LPA species by pro-
cesses that appear to be quite complex.

MATERIALS AND METHODS

Materials

Tg6F tomatoes or transgenic tomatoes expressing the control
marker protein B-glucuronidase (EV tomatoes) were constructed
and grown at the Donald Danforth Plant Science Center in Saint
Louis, MO; the seeds were removed, and the pulp and skin were
quick frozen and shipped overnight frozen to the University of
California, Los Angeles (UCLA) where the pulp and skins were
freeze-dried, powdered, and stored as previously described
(11, 39). LysoPC 16:0 (LysoPC with palmitic acid at sn-1 and a
hydroxyl group at sn-2), 18:0 (LysoPC with stearic acid at sn-1 and
a hydroxyl group at sn-2), and 18:1 (LysoPC with oleic acid at sn-1
and a hydroxyl group at sn-2) were purchased from Avanti Polar
Lipids (Birmingham, AL; catalog numbers 855675, 855775, and
845875, respectively), as were LPA 18:0 (LPA with stearic acid at
sn-1 and a hydroxyl group at sn-2) and LPA 18:1 (LPA with oleic
acid at sn-1 and a hydroxyl group at sn2) (catalog numbers 857128
and 857130, respectively). LPA 18:2 (LPA with linoleic acid at sn-1
and a hydroxyl group at sn-2) was purchased from Echelon Biosci-
ences (Salt Lake City, UT; catalog number L0182). All of the pur-
chased LysoPC and LPA species contained the acyl group at the
sn-1 position and the hydroxyl group at the sn-2 position. A highly
potent and specific oral small-molecule inhibitor of autotaxin
(PF8380) was purchased from Sigma (Saint Louis, MO; catalog
number SML0715-PF8380). Anti-« smooth muscle cell actin anti-
body (catalog number ab32575) was purchased from Abcam
(Cambridge, UK). Rat anti-mouse CD68 antibody (catalog number
MCA 1957) was purchased from Serotec (Kidlington, UK). All other
materials were purchased from sources previously reported (11, 39).

Mice

LDLR ™™ mice, originally purchased from Jackson Laborato-
ries on a C57BL/6] background, were obtained from the breed-
ing colony of the Department of Laboratory and Animal Medicine
at the David Geften School of Medicine at UCLA. Both male and
female mice were used in these studies; the gender is stated in
each figure legend. The mice were of different ages, which are
also stated in each figure legend. The mice were maintained on
standard mouse chow (Ralston Purina) before being switched to
WD (Teklad, Harlan, catalog #TD88137). Freeze-dried and pow-
dered Tg6F or control (EV) tomatoes were added to the diet
at 2.2% by weight as previously described (11). LysoPC or LPA
were mixed into chow as previously described (39), and the oral
specific autotaxin inhibitor PF8380 (42, 43) was similarly added
to chow. Prior to harvesting of organs, the mice were perfused
under anesthesia to remove all blood (11, 39), and organs were

harvested as described previously (11, 39). All mouse studies
were approved by the Animal Research Committee at UCLA.

Assays

Determination of plasma lipids and paraoxonase-1 (PON) activ-
ity were performed as previously described (39). Quantification
of aortic atherosclerosis and characterization of lesions were per-
formed as described previously (10, 11, 44). Antibodies for detec-
tion of CD68 and anti-a smooth muscle cell actin were used in
accordance with the suppliers’ instructions. LPA was determined
by LC/MS/MS as previously described (39) with the following
modifications. Plasma (50 wl) and tissues (50-100 mg) were
extracted using solid phase extraction cartridges (1 cc, 10 mg
and 3 cc, 60 mg, Waters Oasis HLB, respectively) as previously
described with addition of LPA 17:0 (Avanti Polar Lipids) as an
internal standard (25 ng) to each sample (39). The extracted
samples were dried under a nitrogen stream (30°C-37°C) and
dissolved in methanol (75 pl), eluent A (25 wl, 10 mM ammo-
nium acetate, pH 8.5) was added, samples were vortexed, and an
aliquot (20 pl) was injected onto a reverse phase HPLC column
(Luna C5, 5 pm, 150 x 2 mm with a guard column; Phenomenex,
Torrance, CA) equilibrated in 65% eluent A and 35% eluent B
(acetonitrile-methanol, 98:2, v/v) and eluted (200 pl/min) with
an increasing concentration of eluent B (min/%3B; 0/35, 0.5/35,
11.5/80,12/35,16/35). The effluent from the column was directed
to an electrospray ion source (Agilent Jet Stream) connected to
a triple quadrupole mass spectrometer (Agilent 6460, Santa
Clara, CA) operating in the negative ion multiple reaction moni-
toring mode in which the intensities of specific parent—fragment
ion transitions were recorded [LPA 20:4 (LPA with arachidonic
acid, at sn-1 and a hydroxyl group at sn-2), 457—153, retention
time 7.6 min; LPA 17:0, 423—153, internal standard, retention
time 8.6 min; LPA 16:0, 409—153, retention time 7.8 min; LPA
18:0, 437—153, retention time 9.4 min; LPA 18:1, 435—153, re-
tention time 8.3 min; LPA 18:2, 433—153, retention time 7.5 min]
under previously optimized conditions (fragmentor voltage, col-
lision energy, and cell accelerator voltages of 140, 14, and 7, re-
spectively; Q1 and Q3 used with FWHM settings of Widest and
Unit, respectively). With each batch of samples, a series of
standard samples were prepared containing the LPAs of interest
(0,12.5, 25, 50, 100, 200, 400, and 800 ng analyte per ml) and the
same amount of internal standard. Calibration curves were con-
structed from the data obtained with the standard samples (ordi-
nate peak area LPA/internal standard, abscissa amount of LPA),
and the amount of each LPA species in each sample was calcu-
lated by interpolation from the standard curve. Gene expression
in the jejunum was performed by RT-quantitative PCR (qPCR) as
described previously (39).

Statistical analysis

Statistical analyses were performed by ANOVA and by unpaired
two-tailed #test using GraphPad Prism version 5.03 (GraphPad
Software, San Diego, CA). Statistical significance was considered
achieved if P< 0.05.

RESULTS

Adding LPA 18:2 (but not LPA 18:0) to standard mouse
chow causes dyslipidemia in LDLR /™ mice, confirming
our previous studies

As previously reported (39), adding 1 g per gram chow
of unsaturated (but not saturated) LPA to standard mouse
chow produced dyslipidemia that was qualitatively similar
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to WD; that is, plasma total cholesterol and triglyceride
levels were increased (Fig. 1A, B), and plasma HDL-
cholesterol levels were decreased (Fig. 1C). Additionally,
as shown in Fig. 1D, the dyslipidemia was accompanied by
a decrease in the activity of the HDL-associated antioxidant
enzyme PON.

Adding LPA 18:2 (but not 18:0) to standard mouse chow
causes aortic atherosclerosis similar to that seen on
feeding LDLR ™~ mice WD

As shown in Fig. 2, adding 1 g per gram chow of LPA
18:2 (but not LPA 18:0) to mouse chow produced aortic
atherosclerosis by en face analysis that was similar to that
seen on feeding LDLR /™ mice WD. Similar results were
obtained when the area containing atherosclerotic lesions
was determined in aortic root sections (Fig. 3). As shown
in Fig. 4, macrophage lesion area was similar when the
mice were fed WD or standard chow supplemented with
LPA 18:2 (but not LPA 18:0). Interestingly, while the con-
trol tomatoes (EV tomatoes) were ineffective in reducing
the percent of aorta with atherosclerosis (Fig. 2), or the
area containing atherosclerotic lesions in aortic root sec-
tions (Fig. 3), addition of control tomatoes (EV tomatoes)
significantly decreased macrophage area whether the

mice were fed standard mouse chow supplemented with
LPA 18:2 or WD (Fig. 4). However, in both cases the
reduction in macrophage area was significantly greater
with Tg6F compared with EV tomatoes (Fig. 4). As shown
in Fig. 5, the reduction in a smooth muscle cell actin was
similar whether the mice were fed standard mouse chow
supplemented with LPA 18:2 or WD. In both cases, addi-
tion of Tg6F (but not EV) tomatoes significantly preserved
aortic o smooth muscle cell actin content (Fig. 5).

Searching for natural sources of intestinally derived LPA

We previously reported that feeding LDLR /"~ mice WD
increased the levels of unsaturated (but not saturated)
LPA in the small intestine (39), and that the levels of un-
saturated LPA in the small intestine significantly corre-
lated with the percent of aorta with atherosclerosis (11).
We also reported that ¢) WD actually contains less pre-
formed unsaturated LPA than standard mouse chow; i)
the amount of preformed LPA in the diet is significantly
less than the 1 wg LPA per gram chow that we add in our
experiments; and ) based on the change in tissue LPA
levels after adding 1 wg LPA per gram chow, it was evident
that most of the LPA added to the standard mouse chow
was either lost prior to reaching the small intestine or not
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Fig. 2. Addition of unsaturated (but not saturated) LPA to stan-
dard mouse chow results in aortic atherosclerosis as determined by
en face analysis. The percent of aorta with atherosclerosis as deter-
mined by en face analysis for the mice described in Fig. 1 was deter-
mined as described in Materials and Methods. The data shown are
mean = SEM. NS, not significant.

absorbed into the enterocytes of the small intestine (39).
Thus, the natural source of small intestine LPA was not evi-
dent from our previous studies (39). We therefore sought
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Fig. 3. Addition of unsaturated (but not saturated) LPA to stan-
dard mouse chow results in aortic atherosclerosis as determined by
aortic root analysis. The area containing atherosclerotic lesions in
aortic root sections of 15-19 randomly selected mice in each group
described in Fig. 1 was determined as described in Materials and
Methods. The data shown are mean + SEM. NS, not significant.
If chow is included in multiple comparisons, each comparison is
to chow.

to identify a natural source for small intestine LPA, other
than the minimal amounts of preformed LPA that are
contained in the diets. One of the major pathways for the
formation of LPA is through the action of autotaxin on
LysoPC (23).

A major source of intestinal LysoPC is through the ac-
tion of PLA2G1B (45-50). PLA2GIB is a pancreatic PLAy
that hydrolyzes fatty acids at the sn-2 position of phospho-
lipids in the lumen of the small intestine. The uptake of
LysoPC formed by the action of PLA2G1B was reported to
be very efficient and stimulated VLDL production (47).
We hypothesized that LysoPC produced by the action of
PLA2GIB on dietary unsaturated phospholipids might be
a good substrate for the formation of unsaturated LPA in
the enterocytes of the small intestine because ) LysoPC is
readily absorbed into the enterocytes of the small intestine
(49), and #) autotaxin is highly expressed in the entero-
cytes of the small intestine (51).

Adding LysoPC 18:1 to standard mouse chow dose-
dependently causes dyslipidemia and inflammation in
LDLR ™~ mice

In testing this hypothesis, we did not know how much
LysoPC to add to standard mouse chow. Others have
shown that a single intraperitoneal dose of 32 mg/kg of
LysoPC into mice deficient in PLA2G1B restored function-
ality over a period of 1-4 h (47, 48). We assumed that add-
ing LysoPC to standard mouse chow would require a much
higher daily dose to deliver the needed concentration to
the enterocytes of the small intestine over the many hours
during which the mice eat. We decided that the best way to
find the required dose was to determine the dose needed
to increase plasma levels of total cholesterol, triglycerides,
and SAA and decrease plasma HDL-cholesterol levels. As
shown in Fig. 6, adding LysoPC 18:1 at doses ranging from
0.5 mg per gram of standard mouse chow to a dose of 4 mg
per gram of standard mouse chow dose-dependently pro-
duced dyslipidemia and inflammation with the maximum
response achieved at about 1 mg LysoPC 18:1 per gram
standard mouse chow. In subsequent experiments, we
used this dose (1 mg LysoPC per gram standard mouse
chow). It should be noted that this dose of LysoPCis 1,000-
fold higher than the dose of LPA (1 pg per gram standard
mouse chow) that we routinely add to standard mouse
chow. Our mice eat ~4 g of chow per day, so the dose of
LysoPC administered was ~160 mg/kg taken over the
course of 24 h (mostly during the night hours). It should
also be noted that this dose of LysoPC 18:1 produced func-
tional changes (dyslipidemia and plasma SAA levels) simi-
lar to that seen when 1 ug LPA 18:1 was added per gram
standard mouse chow (160 pg/kg).

The dyslipidemia induced by supplementing standard
mouse chow with LysoPC 18:1 is significantly ameliorated
by adding a specific autotaxin inhibitor (PF8380)

As noted above, one of the major pathways for produc-
ing LPA is by the action of autotaxin on LysoPC (23).
Therefore, we hypothesized that the dyslipidemia induced
by unsaturated LysoPC (Fig. 6) might be due, at least in
part, to unsaturated LPA formed by this pathway. To test
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Fig. 4. Addition of unsaturated (but not saturated) LPA to stan-
dard mouse chow results in macrophage-rich aortic atherosclero-
sis. Aortic root sections from the mice described in Fig. 3 were
randomly selected from 4 to 11 mice in each group for determina-
tion of macrophage area by staining for CD68 as described in Ma-
terials and Methods. The data shown are mean + SEM. NS, not
significant.

this hypothesis, we fed LDLR ™~ mice chow supplemented
with LysoPC 18:0 or 18:1 without or with the specific oral
autotaxin inhibitor PF8380 that has been shown to inhibit
autotaxin activity by >95% at a dose of 30 mg/kg (42, 43).
As controls, we fed some of the mice standard mouse chow
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Fig. 5. Addition of unsaturated (but not saturated) LPA to mouse
chow results in a significant reduction of aortic a smooth muscle
cell actin. Aortic root sections from the mice described in Fig. 3
were randomly selected from 6 to 17 mice in each group for deter-
mination of aortic lesion o smooth muscle cell actin as described in
Materials and Methods. The data shown are mean + SEM. NS, not
significant.
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supplemented with LPA 18:1 without or with PF8380, or
the mice were fed WD. As shown in Fig. 7, supplementing
standard mouse chow with LysoPC 18:0 did not cause
dyslipidemia, but supplementing standard mouse chow
with LysoPC 18:1 produced dyslipidemia that was similar
to that seen when the standard mouse chow was supple-
mented with LPA 18:1 or the mice were fed WD. Adding
the specific oral autotaxin inhibitor PF8380 to the stan-
dard mouse chow supplemented with LysoPC 18:0 was
without effect. In contrast, adding PF8380 to the standard
mouse chow supplemented with LysoPC 18:1 significantly
ameliorated the dyslipidemia and improved PON activity.
Interestingly, adding PF8380 to standard mouse chow
supplemented with LPA 18:1 significantly ameliorated
plasma total cholesterol levels (Fig. 7A) but did not sig-
nificantly alter plasma triglyceride levels (Fig. 7B) or HDL-
cholesterol levels (Fig. 7C) or PON activity (Fig. 7D).

Adding LysoPC 18:0 or LysoPC 18:1 or LPA 18:1 to
standard mouse chow produces complex changes in the
levels of LPA species in the tissue of the jejunum

To directly test whether LysoPC is converted to LPA in
the tissue of the jejunum, we added LysoPC 18:0 or LysoPC
18:1 at 1 mg per gram chow * the autotaxin inhibitor
PF8380 at 30 mg/kg to standard mouse chow. Controls
included standard mouse chow alone or LPA 18:1 added
to standard mouse chow at 1 g per gram chow =+ the auto-
taxin inhibitor PF8380 at 30 mg/kg, or the mice were fed
WD. After 2 weeks on these diets, the mice were bled to
obtain plasma, and after they were perfused to remove all
remaining blood from the tissues, the levels of various
LPA species in the tissue of the jejunum were determined
by LC/MS/MS.

The levels of LPA 16:0 were not significantly altered in
the jejunum by any of the diets administered (Fig. 8A). In
contrast, the levels of LPA 18:0 in the jejunum were signifi-
cantly increased on feeding LysoPC 18:0, and the levels
were not significantly different if the autotaxin inhibitor
PF8380 was included in the diet indicating that the conver-
sion of LysoPC 18:0 to LPA 18:0 in the tissue of the jejunum
was likely by autotaxin-independent pathways (Fig. 8B).
Feeding the LDLR /™ mice either LysoPC 18:1 or LPA
18:1 did not significantly change the levels of LPA 18:0 in
the tissue of the jejunum, and PF8380 was without effect
(Fig. 8B) indicating that 7) saturated LysoPC is not formed
from unsaturated LysoPC or from unsaturated LPA under
these conditions; and ) inhibiting autotaxin does not af-
fect the levels of LysoPC 18:0 in the tissue of the jejunum,
regardless of the species of LysoPC or LPA added to the
diet. Feeding WD modestly but significantly increased the
levels of LPA 18:0 in the jejunum (Fig. 8B).

Feeding the LDLR /™ mice LysoPC 18:0 + the autotaxin
inhibitor PF8380 did not significantly alter the levels of
LPA 18:1 in the tissue of the jejunum (Fig. 8C). However,
feeding LysoPC 18:1 significantly increased levels of
LPA 18:1 in the jejunum, and this was significantly amelio-
rated by PF8380, which is consistent with an autotaxin-
dependent mechanism mediating the conversion of LysoPC
18:1 to LPA 18:1 (Fig. 8C). Feeding LPA 18:1 modestly,
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but significantly increased the levels of LPA 18:1 in the je-
junum and was not altered by PF8380 (Fig. 8C). It is inter-
esting that feeding LPA 18:1 was much less effective in
raising the levels of LPA 18:1 in the tissue of the jejunum
compared with feeding the mice LysoPC 18:1. Feeding
WD modestly, but significantly increased the levels of LPA
18:1 in the jejunum (Fig. 8C).

The levels of LPA 18:2 in the jejunum were not altered
by feeding LysoPC 18:0 + the autotaxin inhibitor PF8380
(Fig. 8D). However, levels of LPA 18:2 in the tissue of the
jejunum were significantly increased by feeding LysoPC
18:1, and the increase was significantly ameliorated by
PF8380 consistent with an autotaxin-dependent mecha-
nism (Fig. 8D). Feeding the LDLR ™/~ mice LPA 18:1 sig-
nificantly increased the levels of LPA 18:2 in the jejunum,
and the levels were not altered by inhibiting autotaxin
with PF8380 (Fig. 8D). It is interesting that feeding LPA
18:1 was much more effective in raising the levels of LPA
18:2 in the tissue of the jejunum compared with feeding the
mice LysoPC 18:1. This is just the opposite of the case for
LPA 18:1 levels in the tissue of the jejunum where LysoPC

Plasma total cholesterol levels. B: Plasma triglycer-
ide levels. C: Plasma HDL-cholesterol levels. D:
Plasma SAA levels. The data shown are mean + SEM.
NS, not significant. If chow is included in multiple
comparisons, each comparison is to chow.

18:1 was much more effective in increasing the tissue levels
of LPA 18:1 (Fig. 8C). WD also significantly increased the
levels of LPA 18:2 in the tissue of the jejunum (Fig. 8D).
Feeding the LDLR ™/~ mice LysoPC 18:0 did not sig-
nificantly alter the levels of LPA 20:4 in the tissue of the
jejunum (Fig. 8E). However, adding PF8380 to chow sup-
plemented with LysoPC 18:0 very slightly, but significantly
increased the levels of LPA 20:4 in the tissue of the jeju-
num (Fig. 8E). Feeding LysoPC 18:1 significantly increased
the levels of LPA 20:4 in the jejunum, and this was signifi-
cantly decreased by PF8380 consistent with an autotaxin-
dependent mechanism (Fig. 8E). Adding LPA 18:1 to the
standard mouse chow slightly, but significantly increased
the levels of LPA 20:4 in the tissue of the jejunum, and this
was not significantly altered by inhibiting autotaxin with
PF8380 (Fig. 8E). It is interesting that LysoPC 18:1 was
significantly more effective in increasing the levels of
LPA 20:4 in the tissue of the jejunum compared with feed-
ing the mice LPA 18:1 (Fig. 8E). Thus, feeding LysoPC
18:1 was much more effective in increasing the levels of
both LPA 18:1 and LPA 20:4 in the tissue of the jejunum

Source and role of intestinally derived LPA 877
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compared with feeding LPA 18:1, but feeding the mice
LPA 18:1 was more effective in increasing the tissue levels
of LPA 18:2 compared with feeding the mice LysoPC 18:1.
Feeding WD did not significantly increase the levels of
LPA 20:4 in the tissue of the jejunum (Fig. 8E).

Adding LysoPC 18:0 or LysoPC 18:1 or LPA 18:1 to
standard mouse chow produces directional changes in the
liver and plasma similar to those seen in the jejunum for
most LPA species

We thought it was important to determine whether simi-
lar changes were observed in other tissues. We chose to
examine the liver because of its major role in regulating
plasma lipoprotein levels; we also chose to examine plasma
because of its role in reflecting and modulating many dif-
ferent tissues. Because blood was collected for plasma
prior to the mice being thoroughly perfused to remove all
remaining blood from tissues before harvesting the or-
gans, we felt that it was valid to compare the levels of LPA
in the plasma to those seen in jejunum and liver.

As shown in Figs. 9 and 10, similar to the case for the jeju-
num feeding the mice LysoPC 18:0 significantly increased
the levels of LPA 18:0 in an autotaxin-independent man-
ner in liver and plasma but did not alter levels of LPA 18:1,
LPA 18:2, or LPA 20:4.

Similar to the case for the jejunum, feeding LysoPC 18:1
increased levels of LLPA 18:1 and LPA 20:4 in liver and
plasma much more than when the mice were fed LPA
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18:1, and the LysoPC 18:1-mediated increases were auto-
taxin dependent (Figs. 9 and 10).

Similar to the case for the jejunum, feeding the mice
LPA 18:1 increased levels of LPA 18:2 in liver and plasma
much more than when the mice were fed LysoPC 18:1,
and the LPA 18:1-mediated increases were autotaxin inde-
pendent (Figs. 9 and 10).

Differences in the responses of the jejunum (Fig. 8),
liver (Fig. 9), and plasma (Fig. 10) included the following:
1) an increase in LPA 16:0 levels in liver on feeding WD,
but not in jejunum or plasma; 2) decreased levels of LPA
18:0 in liver on feeding LPA 18:1, but not in jejunum or
plasma; 3) increased levels of LPA 18:0 in jejunum and
plasma on feeding WD, but not in liver; 4) increased levels
of LPA 18:0 in plasma on feeding LysoPC 18:1, but not in
jejunum or liver; and 5) increased levels of LPA 20:4 in
plasma on feeding WD, but not in jejunum or liver.

Directly comparing changes in jejunum, liver, and plasma

To be able to directly compare changes in jejunum with
those in liver and plasma, the average value for mice re-
ceiving standard mouse chow without supplements was
calculated for each LPA species in each tissue in the mice
described in Figs. 8-10. Subsequently, the value for each
mouse receiving a diet other than standard mouse chow
alone (except for data from mice receiving PF8380, which
were excluded from this analysis) was compared with this
average value to obtain the fold-change compared with
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standard mouse chow alone. The results are shown in
Fig. 11A-E for each LPA species measured.

The fold-change compared with standard mouse chow
alone for LPA 16:0 was modest for all, but greatest in the
liver of mice receiving WD (Fig. 11A). The greatest change
compared with standard mouse chow alone for LPA 18:0
was in the jejunum of mice receiving LysoPC 18:0 where the
fold-increase was 11.1 + 1.2 (mean + SEM) (Fig. 11B). The
greatest change compared with standard mouse chow alone
for LPA 18:1 was in the jejunum of mice receiving LysoPC
18:1 where the fold-increase was 38.6 + 6.5 (Fig. 11C). The
greatest fold-change for LPA 18:2 was in the jejunum and

liver of mice receiving LPA 18:1 where the fold-increase
was 10 £ 1 and 11 + 2, respectively (Fig. 11D).

The greatest fold-change compared with standard
mouse chow alone for LPA 20:4 occurred in plasma of
mice receiving LysoPC 18:1 with a fold-increase of 24.2 +
2.7 (Fig. 11E).

Adding unsaturated (but not saturated) LPA to standard
mouse chow increases gene expression in the jejunum to
favor the remodeling of phospholipid fatty acids

One of the striking findings in the data presented above
is that adding LysoPC 18:1 to standard mouse chow induced
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higher levels in jejunum, liver, and plasma of LPA 18:1
and LPA 20:4 compared with adding LPA 18:1 to standard
mouse chow. In contrast, adding LPA 18:1 to standard
mouse chow resulted in higher levels in jejunum, liver,
and plasma of LPA 18:2 compared with adding LysoPC
18:1 to standard mouse chow. In our previous publica-
tion, we reported that adding LPA 18:2 (but not LPA
18:0) to standard mouse chow did not increase the levels
of LPA 18:0 in the tissue of the jejunum but significantly
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Fig. 9. Adding LysoPC 18:0 or LysoPC 18:1 or LPA
18:1 to standard mouse chow produces directional
changes in the liver similar to those seen in the je-
junum for most LPA species. After perfusion to
remove all blood from the tissues, the liver was har-
vested from the mice described in Fig. 8, and he-
patic LPA tissue levels were determined as described
in Materials and Methods. A: The levels of LPA 16:0.
B: The levels of LPA 18:0. C: The levels of LPA 18:1.
D: The levels of LPA 18:2. E: The levels of LPA 20:4.
The data shown are mean + SEM. NS, not signifi-
cant. If chow is included in multiple comparisons,
each comparison is to chow.

increased the levels of LPA 18:1 and 18:2 in the tissue of
the jejunum (39). We also reported that adding LPA 18:2
(but not LPA 18:0) to standard mouse chow increased
the levels of LPA 20:4 in the plasma (39). Our previous
results and those reported here suggest that one of the
responses to the feeding of these unsaturated lysophos-
pholipids is a complex and robust remodeling of phos-
pholipid fatty acids. There are multiple pathways for
remodeling phospholipid fatty acids (52-56). We previously
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reported that the expression of a number of genes known of remodeling phospholipid fatty acids has recently been
to be involved in fatty acid remodeling (Acadl, Acotl, emphasized with the discovery of the role of lysophospha-
Acaalb, Scdl, and SrebfI) were significantly induced in the tidyl acyltransferase 3 (Lpcat3) (57). As shown in Fig. 12,
tissue of the jejunum when LPA 18:2 (but not LPA 18:0) adding LPA 18:2 (but not LPA 18:0) to standard mouse
was added to standard mouse chow (39). The significance =~ chow increased gene expression in the jejunum for
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Lpcat3 to the same level as seen on feeding the LDLR ™/~
mice WD.

DISCUSSION

LPA 18:2-mediated dyslipidemia in LDLR ™/~ mice leads
to aortic atherosclerosis

The results presented here (Fig. 1) confirm our previ-
ous finding that adding LPA 18:2 (but not LPA 18:0) to
standard mouse chow causes dyslipidemia (39). Zhou et al.
(26) reported that administration of ~1 pg of LPA 20:4
(but not LPA 18:0) by intraperitoneal injection in apoE
null mice on a high-fat, high-cholesterol diet accelerated
atherosclerosis without significantly altering the dyslipid-
emia. The data presented here demonstrate that addi-
tion of LPA 18:2 (but not LPA 18:0) to standard mouse
chow causes dyslipidemia and aortic atherosclerosis in
LDLR /™ mice similar to that seen on feeding the mice
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WD (Figs. 1-5). These results also demonstrate that both
the dyslipidemia and aortic atherosclerosis were amelio-
rated by the addition of Tg6F tomatoes. Interestingly, the
addition of the control tomatoes (EV tomatoes) to WD de-
creased the macrophage content of lesions (but not to the
extent seen with Tg6F tomatoes) (Fig. 4). However, add-
ing the control tomatoes to WD did not significantly
change lesion area (Figs. 2 and 3), nor did it alter the con-
tent of o smooth muscle cell actin (Fig. 5).

Determining the source from which LPA 18:0 and LPA
18:1 are formed in the small intestine

Having confirmed our previous work (39), we sought to
find a natural source of small intestine LPA other than the
minimal levels of preformed LPA that are present in the
diets (39). We previously reported that feeding LDLR ™/~
mice WD resulted in increased levels of unsaturated (but
not saturated) LPA in the small intestine (39). Surpris-
ingly, the content of preformed LPA in WD was actually
lower than in standard mouse chow (39). The amount of
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Fig. 12. Adding unsaturated (but not saturated LPA) to standard
mouse chow induces gene expression of Lpcat3 in the jejunum to
the same level as seen after feeding the mice a WD. Female
LDLR /™ mice age 7-8 months (7-8 per group) were fed standard
mouse chow or standard mouse chow supplemented with 1 g LPA
18:0 or LPA 18:2 per gram chow, or the mice were fed WD. After 2
weeks, the jejunum was harvested, and mRNA levels for Lpcat3
were determined by RT-qPCR as described in Materials and Meth-
ods. The data shown are mean + SEM. NS, not significant.

preformed LPA in either diet was only a very small fraction
of the LPA 18:2 or LPA 18:0 added to standard mouse
chow in our experiments, but the increase in the tissue of
the small intestine of unsaturated LPA following the addi-
tion of LPA 18:2 was similar to that seen on feeding the
mice WD. Feeding a high-fat diet is a potent stimulus for
the production of PLA2GIB that acts to form LysoPC in
the lumen of the proximal small intestine. The LysoPC is
rapidly and efficiently taken up by the enterocytes of the
small intestine (49). Autotaxin is known to be in abun-
dance in the cells of the small intestine (51). Therefore,
we hypothesized that a natural source of small intestine
LPA would be LysoPC formed by the action of PLA2G1B
in the lumen of the small intestine. PLA2G1B specifically
removes the fatty acid from the sn-2 position of phospho-
lipids, but it does not have specificity for the fatty acid re-
moved from the sn-2 position (58).

In our previous studies, we used LPA 18:2 and LPA 18:0
with the fatty acids at the sn-1 position in each case (39).
To test our hypothesis regarding PLA2G1B, we felt that we
needed LysoPC and LPA with the same fatty acid at the
same sn- position (e.g., LysoPC 18:0 with the 18:0 fatty acid
at the sn-1 position and LPA 18:0 with the fatty acid at the
sn-1 position, as well as LysoPC 18:1 with the 18:1 fatty acid
at the sn-1 position and LPA 18:1 with the 18:1 fatty acid at

the sn-1 position). These are all commercially available; in
contrast, LysoPC 18:2 is not available, nor is LysoPC with
the fatty acid at the sn-2 position. As described below, it is
likely that the commercial availability of lysophospholipids
with the acyl group at the sn-1 position is due to the rela-
tive stability of an acyl group at the sn-1 position and the
difficulty in preventing isomerization from the sn-2
position to the sn-1 position of lysophospholipids. Con-
sequently, we used LysoPC 18:0, LysoPC 18:1, and LPA
18:1 all with the fatty acid at the sn-1 position for these
experiments. It should be noted that our previous work
demonstrated that when phosphatidic acid with the same
fatty acid at both the sn-1 and sn-2 positions (i.e., 18:0 or
18:2 at both positions) was added to normal mouse
chow, similar results were obtained compared with add-
ing LPA 18:0 or LPA 18:2 with the fatty acid at the sn-1
position (39).

Because most phospholipids contain a saturated fatty
acid at the sn-1 position and an unsaturated fatty acid at
the sn-2 position, it would not be unreasonable to ask if
using phospholipid species with the unsaturated fatty acid
at the sn-1 position is relevant. If one considers the distri-
bution of 18:1 fatty acids in phospholipids at the sn-1 posi-
tion versus the sn-2 position, 15% of the 18:1 fatty acids in
phospholipids are found at the sn-1 position in chicken
eggs (59). In bovine brain, 30% of the 18:1 fatty acids in
phospholipids are found at the s»n-1 position (59). In hu-
man erythrocytes and in human plasma, the values are
17% and 21%, respectively (59). In rat lung, heart, and
liver 37%, 35%, and 35% of the 18:1 fatty acids in phos-
pholipids are found at the sn-1 position, respectively (59).
Thus, while it is more likely that the sn-1 position will con-
tain a saturated fatty acid, it is certainly not rare to find an
unsaturated fatty acid at the sn-1 position. The data pre-
sented here show that the unsaturated species that we
chose were biologically active. While we can be confident
of the sn- position of the phospholipids added to standard
mouse chow (i.e., the acyl group was at the sn-1 position),
isomerization of acyl groups in phospholipids is common,
particularly movement of the acyl group from the sn-2 to
the sn-1 position in cases where the sn-1 position initially
does not have an acyl group (60, 61). The sn-1 position
appears to be more thermodynamically stable for accom-
modating an acyl group in lysophospholipids than is the
case at the sn-2 position (60, 61). The method that we used
to measure LPA species in jejunum, liver, and plasma
(LC/MS/MS) does not allow us to determine which sn-
position is occupied by the acyl group.

We chose to use PF8380 to test our hypothesis because
it has been shown to be highly specific in inhibiting auto-
taxin activity (42) and effective at the dose used in the ex-
periments described here (30 mg/kg) (42, 43). Moreover,
PF8380 has been shown both in vitro and in vivo to have
the ability to block the autotaxin-mediated conversion of
LysoPC 18:0 to LPA 18:0 as well as being able to block the
autotaxin-mediated conversion of LysoPC 18:1 to LPA
18:1 (42). As shown in Figs. 8-10, adding LysoPC 18:0 to
standard mouse chow resulted in a marked increase in
the levels of LPA 18:0 in jejunum, liver, and plasma, but
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the increase was not significantly ameliorated by PF8380.
These data are consistent with LysoPC 18:0 being con-
verted to LPA 18:0 by autotaxin-independent pathways.

One might wonder if autotaxin could have a preference
for unsaturated LysoPC, and if the failure of PF8380 to
block the conversion of LysoPC 18:0 to LPA 18:0 might be
due to the specificity of autotaxin. There is one report in
the literature suggesting that autotaxin may be modestly
more active in converting LysoPC 18:1 to LPA 18:1 com-
pared with the conversion of LysoPC 18:0 to LPA 18:0
(62). However, two other studies reported that autotaxin
was equally effective in converting LysoPC 18:0 to LPA
18:0 as compared with the conversion of LysoPC 18:1 to
LPA 18:1 (42, 63). Thus, it seems more likely that the fail-
ure of PF8380 to alter the conversion of LysoPC 18:0 to
LPA 18:0 was due to the processing of LysoPC 18:0 by an
autotaxin-independent pathway in our experiments. We
must assume that the conversion of LysoPC 18:0 to LPA
18:0 in our mice occurred in a microenvironment devoid
of autotaxin, or there must be another enzyme (s) present
with much higher affinity for the substrate (LysoPC 18:0)
compared with autotaxin. Our data do not shed any light
on this issue, and the details of these processes must be
determined by future research. Regardless of how LysoPC
18:0 is converted to LPA 18:0 our data clearly demonstrate
that the resulting increased levels of LPA 18:0 are not as-
sociated with dyslipidemia and inflammation, as is the case
for LPA 18:1, LPA 18:2, and LPA 20:4.

Our LC/MS/MS data are highly consistent with Ly-
soPC 18:1 being converted to LPA 18:1 by an autotaxin-
dependent mechanism (i.e., the levels of LPA 18:1 after
feeding LysoPC 18:1 were significantly reduced in all tis-
sues by PF8380). Moreover, the LysoPC 18:1-mediated
changes in plasma levels of total cholesterol, triglycer-
ides, HDL-cholesterol, and PON activity were all signifi-
cantly ameliorated by PF8380 (Fig. 7A-D).

In these studies, we did not directly test if the dyslipid-
emia caused by feeding LysoPC 18:1 would cause athero-
sclerosis, as was the case for LPA 18:2. However, it was
recently reported that LDLR ™/~ mice that were also defi-
cient in PLA2G1B had a dramatic reduction in aortic
atherosclerosis (50), which would be consistent with the
LysoPC-mediated dyslipidemia causing atherosclerosis.

The results with PF8380 strongly implicate autotaxin
in the processing of unsaturated LysoPC 18:1 to unsatu-
rated LPA species (Figs. 8-10), which cause dyslipidemia
(Fig. 7). However, these findings are not definitive. De-
finitive proof that dietary unsaturated LysoPC must be
converted to unsaturated LPA in the small intestine by
an autotaxin-dependent mechanism in order to cause dys-
lipidemia and atherosclerosis will require an intestinal
specific knockout of autotaxin. We are currently breeding
such mice.

There are complex and robust mechanisms for
remodeling phospholipid fatty acids

We previously reported (39) that adding one species
of unsaturated LPA to chow resulted in a significant in-
crease in the species added but also resulted in a significant
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increase in other unsaturated species of LPA. These find-
ings suggest that the unsaturated LPA added to standard
mouse chow may be taken up by enterocytes and stimulate
the formation of other species of unsaturated LPA and
perhaps may also stimulate the formation of the same spe-
cies of LPA in the enterocytes. The pathways for the for-
mation, degradation, and recycling of LPA are complex
(23-25, 52-56), and it is therefore not surprising that in-
hibiting autotaxin might have some effect on the actions
of unsaturated LPA added to standard mouse chow. The
important role of Lpcat3 in maintaining a diversity of phos-
pholipid fatty acids by favoring the formation of phos-
pholipids with unsaturated fatty acids has recently been
highlighted (57). As shown in Fig. 12, the increase in gene
expression in the jejunum of Lpcat3 after adding LPA 18:2
(but not LPA 18:0) to standard mouse chow was similar to
that seen on feeding the mice WD.

The responses to LysoPC and LPA are complex

In jejunum, liver, and plasma the greatest increase in
levels of LPA 18:1 was seen after adding LysoPC 18:1 to
standard mouse chow, not after adding LPA 18:1 (Figs. 8C,
9C, and 10C). In contrast, the greatest increase in levels of
LPA 18:2 was seen in jejunum, liver, and plasma after
adding LPA 18:1 to standard mouse chow compared with
adding LysoPC 18:1 (Figs. 8D, 9D, and 10D). The greatest
increase in levels of LPA 20:4 was seen in jejunum,
liver, and plasma after adding LysoPC 18:1 to standard
mouse chow compared with adding LPA 18:1 (Figs. SE,
9E, and 10E).

Because linoleic acid (18:2) is an essential fatty acid
(i.e., it cannot be synthesized de novo in mammalian
cells), it is likely that the increase in LPA 18:2 after adding
LPA 18:1 to standard mouse chow involves acyltransferase
activity. It is known that Lpcat3 preferentially uses linoleic
acid (57). Lpcat3 gene expression in the jejunum was in-
creased after adding LPA 18:2 to standard mouse chow
(Fig. 12). Assuming Lpcat3 activity in the jejunum would
similarly increase after adding LPA 18:1, the increase in
LPA 18:2 could have been due to Lpcat3-mediated produc-
tion of more phospholipids containing linoleic acid, which
were then converted to LPA 18:2. Thus, the tissue response
to intestine-derived lysophospholipids is very complex.
The identification of the mechanisms responsible for this
complexity awaits future research.

Possible mechanisms by which unsaturated LPA may
promote dyslipidemia and apoA-I mimetic peptides may
ameliorate dyslipidemia

The mechanisms by which unsaturated (but not satu-
rated) LPA mediates dyslipidemia and atherosclerosis
(Figs. 1-5), and the mechanisms by which Tg6F tomatoes
inhibit this process (Figs. 1-5) are unknown. One po-
tential mechanism might involve the balance between
inositol-requiring enzyme 1 (Irel) and microsomal triglyc-
eride transfer protein (Mtp). The Irel genes are involved
in sensing and modulating endoplasmic reticulum stress
(64, 65). Irela is expressed in all mammalian cells, but
Irelf is expressed primarily in intestinal epithelial cells (66).
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Fig. 13. A schematic representation of the formation of LPA 18:0
and LPA 18:1 in the small intestine. It is hypothesized that phos-
phatidylcholine in the lumen of the small intestine is acted on by
pancreatic PLA2G1B to produce saturated LysoPC (e.g., LysoPC
18:0) or unsaturated LysoPC (e.g., LysoPC 18:1) in the lumen of
the small intestine. The resulting LysoPC enters the enterocytes of
the small intestine where the saturated LysoPC is converted to satu-
rated LPA (e.g., LPA 18:0) by unknown (?) enzyme(s), while un-
saturated LysoPC is converted to unsaturated LPA (e.g., LPA 18:1)
by lysophospholipase D (autotaxin).

Wild-type mice fed WD compared with chow showed de-
creased mRNA levels of IrelB and increased levels of
mRNA for Mip in intestinal tissue (67). Mice null for
Irel3 when fed WD developed more pronounced hyper-
lipidemia compared with wild-type mice because the
IrelB null mice secreted more chylomicrons and expressed
more intestinal MTP, but not more hepatic MTP (67).
Cell culture studies showed that lrelB (but not lrela)
decreased Mitp RNA through increased posttranscrip-
tional degradation; and conversely, knockdown of Irelf3
enhanced Mip expression in the cells (67). In a subse-
quent study, it was shown that mice null for apoE that
were also null for IreIB had higher levels of intestinal MTP
(but not apoB), absorbed more lipids because of en-
hanced secretion of intestinal chylomicrons, and exhib-
ited greater hyperlipidemia due to an increased number
of apoB-containing remnant lipoproteins (with no sig-
nificant change in composition) compared with apoE null
mice that were wild-type for IreIB (68). The increased
plasma lipids in the double knockout mice were not due
to changes in hepatic lipoprotein production. The dou-
ble knockout mice also had greater aortic atherosclero-
sis on both chow and WD (68). These studies suggest that
this pathway might be a fruitful line of investigation for
future studies.

The recent publication by Zhao et al. (69) showing that
an apoA-I mimetic peptide structurally different from the
4F and 6F peptides was effective after oral administration
despite the absence of detectable plasma levels strongly
suggests that the site of action for multiple apoA-I mimetic
peptides may be in the gut (69, 70). The results reported
here suggest that studying the role of apoA-I mimetic pep-
tides in LysoPC metabolism in the small intestine may be a
fruitful line of research.

SUMMARY

The data reported here suggest that dietary unsaturated
LysoPC may be converted to unsaturated LPA by an auto-
taxin-dependent mechanism in the enterocytes of the
small intestine and lead to dyslipidemia and atherosclero-
sis in LDLR ™/~ mice. The conversion of diet-derived satu-
rated LysoPC to saturated LPA appears to readily occur,
but by an autotaxin-independent process. A schematic dia-
gram of these processes is shown in Fig. 13. Finding the
different mechanisms involved in processing diet-derived
saturated LysoPC compared with those involved in pro-
cessing diet-derived unsaturated LysoPC, and determining
why the former does not lead to dyslipidemia while the
latter does, is likely to provide important new insights into
lipid and lipoprotein metabolism. The data presented
here together with our previously published data (11, 39)
point to the small intestine as an increasingly interesting
potential target for the management of dyslipidemia and
atherosclerosis.Blif
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