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  Mimetics of apolipoprotein A-I (apoA-I) containing 
only 18 amino acids showed promise in animal models of 
disease ( 1, 2 ), and improved HDL function in humans 
when given orally at high doses despite achieving low plasma 
peptide levels ( 3 ). However, when high plasma levels were 
achieved with low doses of peptide given intravenously or 
by subcutaneous (SQ) injection, no improvement in HDL 
function was seen ( 4 ). Studies in mice surprisingly suggested 
that the major site of action for these peptides is in the 

      Abstract   We recently reported that levels of unsaturated 
lysophosphatidic acid (LPA) in the small intestine signifi -
cantly correlated with the extent of aortic atherosclerosis 
in LDL receptor-null (LDLR  � / �  ) mice fed a Western diet 
(WD). Here we demonstrate that WD increases unsaturated 
(but not saturated) LPA levels in the small intestine of 
LDLR  � / �   mice and causes changes in small intestine gene 
expression. Confi rmation of microarray analysis by quanti-
tative RT-PCR showed that adding transgenic tomatoes 
expressing the apoA-I mimetic peptide 6F (Tg6F) to WD 
prevented many WD-mediated small intestine changes in 
gene expression. If instead of feeding WD, unsaturated LPA 
was added to chow and fed to the mice:  i ) levels of LPA in 
the small intestine were similar to those induced by feeding 
WD;  ii ) gene expression changes in the small intestine 
mimicked WD-mediated changes; and  iii ) changes in plasma 
serum amyloid A, total cholesterol, triglycerides, HDL-
cholesterol levels, and the fast-performance liquid chroma-
tography lipoprotein profi le mimicked WD-mediated changes. 
Adding Tg6F (but not control tomatoes) to LPA-supplemented 
chow prevented the LPA-induced changes.   We conclude 
that:  i ) WD-mediated systemic infl ammation and dyslipi-
demia may be in part due to WD-induced increases in small 
intestine LPA levels; and  ii ) Tg6F reduces WD-mediated 
systemic infl ammation and dyslipidemia by preventing WD-
induced increases in LPA levels in the small intestine.  —
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and favored their retention in the subendothelium ( 17 ). 
In vivo in LDLR  � / �   mice, it was shown that application of a 
collar to the carotid artery resulted in a time-dependent in-
crease in artery LPA levels ( 18 ). Also in vivo, mice with selec-
tive inactivation of lipid phosphate phosphatase 3 displayed 
an exaggerated neointimal response to injury ( 19 ). The gene 
for lipid phosphate phosphatase 3 was identifi ed as a sus-
ceptibility locus for coronary artery disease ( 20 ). In mice, 
LPA was shown to trigger mast cell-driven atherosclerotic 
plaque destabilization ( 21 ). Thus, there is increasing evi-
dence that LPA plays an important role in vascular pathol-
ogy and atherosclerosis. However, to our knowledge, there 
has been no previously published evidence showing that 
administration of LPA causes dyslipidemia in LDLR  � / �   mice 
similar to that seen on feeding WD. 

 In the present report, we conducted a series of experi-
ments to:  i ) further delineate the effect of WD compared 
with chow on the small intestine of LDLR  � / �   mice;  ii ) de-
termine the effect of feeding Tg6F and WD on phospha-
tidic acid (PA), a precursor to LPA;  iii ) determine if gene 
expression in the small intestine of mice fed WD was al-
tered by feeding Tg6F;  iv ) determine if adding PA or LPA 
to normal mouse chow would mimic feeding LDLR  � / �   
mice WD; and  v ) determine if feeding Tg6F would alter 
the changes induced by feeding LPA in mouse chow. The 
results presented here demonstrate that:  i ) WD increases 
the content of unsaturated (but not saturated) LPA in the 
small intestine and causes changes in gene expression in 
the small intestine;  ii ) Tg6F favorably alters a number of 
WD-mediated changes in gene expression in the small in-
testine;  iii ) adding unsaturated LPA to mouse chow in-
creases the levels of unsaturated LPA in the small intestine 
to levels that are similar to those observed when the mice 
are fed WD;  iv ) adding unsaturated (but not saturated) 
PA or LPA to mouse chow mimics the systemic infl am-
mation, dyslipidemia, and gene expression in the small 
intestine that result from feeding LDLR  � / �   mice WD; 
and  v ) Tg6F mitigates both WD- and LPA-induced 
increases in LPA levels in the small intestine and miti-
gates WD- and LPA-induced systemic infl ammation and 
dyslipidemia. 

 MATERIALS AND METHODS 

 Materials 
 PA (purity >99%) and LPA (purity >99%) were purchased 

from Avanti Polar Lipids, Birmingham, AL (catalog numbers 
830865X, 840885C, 840886C, 857128X, and 857125C), except 
for LPA 18:2 (purity >99%), which was purchased from Echelon 
Biosciences, Salt Lake City, UT (catalog number L0182). In ex-
periments where PA was administered, the fatty acid was the same 
at both the sn-1 and sn-2 positions. In experiments where LPA 
was administered, the fatty acids were in the sn-1 position. All 
other materials were from previously described sources ( 7 ). 

 Mice 
 LDLR  � / �   mice, originally purchased from Jackson Laboratories 

on a C57BL/6J background, were obtained from the breeding 

intestine and that a high dose of peptide is required for 
effi cacy ( 5, 6 ). The high dose requirement provides a bar-
rier to use in humans because of the cost of chemically 
synthesizing these peptides. To overcome this barrier an 
18 amino acid peptide was transgenically expressed in to-
matoes ( 7 ). 

 Feeding LDL receptor-null (LDLR  � / �  ) mice a Western 
diet (WD) for 13 weeks containing 2.2% by weight of freeze-
dried tomato powder made from transgenic tomatoes ex-
pressing the apoA-I mimetic peptide 6F (Tg6F) reduced 
plasma serum amyloid A (SAA) levels, reduced plasma total 
cholesterol levels, reduced plasma triglyceride levels, re-
duced plasma unsaturated (but not saturated) lysophos-
phatidic acid (LPA) levels, increased plasma paraoxonase-1 
activity, increased plasma HDL-cholesterol levels, and de-
creased the extent of aortic atherosclerosis by about 50% 
( 7, 8 ). Two hours after LDLR  � / �   mice fi nished eating WD 
containing Tg6F, intact 6F peptide was found in the small 
intestine but not in the plasma ( 7 ). Plasma levels of unsatu-
rated (but not saturated) LPA correlated with the extent of 
aortic atherosclerosis. The content of LPA in the tissue of 
the small intestine was found to decrease after feeding Tg6F 
and the level of LPA (but not cholesterol) in the tissue of 
the small intestine correlated with the extent of aortic ath-
erosclerosis ( 7 ). 

 LPA is a bioactive lipid that is produced in many tissues ( 9 ), 
where it acts on cells via a series of cell surface G-protein-
coupled receptors to generate intracellular signals that 
induce cell proliferation ( 10 ), lipid accumulation, and in-
fl ammation ( 11 ). Inhibiting LPA signaling in cultured pri-
mary human hepatocytes led to inhibition of apoB (but not 
apoA-I) secretion ( 12 ), suggesting that LPA stimulates apoB 
secretion and may contribute to hypercholesterolemia. It is 
known that plasma LPA levels are elevated in hypercholes-
terolemia ( 11 ) and there are increased levels of LPA in the 
blood of culprit coronary arteries of patients with acute 
coronary syndrome ( 13 ). It is known that oxidized LDL pro-
motes activation of phospholipase D in smooth muscle cells 
leading to an increase in the production of LPA that stimu-
lates smooth muscle cell proliferation ( 14 ). It is also known 
that oxidized LDL requires endothelial LPA receptors and 
autotaxin (phospholipase D) to elicit chemokine (CXC mo-
tif) ligand 1 (CXCL1)-dependent monocyte adhesion ( 15 ). 
In vivo, local and systemic application of unsaturated LPA 
20:4 (but not saturated LPA 18:0) (2 nmol twice weekly 
given by intraperitoneal injection for 4 weeks) accelerated 
the progression of atherosclerosis in mice without altering 
blood lipid levels ( 15 ). Blocking the LPA receptors LPA1 
and LPA3 reduced hyperlipidemia-induced arterial leuko-
cyte arrest and atherosclerosis in the presence of functional 
CXCL1, suggesting that atherogenic monocyte recruitment 
mediated by hyperlipidemia and modifi ed LDL crucially 
depends on LPA, which triggers endothelial deposition of 
CXCL1 ( 15 ). In vitro studies with porcine coronary artery 
rings and human aortic endothelial cells revealed that LPA 
causes endothelial dysfunction by a mechanism associated 
with decreased endothelial nitric oxide synthase expression 
and oxidative stress ( 16 ). In vitro, it was also shown that LPA 
inhibited the conversion of monocytes into migratory cells 
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switched to WD (Teklad, Harlan, catalog #TD88137). Tg6F or 
control empty vector tomatoes (EV) were freeze-dried, pow-
dered, and added to the diet at 2.2% by weight as previously 
described ( 7 ). In some experiments PA and LPA were added to 
the chow diet. In these experiments the diet was prepared in 
thin sheets that were cut into blocks that were frozen and were 
administered to the mice each evening as previously described 
( 6 ). Addition of PA and LPA was achieved, unless otherwise 
stated, by adding the PA and LPA to the surface of the frozen 
blocks of chow just before the mice were allowed to eat. This 
was accomplished by making a fresh stock solution of 1 mg/ml 
of PA or LPA in warm saline. The resulting solution was clear 
and uniform. The stock solution was then diluted with warm 
saline so that each 0.1 ml contained 4  � g of PA or LPA. Using a 
1 ml syringe and a 28 gauge needle, the 0.1 ml containing 4  � g 
of PA or LPA was sprayed on the front and back of each 4 g 
block of frozen chow just before the mice were allowed to eat. 
For experiments in which the PA or LPA was mixed into the 
chow, saline containing PA or LPA suffi cient to provide a fi nal 
content of 1–4  � g PA or LPA per gram of chow was slowly added 
into chow dough. The dough was prepared using 400 g of chow 
pellets and 300 ml of water with thorough mixing in a heavy 
duty mixer to prepare 4 g chow blocks that were frozen as previ-
ously described [see “Addition of oxidized fatty acids to mouse 
chow” in Materials and Methods of ( 6 )]. For experiments in 
which chow without added PA or LPA was fed, the chow was 
treated identically except that no PA or LPA was added. To de-
termine if air oxidation of LPA added to the surface of the 
blocks of frozen chow might have infl uenced the results, LPA 
18:2 or LPA 20:4 was deliberately air oxidized by transferring 
100  � g in 100  � l of chloroform to a clean 16 × 125 mm glass test 
tube forming a thin layer along the inside wall. The solvent was 
evaporated under a stream of nitrogen and the lipid residue was 
allowed to autoxidize by exposure to air in a laminar fl ow hood 
for 24 h prior to being added to the chow as described above. 
The fi nal content of PA or LPA in the frozen chow was 1  � g per 
gram of frozen chow unless otherwise stated. The amount of 
chow presented each night was 4–5 g per mouse per night and 
all of the chow was eaten each night. At the end of experiments, 
the mice were fasted overnight, blood was collected for plasma 
isolation and the small intestine was harvested after the mice 
were perfused to remove all blood as previously described ( 6, 7 ). 
In experiments in which small intestine tissue levels of PA or LPA 
were determined, the luminal contents were removed prior to 
analysis as previously described ( 6, 7 ). 

 Microarray analysis and quantitative RT-PCR 
 Total RNA was isolated from the small intestine of LDLR  � / �   

mice using Qiagen RNeasy Plus kit (n = 4–8 per treatment). Illu-
mina mouse expression arrays were used and the microarray ex-
periments were performed at the University of California at Los 
Angeles Neurosciences Genomics Core. Microarray data analysis 
was performed and only the list of probes, which fell below the 
5% false discovery rate cutoff were chosen. Signifi cant genes were 
selected based on  P  values <0.05 and fold change  � 1.4. For en-
richment analysis of biological process ontology, probe lists were 
analyzed in DAVID ( 22, 23 ). Microarray results were confi rmed 

colony of the Department of Laboratory and Animal Medicine 
at the David Geffen School of Medicine at University of Califor-
nia at Los Angeles. The mice used in these studies were of dif-
ferent ages, which are stated in each fi gure legend. The mice 
were maintained on a chow diet (Ralston Purina) before being 

  Fig.   1.  Feeding WD increases the content of unsaturated (but 
not saturated) LPA in the small intestine. Female LDLR  � / �   mice, 
age 8–10 months (n = 12 per group), were fed chow or WD for 2.5 
weeks. The mice were fasted overnight, and after perfusion to re-
move all blood, the small intestine was harvested, the luminal con-
tents were removed, and unsaturated (A–C) or saturated (D) LPA 
levels in the duodenum were determined by LC-ESI-MS/MS as de-
scribed in Materials and Methods. The data shown are mean ± SD.   

 TABLE 1. PA and LPA content of diets 

Diet PA 18:0 (ng/g) PA 18:2 (ng/g) PA 20:4 (ng/g) LPA 18:0 (ng/g) LPA 18:2 (ng/g) LPA 20:4 (ng/g)

Chow 42 ± 6 1.3 ± 0.4 1.7 ± 0.6 1.75 ± 0.1 9.9 ± 0.1 0.89 ± 1.0
WD 36 ± 8 1.0 ± 0.1 1.4 ± 0.2 BLQ 4.8 ± 0.3* BLQ

The diets were analyzed for PA and LPA content using LC-ESI-MS/MS as described in Materials and Methods. 
The values shown are mean ± SD. BLQ, below level of quantifi cation. * P  < 0.0001.
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content of unsaturated PA by about 3- to 5-fold ( Figs. 2B, C ). 
Comparing  Figs. 1 and 2  shows that the content of PA 
(even saturated PA) in the small intestine was much less 
than that of LPA. Both saturated and unsaturated PA 
contents of the chow diet were not signifi cantly different 
from those of WD ( Table 1 ). Inasmuch as the mice were 
fed the same amount (i.e., equal weights) of the two diets 
each night, it seems very unlikely that the increase in 
small intestine unsaturated LPA levels after feeding WD 
compared with chow ( Fig. 1 ) could be due to preformed 
PA in WD. 

 Feeding Tg6F prevents WD-mediated gene expression in 
the small intestine of LDLR  � / �   mice 

 To determine if feeding Tg6F alters gene expression 
in the small intestine, LDLR  � / �   mice were fed chow or 
WD without or with 2.2% by weight freeze-dried ground 
tomatoes. After 3 weeks, RNA was isolated from the small 
intestine (jejunum) and subjected to microarray analysis. 

by quantitative RT-PCR (RT-qPCR), which was performed as de-
scribed previously ( 24 ). 

 Other methods 
 Plasma SAA levels, plasma total cholesterol, plasma triglycer-

ides, and plasma HDL-cholesterol were determined by previously 
described methods ( 7 ). Plasma separation by fast-performance 
liquid chromatography (FPLC) with cholesterol determination 
to identify lipoproteins was performed as previously described 
( 3, 4 ). The levels of PA and LPA in tissue and plasma were de-
termined by LC-ESI-MS/MS as described previously ( 7 ). PA and 
LPA content of the diets were determined after extraction using 
the protocol of Baker et al. ( 25 ) followed by LC-ESI-MS/MS 
analysis as previously described ( 7 ). Lipoprotein lipase (LPL) 
activity was determined using the STA-610 LPL activity assay kit 
(Cell Biolabs, Inc.). 

 Statistical analysis 
 Statistical analyses were performed by ANOVA, unpaired 

two-tailed  t- test, or by linear regression using GraphPad Prism 
version 5.03 (GraphPad Software, San Diego, CA). In the 
case of multiple statistical comparisons, the least signifi cant 
 P  value is shown in the fi gures (e.g., if one comparison yielded 
a value of  P  < 0.0001 and another yielded a value of  P  < 0.01, the 
latter value is shown in the fi gure because it is correct for both 
comparisons). 

 RESULTS 

 Feeding WD to LDLR  � / �   mice increases the levels of 
unsaturated (but not saturated) LPA in the tissue of the 
small intestine 

 While our recent work strongly suggests that unsatu-
rated LPA in the small intestine may play a key role in 
WD-mediated systemic infl ammation, in that manuscript 
( 7 ) we did not establish the magnitude of the changes 
in LPA in the small intestine induced by feeding WD 
compared with feeding chow. As shown in   Fig. 1  ,  feeding 
LDLR  � / �   mice WD compared with chow increased the 
content of unsaturated LPA in the small intestine (duo-
denum) about 2-fold ( Fig. 1A–C ), but did not alter the 
content of saturated LPA ( Fig. 1D ). The content of pre-
formed LPA in chow was found to be consistently higher 
than in WD (  Table 1  ).  Because the mice were fed the same 
amount (i.e., equal weights) of the two diets each night, it 
seems very unlikely that the increase in small intestine 
unsaturated LPA levels after feeding WD compared with 
chow could be due to preformed LPA in WD. 

 Feeding Tg6F decreases the levels of the LPA 
precursor PA in the tissue of the small intestine in 
LDLR  � / �   mice on WD 

 We previously reported that adding Tg6F (but not EV) 
to WD reduced the content of LPA in the tissue of the 
small intestine of LDLR  � / �   mice ( 7 ). As shown in   Fig. 2  ,  
the content of saturated PA (a precursor to LPA) in the 
tissue of the small intestine (duodenum) of LDLR  � / �   
mice on WD was much greater ( Fig. 2A ) than the content 
of unsaturated PA ( Fig. 2B, C ). Adding Tg6F (but not 
EV) to WD did not reduce the tissue content in the small 
intestine of saturated PA ( Fig. 2A ), but decreased the 

  Fig.   2.  Feeding Tg6F reduces levels of unsaturated PA in the tis-
sue of the small intestine. Female LDLR  � / �   mice, age 6–8 months 
(n = 8 per group), were fed WD or WD plus 2.2% ground freeze-
dried Tg6F or EV tomatoes for 3 weeks. The mice were fasted over-
night, and after perfusion to remove all blood, the small intestine 
was harvested, the luminal contents were removed, and the levels 
in the tissue of the duodenum of saturated (A) or unsaturated (B, C) 
PA were determined as described in Materials and Methods. The 
data shown are mean ± SD.   
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decreased expression on WD, which was prevented with 
addition of Tg6F to WD, but not EV ( Fig. 4D , supple-
mentary Fig. IE). One of these genes ( Reg3g ,  Fig. 4D ) 
was previously shown to have decreased expression on a 
high-fat diet in wild-type C57BL/6J mice ( 26, 27 ). The 
data in  Fig. 4  are from the jejunum; similar data were 
obtained from the duodenum (supplementary Fig. II). 
These data indicate that Tg6F acts in the small intestine 
of LDLR  � / �   mice, at least in part, by preventing WD-
mediated changes in gene expression. 

 Adding unsaturated PA or LPA to mouse chow produces 
changes similar to feeding LDLR  � / �   mice WD 

 Because WD increased unsaturated LPA levels in the tis-
sue of the small intestine ( Fig. 1 ), and unsaturated LPA 
levels were previously found to be correlated with the ex-
tent of aortic atherosclerosis ( 7 ), we asked if adding PA or 
LPA to mouse chow would mimic feeding WD. To answer 
this question, we fed chow or chow to which we added 1  � g 
of PA or LPA (18:2 or 20:4) per gram of chow, or we fed 
WD to LDLR  � / �   mice for 18 days. 

 Adding this amount of unsaturated PA or LPA to mouse 
chow produced signifi cant changes in plasma levels of 
SAA (  Fig. 5A  ),  plasma total cholesterol ( Fig. 5B ), plasma 
triglycerides ( Fig. 5C ), plasma HDL-cholesterol levels 
( Fig. 5D ), and LPL activity ( Fig. 5E ) that were similar in 
direction to those observed after feeding WD. The changes 
in plasma cholesterol ( Fig. 5B ) in this experiment were 
highly signifi cant, but were not quantitatively as similar to 
WD as was the case for the other parameters measured. 

Only the list of probes that fell below the 5% false dis-
covery rate cutoff were chosen. A total of 2,878 genes 
were identifi ed to be signifi cantly changed in at least 
one of the four comparisons: chow versus WD; chow ver-
sus EV; chow versus Tg6F; and EV versus Tg6F (supple-
mentary Table I). Of particular interest were 198 genes 
whose expression changed signifi cantly between EV- and 
Tg6F-fed mice (supplementary Table II). We identifi ed 
64 (out of the 198) genes that were  i ) signifi cantly changed 
by WD compared with chow, and  ii ) changed by Tg6F in 
a direction that was opposite to the WD-induced change 
(  Tables 2–5  ).     The 64 genes ( Tables 2, 4 ) are involved in 
several pathways including peroxisome proliferator-
activated receptor (PPAR) signaling, lipid and cholesterol 
metabolism, mitochondrial function, and oxidative stress 
( Tables 3, 5 ). Among these 64 genes were seven genes that 
were identifi ed by others as showing increased expres-
sion in the small intestine of C57BL/6J mice on a high-
fat diet ( 26, 27 ), and confi rmed by us on feeding WD 
compared with chow in LDLR  � / �   mice on a C567BL/6J 
background ( Table 4 ). These genes were  Acadl ,  Acot1 ,  
Angptl4 ,  Acaa1b ,  Cyp4a10 ,  Scd1 , and  Srebf1 . A TukeyHSD 
plot of three of these genes is shown in   Fig. 3  .  The mi-
croarray results were confi rmed by RT-qPCR as shown 
in   Fig. 4A–C   and supplementary Fig. IA–D.  These data 
indicate that the expression of these genes was increased 
on WD and was prevented by adding Tg6F to WD, but 
was either not prevented, or was not prevented to the 
same extent by EV. We also confi rmed by RT-qPCR the 
microarray data for two genes from  Table 2  which showed 

 TABLE 2. Genes downregulated by WD, prevented by adding Tg6F (but not EV) 

Gene Symbol Fold Change Gene Name

 Reg3g 5.10 Regenerating islet-derived protein 3 �  (Reg3 � )
 (Reg3 � )  or  Pap 2.52 Regenerating islet-derived 3 � 
 AA467197 2.16 Expressed sequence AA467197
 Ptk6 2.15 Protein tyrosine kinase 6
 Sprr2a 1.80 Small proline-rich protein 2A; small proline-rich 

protein 2A3; predicted gene 6120
 Gadd45g 1.80 Growth arrest and DNA-damage-inducible 45 �  (Gadd45 � )
 Sqle 1.73 Squalene epoxidase
 2010109I03Rik 1.66 Riken cDNA 2010109I03 gene
 1700047I17Rik 1.65 Riken cDNA 1700047I1 gene 2 and Riken cDNA 1700047I1 

gene 1
 Ppp1r9a 1.65 Protein phosphatase 1, regulatory (inhibitor) subunit 9A
 Ndor1 1.65 NADPH-dependent difl avin oxidoreductase 1
 Klra7 1.63 Killer cell lectin-like receptor, subfamily A, member 7
 Pof1b 1.62 Premature ovarian failure 1B
 1810011O10Rik 1.62 Riken cDNA 1810011O10 gene
 Pcsk9 1.57 Proprotein convertase subtilisin/kexin type 9
 Cdc42ep3 1.56 CDC42 effector protein (Rho GTP-ase binding) 3
 Tia1 1.55 Cytotoxic granule-associated RNA binding protein 1
 Zfp692 1.53 Zinc fi nger protein 692
 Hmgb2l1 1.52 HMG box domain containing 4
 Ndfi p2 1.52 Nedd4 family interacting protein 2
 Ptma 1.51 Similar to prothymosin  � ; prothymosin  � 
 Hmgcs1 1.50 3-Hydroxy-3-methylglutaryl-CoA synthase 1
 Pls3 1.49 Plastin 3 (T-isoform)
 E2f5 1.45 E2f transcription factor 5
 2410019G02Rik 1.42 Not annotated
 Myom1 1.41 Myomesin 1
 2700055K07Rik ,  Tppp3 1.41 Tubulin polymerization-promoting protein family member 3
 FAM125B ,  BC049806 1.41 Family with sequence similarity 126, member B

RNA was isolated from the small intestine (jejunum) of the mice described in  Fig. 3  and analyzed by microarray 
analysis as described in Materials and Methods.
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gram chow produced plasma triglyceride levels compara-
ble to WD ( Fig. 7B ). There was a signifi cant dose response 
resulting in lowered plasma HDL-cholesterol levels on 
adding from 1 to 4  � g LPA 18:2 per gram chow, almost 
reaching the levels achieved with WD by addition of 4  � g 
LPA 18:2 per gram chow ( Fig. 7C ). 

 The data in  Figs. 5–7  and supplementary Fig. III were 
obtained from female LDLR  � / �   mice. The data in supple-
mentary Fig. IV show that similar results were obtained in 
male mice. 

 Adding unsaturated (but not saturated) PA or LPA to 
mouse chow produces changes in gene expression in the 
small intestine similar to those seen after feeding WD 
to LDLR  � / �   mice 

 After feeding LDLR  � / �   mice chow, chow with PA, chow 
with LPA (18:0, 18:2, or 20:4), or WD, the small intestine 
was harvested, RNA was isolated from the jejunum, and 
RT-qPCR was performed for the genes shown in  Fig. 4  
and supplementary Fig. I. Each of the seven genes tested 
in  Fig. 4  and supplementary Fig. I that  i ) showed increased 
expression in the small intestine after WD and  ii ) was 
prevented when WD was supplemented with Tg6F, also 
showed increased expression when fed chow supplemented 
with unsaturated PA or LPA (  Fig. 8A–C  , supplementary 
Fig. VA–D).  When saturated PA or LPA was added to chow, 
either the changes were not signifi cant, or the increased 
expression was signifi cantly less than when the unsatu-
rated species were added, or gene expression actually 

 In a second experiment, adding the same amount of satu-
rated PA or saturated LPA to mouse chow produced either 
no signifi cant change (total plasma cholesterol, plasma trig-
lycerides, and HDL-cholesterol,   Figs. 6B–D  , respectively)  or 
a change that was quantitatively much less compared with 
adding the unsaturated species (SAA,  Fig. 6A ). 

 In the experiments described in  Figs. 5 and 6 , the PA and 
LPA were added to the surface of frozen chow just before the 
mice were allowed to eat. Because unsaturated PA and LPA 
were so much more effective than saturated PA or LPA, we 
asked if air oxidation of the unsaturated compounds may 
have infl uenced the results. To answer this question, a third 
experiment was conducted as shown in supplementary Fig. 
III. In this experiment LPA 18:0, LPA 18:2, or LPA 20:4 were 
mixed into the chow (or were added to the surface as was the 
case in  Figs. 5 and 6 ) or LPA 18:2 or LPA 20:4 were deliber-
ately air oxidized prior to mixing into the chow  . In the case of 
the air oxidized LPA, essentially all of the LPA was altered by 
air oxidation as determined by LC-ESI-MS/MS analysis (data 
not shown). We did not determine the molecular species re-
sulting from air oxidation in this experiment; we only estab-
lished that essentially all of the starting LPA was altered (data 
not shown). The results in supplementary Fig. III show that 
air oxidation of unsaturated LPA cannot explain the results 
obtained in  Figs. 5 and 6 . 

 In a fourth experiment, a dose response was determined 
for the addition of LPA 18:2 to chow compared with WD. 
As shown in   Fig. 7  ,  the addition of 4  � g LPA 18:2 per gram 
chow produced total plasma cholesterol levels ( Fig. 7A ) 
comparable to WD. Adding as little as 1  � g LPA 18:2 per 

 TABLE 3. Functional information on genes listed in  Table 2  

Gene Symbol Gene Function Information

 Reg3g Might be a stress protein involved in the control of bacterial proliferation in the 
small intestine

 (Reg3 � )  or  Pap Constitutively expressed in the small intestine; controls bacterial proliferation
 AA467197 No functional information available
 Ptk6 Expressed in epithelial cells in the gastrointestinal tract
 Sprr2a Markedly increased in the small intestine after induction of allergic 

gastrointestinal infl ammation
 Gadd45g Regulation of growth and apoptosis
 Sqle Catalyzes the fi rst oxygenation step in sterol biosynthesis
 2010109I03Rik Small intestine-specifi c glycosylphosphatidylinositol-anchored protein that 

accelerates apoptosis
 1700047I17Rik Belongs to the FAM177 family
 Ppp1r9a Protein phosphatase-1 (PP1) catalytic subunit isoforms interact with diverse proteins
 Ndor1 Catalyzes the NADP-dependent reduction of cytochrome c and one-electron acceptors
 Klra7 Receptor on NK cells for class I MHC  
 Pof1b May be involved in ovary development
 1810011O10Rik May decrease apoptosis
 Pcsk9 PCSK9 degrades the LDL receptor
 Cdc42ep3 Probably involved in the organization of the actin cytoskeleton
 Tia1 RNA-binding protein
 Zfp692 Belongs to the krueppel C2H2-type zinc-fi nger protein family
 Hmgb2l1 Negatively regulates Wnt/ � -catenin signaling during development
 Ndfi p2 May be involved in NF-kappa-B and MAPK signaling pathways
 Ptma May mediate immune function by conferring resistance to certain 

opportunistic infections
 Hmgcs1 Mevalonic acid biosynthesis; (R)-mevalonic acid from acetyl-CoA: step 2/3
 Pls3 Actin-bundling protein
 E2f5 Transcriptional activator that binds to E2F sites in genes involved in cell proliferation
 2410019G02Rik No functional information
 Myom1 Binds  � -integrins
 2700055K07Rik ,  Tppp3 Onset of Tppp3 expression in joints coincides with cavitation
 FAM125B ,  BC049806 No functional information
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3 weeks resulted in plasma levels of LPA 20:4 that were not 
signifi cantly different ( Fig. 9 ), consistent with known pro-
cesses in vivo for interconverting LPA unsaturated fatty 
acid species ( 9, 10 ). Interestingly, feeding the same quan-
tity of LPA 18:0 did not change plasma LPA 20:4 levels 
( Fig. 9 ). 

 The resulting plasma levels of LPA 20:4 signifi cantly 
and positively correlated with a marker of systemic in-
fl ammation, SAA (  Fig. 10A  ).   Plasma levels of LPA 20:4 
also positively correlated with plasma total cholesterol 
( Fig. 10B ) and plasma triglyceride ( Fig. 10C ) levels, and 
inversely correlated with plasma HDL-cholesterol levels 
( Fig. 10D ). 

 Oral administration of LPA is modestly but signifi cantly 
more potent than administering the same dose by 
SQ injection 

 Adding unsaturated LPA to mouse chow modestly, but 
signifi cantly, caused greater systemic infl ammation and a 
greater increase in plasma total cholesterol and triglycer-
ides compared with administering the same LPA dose by 
SQ injection (  Fig. 11A–C  ).   There was a trend for a greater 
reduction in plasma HDL-cholesterol after oral compared 

decreased instead of increasing ( Fig. 8A–C , supplemen-
tary Fig. VA–D). 

 The expression of  Reg3g  and  Ptk6 , both of which dem-
onstrated decreased expression on feeding WD ( Fig. 4D  
and supplementary Fig. 1E, respectively) were found to 
also show decreased expression on adding unsaturated PA 
or LPA to chow ( Fig. 8D , supplementary Fig. VE). These 
two genes were either not altered by saturated PA or satu-
rated LPA, or their expression was decreased much less 
compared with feeding the unsaturated species ( Fig. 8D , 
supplementary Fig. VE). The data in  Fig. 8  and supple-
mentary Fig. V were from the jejunum; similar data were 
obtained from the duodenum (supplementary Fig. VI). 

 Adding 1  � g per gram of unsaturated (but not saturated) 
LPA to mouse chow increases plasma LPA levels to values 
that are between those in chow-fed and WD-fed LDLR  � / �   
mice, and the plasma level correlates with the degree of 
systemic infl ammation and dyslipidemia 

 Adding unsaturated (but not saturated) LPA to mouse 
chow raised plasma levels of LPA 20:4 to levels approaching 
those seen after feeding LDLR  � / �   mice WD (  Fig. 9  ).  Feed-
ing either LPA 20:4 or LPA 18:2 at 1  � g per gram chow for 

 TABLE 4. Genes upregulated by WD, prevented by Tg6F (but not EV) in the experiment described in  Table 2  

Gene Symbol Fold Change Gene Name

 Scd1 6.31 Stearoyl-CoA desaturase 1
 Slc6a3 5.89 Solute carrier family 6 (neurotransmiter transporter, 

dopamine), member 3
 Acot1 4.95 Acyl-CoA thioesterase 1
 Srebf1 3.52 Sterol regulatory element binding transcription factor 1
 Cyp4a10 3.47 Cyp4a10, Cyp4a31, Cyp4a32, Gm10774, Gm13015, 

LOC100044218, POLR2L
 Acaa1b 2.72 Acetyl-CoA acyltransferase 1B
 Pdk4 2.65 Pyruvate dehydrogenase kinase, isoenzyme 4
 Retsat 2.61 Retinol saturase (all trans retinol 13,14 reductase)
 Plscr4 2.41 Phospholipid scramblase 4
 Pte2a  or  Acot3 2.41 Acyl-CoA thioesterase 3
 Gdf9 2.37 Growth differentiation factor 9
 Acadl 2.36 Acyl-CoA dehydrogenase family
 Ltc4s 2.24 Leukotriene C4 synthase
 Gm7049 ,  LOC677317 ,  

ME1 ,  Mod1 
2.04 Predicted gene 7049; similar to NADP-dependent malic 

enzyme (NADP-ME)
 Slc27a2 1.97 Solute carrier family 27 (fatty acid transporter), member 2
 Unc93a 1.94 Predicted gene 9992; predicted gene 8597; similar to 

unc-93 homolog A
 Mfsd2a 1.91 Major facilitator superfamily domain containing 2
 Angptl4 1.85 Angiopoietin-like protein 4
 GLTPD2 ,  C730027E14Rik 1.79 Glycolipid transfer protein domain containing 2
 Ahcy 1.76 Similar to adenosylhomocysteinase (S-adenosyl-L-

homocysteine hydrolase)
 Acaa2 1.66 Acetyl-CoA acyltransferase 2 (mitochondrial 

3-oxoacyl-CoA thiolase)
 Dhrs4 1.65 Dehydrogenase/reductase (SDR family) member 4
 LOC192758 1.65 Protein interacting with cyclin A1
 Por 1.62 P450 (cytochrome) oxidoreductase
 HSD17B11 1.62 Hydroxysteroid (17 � ) dehydrogenase 11
 PLIN2 ,  Adfp 1.61 Adipose differentiation-related protein (ADFP)/adipophilin
 Cyp2d26 1.60 Cytochrome P450, family 2, subfamily d, polypeptide 26
 Tgoln1 1.57 Trans-Golgi network protein 2; trans-Golgi network protein 1
 Entpd5 1.54 Ectonucleoside triphosphate diphosphohydrolase 5
 Mia2 1.52 Melanoma inhibitory activity 2
 N4BP2L1 ,  B230342M21Rik 1.51 NEDD binding protein 2-like 1
 Ppp2r5c 1.46 Protein phosphatase 2, regulatory subunit B (B56),  �  isoform
 Abcc2 1.46 ATP-binding casette, sub-family C (CFTR/MRP), member 2
 Rnf167 1.44 Ring fi nger protein 167
 Slc35e3 1.42 Solute carrier family 35, member E3; predicted gene 7341
 Pank3 1.41 Pantothenate kinase
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that adding LPA 18:2 to chow signifi cantly increased the 
levels of LPA 18:2 in the small intestine compared with 
adding LPA 18:0, and adding Tg6F (but not EV) to LPA 
18:2-supplemented mouse chow or to WD signifi cantly 
reduced LPA 18:2 levels in the tissue of the small intes-
tine (duodenum). The data in  Fig. 12D–G  show that add-
ing Tg6F (but not EV) to LPA 18:2-supplemented mouse 
chow or WD signifi cantly prevented the resulting sys-
temic infl ammation and dyslipidemia. The data in sup-
plementary Fig. VIIA–C demonstrate a highly signifi cant 
correlation between plasma SAA, total cholesterol, and 
triglyceride levels with the content of LPA 18:2 in the tis-
sue of the small intestine. The correlation of LPA levels 
in the small intestine with plasma HDL-cholesterol levels 
in this experiment did not reach statistical signifi cance 
(data not shown). 

 Analysis of the plasma from the mice described in 
 Fig. 12  by FPLC demonstrated that:  i ) addition of LPA 18:0 
to chow did not signifi cantly change the lipoprotein 
profi le compared with mice on chow alone;  ii ) addition 
of LPA 18:2 to chow dramatically changed the lipoprotein 
profi le to one similar to that seen on feeding WD; and 
 iii ) adding Tg6F (but not EV) to chow supplemented 
with LPA 18:2 or adding Tg6F to WD largely prevented 
the changes in the FPLC lipoprotein profi le (  Fig. 13  ).   

with SQ administration of unsaturated LPA, but the differ-
ences did not reach statistical signifi cance ( Fig. 11D ). The 
results shown in  Fig. 11  suggest that intestinal LPA may be 
particularly potent in causing systemic infl ammation and 
dyslipidemia. 

 Addition of Tg6F to mouse chow supplemented with LPA 
prevents the increase in LPA levels in the small intestine 
and prevents systemic infl ammation and dyslipidemia 

 If Tg6F was acting by reducing intestinally derived 
LPA, we would expect that adding Tg6F to LPA-supple-
mented mouse chow would prevent the increase in small 
intestine LPA levels, and would prevent LPA-mediated 
systemic infl ammation and dyslipidemia better than would 
be the case if EV were added to the LPA-supplemented 
mouse chow. The data in   Fig. 12A   demonstrate   that none 
of the interventions altered the content of LPA18:0 in 
the small intestine. The data in  Fig. 12B  demonstrate that 
adding LPA 18:0 to chow did not alter the levels of LPA 
18:1 in the small intestine compared with chow only, but 
adding LPA 18:2 signifi cantly increased the levels of LPA 
18:1 in the small intestine and adding Tg6F (but not EV) 
to LPA 18:2-supplemented mouse chow or to WD signifi -
cantly reduced LPA 18:1 levels in the tissue of the small 
intestine (duodenum). The data in  Fig. 12C  demonstrate 

 TABLE 5. Functional information on genes listed in  Table 4    

Gene Symbol Gene Function Information

 Scd1 Catalyzes the insertion of a double bond into fatty acyl-CoA substrates
 Slc6a3 Amine transporter
 Acot1 Catalyzes the hydrolysis of acyl-CoAs; Active with chain-lengths of C12–C16.
 Srebf1 Transcription factor regulating lipid metabolism
 Cyp4a10 Metabolizes arachidonic acid into hydroxyeicosatetraenoic acids (HETEs)
 Acaa1b Lipid metabolism/fatty acid metabolism, triglyceride and fatty acid enzymes
 Pdk4 Activation during starvation mediated by PPAR � 
 Retsat Novel role in regulating sensitivity to oxidative stress
 Plscr4 Mediates ATP-independent bidirectional transbilayer migration 

of phospholipids
 Pte2a Acot3 Hydrolysis of acyl-CoAs to the free fatty acid and CoA (CoASH)
 Gdf9 Belongs to the TGF- �    family
 Acadl Lipid metabolism; mitochondrial fatty acid  � -oxidation
 Ltc4s Conjugation of leukotriene A4 with reduced glutathione to leukotriene C4
 Gm7049 ,  LOC677317 ,  ME1 ,  Mod1 Cytosolic or mitochondrial isoforms of malic enzyme
 Slc27a2 PPAR �  upregulates the expression of slc27a2 in the small intestine.
 Unc93a Function not known but is most likely an ion channel regulatory protein
 Mfsd2a No annotation
 Angptl4 Inhibits LPL activity in response to infl ammatory stimuli
 GLTPD2 ,  C730027E14Rik No functional information
 Ahcy Inhibitor of S-adenosyl-L-methionine-dependent methyl transferase reactions
 Acaa2 Lipid metabolism, fatty acid metabolism
 Dhrs4 Reduces retinal, alkyl phenyl ketones and  � -dicarbonyls with aromatic rings
 LOC192758 Belongs to PROCA family
 Por Regulates retinoic acid levels and tissue distribution
 HSD17B11 May participate in androgen metabolism during steroidogenesis
 PLIN2 ,  Adfp Regulated by PPAR � , but is induced by fasting even in the absence of PPARa
 Cyp2d26 Cytochromes P450 are a group of heme-thiolate monooxygenases
 Tgoln1 Cycles between rans-Golgi and the cell surface returning via endosomes
 Entpd5 Promotes reglycosylation reactions involved in glycoprotein 

folding and quality
 Mia2 May play a role in the pathology of liver disease
 N4BP2L1 ,  B230342M21Rik No functional information
 Ppp2r5c Truncated isoform of the protein phosphatase 2A B56 �  regulatory subunit
 Abcc2 Mediates hepatobiliary excretion of numerous organic anions
 Rnf167 Protein modifi cation, protein ubiquitination
 Slc35e3 Putative transporter
 Pank3 Plays a role in the physiological regulation of intracellular CoA
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From the data in  Table 1 , the chow diet might be expected 
to provide a signifi cant amount of preformed PA or LPA 
that could have contributed to the LPA content of the 
small intestine. However, as noted above, the increase in 
the LPA content of the small intestine on WD cannot be 

 DISCUSSION 

 It is known that various foods contain small amounts of 
preformed LPA ( 28–30 ). Unsaturated (but not saturated) 
LPA appears to be well absorbed ( 31 ). Additionally, PA, 
a direct precursor to LPA, is also present in small amounts 
in food ( 32 ). Interestingly, leafy vegetables contain more 
PA and LPA per gram than meat ( 30, 32 ). Consistent 
with these fi ndings, we found that the chow diet con-
tained more preformed LPA than did WD and at least 
as much PA ( Table 1 ). Because the mice were fed equal 
amounts (i.e., equal weights) of each diet, each night, 
the increase in LPA levels in the small intestine on feed-
ing WD compared with chow is not likely to be from the 
preformed PA and LPA in WD. The LPA content of the 
small intestine in our recently published studies [Figs. 11 
and 12 in ( 7 )] was inadvertently reported as “ng/mg wet 
weight” of small intestine. This was a typographical error; 
the values in that study ( 7 ) should have been shown as 
“ng/g wet weight” of small intestine. The data in the stud-
ies reported here ( Figs. 1, 12 , and supplementary Fig. VII) 
are correctly shown as “ng/g wet weight” of small intes-
tine. Depending on the diet and the LPA species, the val-
ues for unsaturated LPA in the small intestine ranged 
between 100 and 1,000 ng/g wet weight of small intes-
tine. The weight of the small intestine of the mice in the 
studies reported by us previously ( 7 ) and those reported 
here is  � 200 mg. Thus, from these studies, the unsatu-
rated LPA content of the small intestine on WD in each 
mouse is in the range of 20–200 ng LPA depending on 
the diet and the LPA species. Our mice ate 4–5 g of diet 
per day (i.e., they were given 4–5 g of each diet, each 
night, for each mouse, and all was eaten by morning). 

  Fig.   3.  Microarray analysis identifi es WD-induced genes whose ex-
pression was prevented by addition of Tg6F. Female LDLR  � / �   mice, 
7–8 months of age (n = 4–6 per group), were fed chow, WD, WD plus 
2.2% by weight ground freeze-dried EV tomatoes, or WD plus 2.2% 
by weight ground freeze-dried Tg6F. After 3 weeks the small intestine 
was harvested from each mouse and RNA was isolated from the jeju-
num and analyzed by microarray analysis as described in Materials 
and Methods. The data are a TukeyHSD plot for the genes  Acadl , 
 Acot1 , and  Angptl4 . A, WD versus Chow; B, WD + EV versus Chow; C, 
WD + Tg6F versus Chow; D, WD + Tg6F versus WD + EV.   

  Fig.   4.  RT-qPCR confi rms microarray analysis. The RNA isolated 
from the mice described in  Fig. 3  was analyzed by RT-qPCR for some 
of the genes in  Tables 2 and 4  whose expression was  i ) signifi cantly 
changed by WD compared with chow, and  ii ) changed by Tg6F in a 
direction that was opposite to the WD-induced change. A–C: Genes 
whose expression was increased by WD and prevented by adding 
Tg6F to WD. D: A gene whose expression was decreased by WD and 
prevented by adding Tg6F to WD. Data shown are mean ± SD.   
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intestine ( Figs. 1, 12B ), one might think that the doses of 
PA and LPA added to chow or administered SQ in the 
experiments reported here might overwhelm all of the 
relevant biological systems. Adding 1  � g of unsaturated 

explained by the PA and LPA content of WD. Thus, it 
seems likely that the increased unsaturated LPA content 
of the small intestine on WD is largely derived from local 
formation, which is stimulated by feeding WD through 
mechanisms that are yet to be determined. 

 Feeding WD compared with chow increased the levels 
of unsaturated LPA in the plasma ( Fig. 9 ) as well as in the 
small intestine ( Figs. 1, 12B ). Compared with the quanti-
ties of PA and LPA in the diets ( Table 1 ) and in the small 

  Fig.   5.  Addition of unsaturated PA or unsaturated LPA to mouse 
chow produces changes similar to feeding WD in LDLR  � / �   mice. 
Female LDLR  � / �   mice, age 8–10 months (n = 8 per group), were 
fed mouse chow (Chow), WD, or chow supplemented with 1  � g of 
PA or LPA (18:2 or 20:4) per gram chow. Each night the mice were 
given 20 g of chow for each cage of four mice. The mice ate all of 
the diet each night. After 18 days, plasma levels of SAA (A), plasma 
total cholesterol (B), plasma triglycerides (C), plasma HDL-cholesterol 
(D), and LPL activity (E) were determined as described in Materi-
als and Methods. * P  < 0.03; ** P  < 0.01; *** P  < 0.001.   

  Fig.   6.  Addition of unsaturated (but not saturated) PA or unsatu-
rated LPA to mouse chow produces changes similar to feeding WD 
in LDLR  � / �   mice. Female LDLR  � / �   mice, age 7–8 months (n = 8 
per group), were fed mouse chow (Chow), WD, or chow supple-
mented with 1.25  � g of PA or LPA (18:0, 18:2, or 20:4) per gram 
chow. Each night the mice were given 16 g of chow for each cage of 
four mice. The mice ate all of the diet each night. After 3 weeks, 
plasma levels of SAA (A), plasma total cholesterol (B), plasma tri-
glycerides (C), and plasma HDL-cholesterol (D) were determined 
as described in Materials and Methods. Data are mean ± SEM. * P  < 
0.03; ** P  < 0.01; *** P  < 0.001.   
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LPA per gram chow produced levels of LPA in the plasma 
signifi cantly greater than chow or chow supplemented 
with the same quantity of saturated LPA. However, add-
ing this dose of unsaturated LPA to chow resulted in un-
saturated LPA plasma levels that were less than those 
achieved on feeding WD ( Fig. 9 ); the levels fell within the 
range between chow and WD. Similarly, changes in SAA, 
total cholesterol, triglycerides, and HDL-cholesterol lev-
els that were produced by adding  � 1  � g of unsaturated 
LPA per gram chow also fell within the range between 
the chow and WD diets ( Figs. 5–7 ). These “relatively mod-
est” changes induced by adding these very high levels of 
PA and LPA to mouse chow suggest that most of the 

  Fig.   7.  Plasma levels of total cholesterol, triglycerides, and HDL-
cholesterol after addition of increasing doses of LPA 18:2 to chow. 
Female LDLR  � / �   mice, age 6–8 months (n = 12 per group), were 
fed chow, chow with LPA 18:2 mixed in (at a dose of 1, 2, or 4  � g 
per gram chow), or WD  . After 2 weeks the mice were bled and 
plasma levels of total cholesterol, triglycerides, and HDL-choles-
terol were determined as described in Materials and Methods.   

  Fig.   8.  Addition of unsaturated PA or unsaturated LPA to mouse 
chow produces changes in gene expression in the small intestine 
similar to those seen after feeding WD in LDLR  � / �   mice. Female 
LDLR  � / �   mice, age 7–8 months (n = 4–6 per group), were fed 
mouse chow (Chow), WD, or chow supplemented with 1  � g of PA 
or LPA (18:0, 18:2, or 20:4) per gram chow. After 3 weeks the small 
intestine was harvested from each mouse, RNA was isolated from 
the jejunum, and RT-qPCR for the genes shown in  Fig. 4  was 
performed. The data shown are mean ± SD. * P  < 0.05; ** P  < 0.01; 
*** P   �  0.001.   
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 The precise mechanism(s) by which intestinally derived 
LPA modulates these remarkable changes in plasma lipids is 
unknown and will require further research. It has been re-
ported that LPA promotes hepatocyte secretion of apoB-
containing proteins ( 12 ) and it is possible that some of the 
changes noted here may be due to changes in plasma LPA 
levels acting on the liver. Regardless of the mechanism(s) the 
data presented here further add to the growing body of evi-
dence suggesting that LPA plays a major role in lipid metabo-
lism, infl ammation, and atherosclerosis ( 7, 9–21 ). 

 The studies reported here do not establish the pre-
cise signaling pathways by which intestinally derived 

added PA and LPA was either not absorbed or was de-
graded prior to absorption. 

 As noted in the Materials and Methods, the same fatty 
acid was present in the sn-1 and sn-2 positions for PA 
added to chow; in the case of LPA added to chow, the fatty 
acid was located at the sn-1 position. The data in  Figs. 5, 6, 
8 , and supplementary Fig. V suggest that the conversion of 
PA to LPA is not rate limiting. 

 The plasma levels of LPA 20:4 after feeding chow, WD, 
or chow plus 1  � g of unsaturated LPA per gram chow sig-
nifi cantly and positively correlated with plasma levels of 
SAA, total cholesterol, and triglycerides, and inversely cor-
related with HDL-cholesterol levels ( Fig. 10 ). 

 Feeding LDLR  � / �   mice chow supplemented with 4  � g 
LPA 18:2 per gram chow produced changes in plasma total 
cholesterol, triglycerides, and HDL-cholesterol levels that 
closely approximated those seen on feeding the mice WD 
( Fig. 7 ). The FPLC cholesterol profi les of LDLR  � / �   mice on 
chow compared with mice fed chow supplemented with 
LPA 18:0 were not different (compare  Fig. 13A  to  Fig. 13B ). 
However, supplementing chow with LPA 18:2 ( Fig. 13C ) 
produced a FPLC cholesterol profi le similar (but less se-
vere) to that achieved by feeding the LDLR  � / �   mice WD 
( Fig. 13F ). Adding Tg6F to LPA 18:2-supplemented chow 
( Fig. 13E ) largely prevented the LPA 18:2-mediated changes, 
as was also the case when Tg6F was added to WD ( Fig. 13G ). 
In contrast, adding EV to LPA 18:2-supplemented chow 
( Fig. 13D ) did not signifi cantly change the FPLC choles-
terol profi le. We would predict that such levels of dyslipi-
demia produced by feeding unsaturated LPA would promote 
atherosclerosis of the aorta similar to WD. Studies to deter-
mine the effects of chronic (months long) LPA-induced sys-
temic infl ammation and atherosclerosis are in progress in 
our laboratory and will be the topic of a future report. It 
appears from the data in  Figs. 7 and 13C  that HDL-choles-
terol levels may be most sensitive to the dose of orally ad-
ministered LPA. 

  Fig.   9.  Addition of 1  � g/g unsaturated LPA to mouse chow pro-
duces plasma levels of LPA 20:4 in LDLR  � / �   mice that are between 
the levels seen in mice fed chow and mice fed WD. Female LDLR  � / �   
mice, age 7–8 months (n = 8 per group), were fed mouse chow 
(Chow), WD, or chow supplemented with 1  � g of LPA (18:0, 18:2, 
or 20:4) per gram chow for 3 weeks. After fasting overnight, 
plasma was obtained from the mice and levels of LPA 20:4 were 
determined by LC-ESI-MS/MS as described in Materials and 
Methods. The data shown are mean ± SD. * P  < 0.02; ** P  < 0.001; 
*** P  < 0.0001.   

  Fig.   10.  Plasma levels of LPA 20:4 correlate with plasma SAA lev-
els and with plasma lipid levels. SAA levels (A), total cholesterol 
(B), triglycerides (C), and HDL-cholesterol levels (D) were deter-
mined in the plasma from the mice described in  Fig. 9  and linear 
regression analysis was performed as described in Materials and 
Methods.   
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LPA mediates systemic infl ammation and dyslipidemia. 
The 64 genes shown in  Tables 2 and 4  are involved in 
several pathways including PPAR signaling, lipid and 
cholesterol metabolism, mitochondrial function, and 
oxidative stress ( Tables 3, 5 ). The expression of each of 
the nine genes chosen for study by RT-qPCR ( Fig. 4 ) 
from the 64 genes in  Tables 2 and 4  was changed in a 
direction similar to that induced by WD when unsatu-
rated LPA (but not saturated LPA) was added to normal 
mouse chow. The fact that the expression of nine out of 
nine genes changed in the same direction when either 
LPA or WD was fed is very likely not due to chance. Mi-
croarray studies of mice fed chow or chow supplemented 
with LPA compared with mice fed WD are now under-
way in our laboratory and hopefully will help to clarify 
the signaling pathways by which LPA induces systemic 
infl ammation and dyslipidemia. 

 Microarray analysis by others ( 26, 27 ) revealed that 
feeding a high-fat diet to wild-type C57BL/6 mice in-
creased expression in the small intestine of the three 
genes shown in  Fig. 4  and the four genes shown in sup-
plementary Fig. I; all of which increased with WD in 
LDLR  � / �   mice. The increased expression of these seven 
genes in the small intestine was prevented by adding 
Tg6F to WD. Adding EV to WD did not prevent the ex-
pression of these genes to the same extent as adding 
Tg6F to WD. 

 Others also reported ( 26, 27 ) that feeding a high-fat 
diet to wild-type C57BL/6J mice decreased expression in 
the small intestine of  Reg3g . As shown in  Fig. 4D , expres-
sion of this gene was decreased in LDLR  � / �   mice on WD 
and was prevented by adding Tg6F (but not EV) to WD. 
Expression of another gene ( Ptk6 ) was also decreased on 
feeding WD to LDLR  � / �   mice and was prevented by Tg6F 
(but not EV) (supplementary Fig. IE). Thus, the expres-
sion of nine out of nine genes changed by WD in the small 
intestine was prevented by Tg6F, regardless of the direc-
tion of change. 

 The WD-induced increase in small intestine unsatu-
rated LPA levels ( Figs. 1A–C, 12B ) and the concordance 
in the direction of change in small intestine gene expres-
sion on feeding unsaturated LPA ( Fig. 8 , supplementary 
Fig. V) compared with WD in these studies, together with 
our previous publication ( 7 ), suggest the possibility that 
the WD-induced changes in gene expression in the small 
intestine are at least partially mediated by WD-induced 
increases in the levels of unsaturated LPA in the small 
intestine ( Figs. 1, 12 ), which is prevented by Tg6F ( Fig. 4 , 
supplementary Fig. I). 

 Interestingly, neither of the previous studies ( 26, 27 ) 
using a high-fat diet, nor our microarray analysis of 
LDLR  � / �   mice fed WD revealed signifi cant WD-induced 
changes in the expression of genes associated with LPA 
metabolism such as autotaxin, phospholipase A 2 , or cy-
toplasmic phospholipase A 2  (supplementary Table I and 
data not shown). In preliminary unpublished studies, 
we found that WD increases the activity of phospholi-
pase A 2  and cytoplasmic phospholipase A 2  in the small 
intestine without altering mRNA levels. Future research 

  Fig.   11.   LPA administered orally to LDLR  � / �   mice is modestly 
but signifi cantly more potent than the same dose administered by 
SQ injection. Female LDLR  � / �   mice, age 3 months (n = 8 per 
group), were fed mouse chow (Chow), WD, or chow supplemented 
with 4  � g of LPA (18:0, 18:2, or 20:4) per gram chow. Each night 
the mice were given 16 g of chow for each cage of four mice. The 
mice ate all of the diet each night. Other mice received mouse 
chow without LPA and received daily SQ injections on the back of 
16  � g of LPA (18:0, 18:2, or 20:4) in saline, or they received saline 
alone. After 2 weeks, plasma levels of SAA (A), total cholesterol 
(B), plasma triglycerides (C), and plasma HDL-cholesterol (D) 
were determined as described in Materials and Methods. Data are 
mean ± SD.   
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will be required to determine if the increased activity of 
these enzymes together with the increased fat content 
of WD accounts for the WD-induced increase in small 
intestine LPA levels. 

 The WD-mediated induction of  Angptl4  may play a di-
rect role in the plasma lipid changes seen in our LDLR  � / �   
mice. Angptl4 is a protein that interacts with LPL, decreas-
ing its activity ( 33, 34 ). Globally knocking out  Angptl4  in 
apoE  � / �   mice dramatically reduced plasma triglyceride 
levels, signifi cantly reduced plasma cholesterol levels, and 
reduced lesion size by 75% ( 35 ). Knocking out  Angptl4  in 
LDLR  � / �   mice dramatically reduced plasma triglyceride 
levels and signifi cantly reduced cholesterol levels ( 36 ). 
Triglyceride levels were also dramatically reduced in 
 Angptl4  knockout mice made diabetic by treatment with 
streptozotocin ( 36 ). It has been reported that  Angptl4  
in the small intestine plays an important role in systemic 
LPL activity and is modulated by the gut microbiota ( 37, 38 ). 
In preliminary studies from our laboratory that will be 
reported in the future, we found that feeding Tg6F pre-
vents some WD-induced changes in the microbiome. 
Given the recent work demonstrating a role of the mi-
crobiome in atherosclerosis ( 39–42 ), these preliminary 
fi ndings, if confi rmed, may be important in understand-
ing the mechanism of Tg6F. 

 The data reported here demonstrate the variability 
that often occurs in in vivo studies. For example, the fold 
changes in gene expression on feeding WD in the experi-
ment shown in  Fig. 4  vary from those seen in  Fig. 8 . How-
ever, the direction of the WD-induced changes is identical 
in the two experiments. The lower values for some of the 
parameters in  Figs. 11 and 12  after administering either 
LPA or WD compared with those seen in  Figs. 5–7  or in 
supplementary Figs. III and IV may be due to the younger 
age of the mice in the former (3–4 months of age) com-
pared with the latter (6–10 months of age). 

 The studies reported here and those recently pub-
lished by us ( 5–7 ) suggest that the small intestine may 
play a role in chronic infl ammation and atherosclerosis 
that is much greater than simply preparing, packaging, 
and shipping large quantities of triglycerides and cho-
lesterol to the liver. These studies also suggest that mod-
ulating diet-induced changes in the small intestine by 
the use of oral apoA-I mimetic peptides may be a useful 
strategy for modulating chronic infl ammation and ath-
erosclerosis.  

  Fig.   12.  Addition of Tg6F to chow supplemented with LPA pre-
vents the increase in unsaturated LPA levels in the small intestine 
and prevents systemic infl ammation and dyslipidemia. Female 
LDLR  � / �   mice, age 3–4 months (n = 10–20 per group), were fed 
chow only (A, B), chow supplemented with 1  � g of LPA (18:0 or 
18:2) per gram chow that was mixed into normal mouse chow as 
described in Materials and Methods (A–G), chow supplemented 

with 1  � g of LPA (18:0 or 18:2) per gram chow plus 2.2% by weight 
freeze-dried tomato powder that was also mixed into the chow 
using either EV tomatoes or Tg6F tomatoes (A–G), or WD or WD 
plus 2.2% by weight Tg6F (A–G). After 2 weeks the mice were bled 
and perfused to remove all blood, the small intestine was harvested, 
and luminal contents were removed. LPA 18:0 levels in the tissue of 
the duodenum (A), LPA 18:1 levels in the tissue of the duodenum 
(B), and LPA 18:2 levels in the tissue of the duodenum (C) were 
determined as described in Materials and Methods. Plasma SAA 
(D), plasma total cholesterol (E), plasma triglycerides (F), and 
HDL-cholesterol (G) were determined as described in Materials 
and Methods for all groups except the chow only group.   
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