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ABSTRACT: A uniquely formulated soy phospholipid, phosphatidylinositol (Pl), is under development as

a therapeutic agent for increasing plasma high-density lipoprotein (HDL) levels. Soy PI has been shown
to increase plasma HDL and apolipoprotein A-l (apoA-I1) levels in phase | human trials. Low micromolar
concentrations of Pl increase the secretion of apoA-I in model human hepatoma cell lines, through activation
of G-protein and mitogen-activated protein (MAP) kinase pathways. Experiments were undertaken to
determine the importance of the Pl head group and acyl chain composition on hepatic apoA-1 secretion.
Phospholipids with choline and inositol head groups and one or more linoleic acid (LA) acyl chains were
shown to stimulate apoA-l secretion by HepG2 cells and primary human hepatocytes. Phospholipids
containing two LA groups (dilinoleoylphosphatidylcholine, DLPC) were twice as active as those with
only one LA group and promoted a 4-fold stimulation in apoA-l secretion. Inhibition of cytosolic
phospholipase A2 with pyrrolidine 1 (10M) resulted in complete attenuation of PI- and DLPC-induced
apoA-I secretion. Pretreatment with the peroxisome proliferator-activated recef®ARy) inhibitor

MK886 (10 uM) also completely blocked PI- and DLPC-induced apoA-l secretion. Hepatic BPAR
expression was significantly increased by both Pl and DLPC. However, in contrast to that seen with the
fibrate drugs, Pl caused minimal inhibition of catalytic activities of cytochrome P450 and UGT1Al
enzymes. These data suggest that LA-enriched phospholipids stimulate hepatic apoA-I secretion through
a MAP kinase stimulation of PPAR LA-enriched phospholipids have a greater apoA-I secretory activity
than the fibrate drugs and a reduced likelihood to interfere with concomitant drug therapies.

Low plasma high-density lipoprotein (HDL)evels and focus has shifted to targeting HDL elevation as an adjunctive
elevated low-density lipoprotein (LDL), cholesterol, and therapy and have focused on the peroxisome proliferator-
triglycerides (TG) are associated with increased risk of activated receptor (PPAR) activation profile of drugs includ-
cardiovascular diseas&)( Even with aggressive therapy to ing fibrates, statins, and niacin drug$) @y increasing or
reduce plasma levels of LDL-C (i.e., statin therapy), sig- modifying levels of HDL components, cholesterol, and
nificant residual cardiovascular risk remair® 8). Recent apoA-l (5). Niacin (nicotinic acid) and fibrates (PPAR

: agonists) increase HDL cholesterol levels by-30% and
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in triglyceride metabolism12—14). PPARx binds to specific similarly to impact apoA-I secretion. We show that linoleic
response elements, peroxisome proliferator response elementacid- (LA-) enriched phospholipids stimulate hepatic apoA-I
(PPRESs), in the regulatory regions of target gents).( secretion through a MAPK stimulation of PPAR LA-
PPREs consist of a direct repeat of the degenerated hexameenriched phospholipids have a greater apoA-l secretory
AGGTCA sequence separated by one nucleotide (DR-1). activity than clofibrate and do not inhibit the cytochrome
Fibrates exert their effects on plasma lipids by altering the P450 enzymes.

transcription of genes involved in lipoprotein metabolism

(16). Fibrate action on lipoprotein metabolism is mediated MATERIALS AND METHODS

by PPARy, the principal PPAR form in liver as demonstrated
in PPARu-deficient mice 17). Functional PPREs have been
identified in the promoters of the genes involved in plasma
triglyceride (18), in lipoprotein lipase and apoC-Ill genes
(19), and in HDL metabolism, in both apoA-2Q) and apoA-

Il genes R1). Fibrate-induced HDL regulation differs in
various animal species and is associated with opposite
changes in apoA-l expression due to differences in cis-
element sequencdf). In human plasma, HDL cholesterol
and apoA-I levels increase upon fibrate treatmegy, (while
decreases have been observed in 1285 PPAR regulation

is known to differ in small animal models, relative to humans,
and as such the human hepatoma cell line HepG2 has bee
a useful model for studying hepatic lipoprotein metabolism
(24, 25) and apoA-I secretior2@). The fibrate drugs appear

to interfere in the metabolism of the statin drugs, partly by - 0 A .
inhibiting statin hydroxy! acid glucuronidatio®7, 28). The bovine serum (FBS) and 1% penicillin/streptomycin. Almost-

statin drugs are metabolized by the cytochrome P450 confluent cells were subjected to stimulation with drugs for
enzymes. Several fibrate drugs have been shown to inhibit24 h under serum-starved conditions, as indicated. High
some of the CYP P450 enzymes and as such may exacerbat@lUcose experiments were performed with DMEM containing
some of the known toxicities of the statin dru@8¢31). It 5 mMo-glucose, 10% FBS, and 1% penicillin/streptomycin

is for this reason that statirfibrate combination therapies ~&nd with corresponding serum-free medium.
are undertaken cautiously. Human Primary Hepatocyte€ollagen-coated, and HIV-
Tracking the effect of the PPARagonists on HDL levels | hepatitis B and C, mycoplasma, bacteria, yeast, and fungi
has been difficult in animal models, as the regulation of test-negative human primary hepatocytes (HPH) were ob-
PPARx and its effect on gene transcription are unique in tained from freshly donated livers supplied by Lonza
rodent models and generally species-specB®).(For this ~ Walkersville (Walkersville, MD). HPH were incubated
reason, the model human hepatocyte cell lines (i.e., HepG2)overnight in hepatocyte medium supplemented with trans-
and primary human cells have been the preferred choice forferrin, insulin, and recombinant human epidermal growth
evaluating the effect of PPARagonists on HDL synthetic ~ factor (thEGF). The hepatocytes were incubated for 24 h
activity. The human apoA-I gene promoter has been shown With or wlthout drugs, and then conc_iltloned medium and
to have a PPAR-responsive elemen®), and agonists have ~ Cell protein were collected for analysis.
been shown to increase apoA-I gene transcriptiit) 20). Preparation of Phospholipid Vesicléhospholipid vesicles
Unsaturated long-chain fatty acids, notably arachidonic acid in phosphate-buffered saline (PBS; 1 mg/mL) were prepared
and its eicoisanoid metabolites, are thought to be potentby sonication as previously describeb). Briefly, phos-
natural ligands for PPAR (34). Intracellular production of ~ pholipids in chloroform were dried down under, lind 1
these ligands is controlled through the action of cytosolic mL of PBS was added by vortexing. The mix was then
phospholipase A(CPLA,), and as such, the enzyme plays sonicated (Branson sonicator set at 100% duty cycle and 10%
an important role in regulating PPAR-mediated gene tran- power) for 1 min. The sonicated preparation was incubated
scription 35—38). for 30 min at 37°C in a water bath, and samples were
Soy phosphatidylinositol (Pl) is being developed as a resonicated for 5 min at 95% duty cycle and 10% power
therapeutic agent for the treatment and prevention of heartand filtered before use. Purity of all phospholipids we9%
disease associated with dyslipidemia. Pl has been shown td/Avanti Polar Lipids) and was verified by HPLC.
stimulate reverse cholesterol transport in anima and ApoA-I ELISAProtein in conditioned medium from each
to increase HDL and decrease triglyceride levels and in stimulation was analyzed by ELISA on a 96 well plate
human subjects9j. We have shown that a G-protein- according to manufacturer’s instructions, with minor modi-
dependent activation of mitogen-activated protein kinase fications. Briefly, the Nunc Immuno-maxisorp 96 well plates
(MAPK) by Pl is required for apoA-| secretion by HepG2 were coated overnight with a mouse anti-human apoA-I
cells (11). Statins and PPAR ligands have also been shown monoclonal antibody. Samples and standards were incubated
to induce phosphorylation of MAPK family membe39¢ in the wells for 2 h, followed by a 1-h incubation with a
44). We therefore sought to evaluate whether Pl-induced horseradish peroxidase-linked goat anti-human apoA-I an-
apoA-l secretion is also mediated by MAPK-dependent tibody. Both antibodies were purchased from Biodesign.
activation of PPAR or PPAR/ and whether other phos- K-blue Max TMB substrate was added to each well and the
pholipids with related acyl chain compositions would act reaction was stopped Vhita 1 M HCI solution; and the

Chemicals.All phospholipids, namely, soy Pl, POPC,
DLPC, PLPC, and LA, were procured from Avanti Polar
Lipids Inc., Alabaster, AL. MK866 (a noncompetitive
PPARx inhibitor), clofibrate (a PPAR agonist), and GW9662
(a PPAR inhibitor) were from Cayman Chemicals, Ann
Arbor, MI. cPLAZ inhibitor pyrrolidine 1 was from Calbio-
chem. Antibodies for PPA&Randg-actin were obtained from
Santa Cruz Biotechnology, Santa Cruz, CA, and phospho-
and non-phospho-specific PKB/Akt were from Cell Signal-
ing, Beverly, MA. Antibodies for apoA-I were obtained from
Biodesign, Saco, ME. Unless otherwise stated, drugs and
rj]nhibitors were of analytical grade and were solubilized in
dimethyl sulfoxide (DMSO).

Cell Culture. HepG2 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal



PPARx Activation of ApoA-I by Phospholipids Biochemistry, Vol. 47, No. 6, 2008581

Table 1: Effect of Soy Pl on Cytochrome P450 and UGT Inhibition “M 17f-estradiol, and 0.4 mg/mL enzyme proteins were
taken in a final volume of 0.20 mL and were incubated at

fgsgl 37°C for 20 min. The reaction was stopped and centrifuged
substrate positive control  inhibition, to pellet the protein, and the supernatant was injected into a
enzyme (concnuM) (inhibitor concn M) uM 5 uM, C18 HPLC column and separated at 45 with a

CYP1A2 phenacetin (50.0)  7,8-benzoflavone (0.3) b mobile phase of methanol/water at a flow rate of 1 mL/min
CYP1A2 phenacetin (50.0)  7,8-benzoflavone (3.0) >10° for each samples. The catalytic activities for CYP1A2,
CYP2C9  diclofenac (6.0) sulfaphenazole (100.0) >10 CYP2C9, CYP2D6, CYP3A4, and UGT1A1 were calculated
CYP2C19 a'gnoeghe”yto'” tranylcypromine (1.0)  >10 by measurement of metabolite formation in the presence and
CYP2D6 bu(furék)ﬂ (10.0) quinidine (1.0) ~10 absence of the inhibitor, quantified by comparison to standard
CYP3A4 testosterone (120.0) ketoconazole (1.0)  >10 curves of known concentrations of analytes using the
CYP3A4  midazolam (3.0) ketoconazole (1.0) >10 coefficient of variation of the metabolite standard peak areas.
UGT1AL 7B-estradiol (150.0) bilirubin (50.0) >100 HPLC absorbance/fluorescence peak areas was converted

1Cso values were determined with human liver microsomes as the into picomoles of metabolite formed on the basis of the peak
O i e it o e oot shon - 818301t standards. LCIMS peak rao metabolefntenal
were analyzed by LC/MSq. Positive controls are compounds that inhibit standarc_i) in the samples Wa_S converted into plco_mOIeS of
the corresponding enzymsubstrate reaction by 50% at the indicated Metabolite formed on the basis of the peak area ratios of the
inhibition concentration. standards. Catalytic activity for CYP2C19 was determined
radiometrically on the basis of the specific activity of the
absorbance was recorded at 450 nm. The assay conditionsubstrate and the detector’'s response to radioactivity. For
were optimized to minimize any apoA-l conformation each isoform, the I§3was calculated by linear interpolation.
interference with the apoA-1 ELISA. The linear interpolation used the mean percent inhibition for

Western Blot Analysigfter incubation with drugs for the ~ each concentration of test substance.
indicated times and doses, cells were washed twice with ice-  Statistical AnalysisValues are shown as mean SEM,
cold PBS-T on ice. Cells were lysed by adding buffer [NaF and P < 0.05 was considered significant. Differences
1 mmol/L, NaCl 5 mmol/L, EDTA 1 mmol/L, NP40 1  petween mean values were evaluated by one-way analysis
mmol/L (Roche Diagnostics, Indianapolis, IN), HEPES 10 of variance (ANOVA) on ranks by a pairwise multiple
mmol/L, pepstati A 1 mg/mL, leupeptin 1 mg/mL, aprotinin  comparison using the Studerilewman-Keuls post-hoc test
1 mg/mL, NavO, 1 mmol/L, and PMSF 1 mmol/L] and  (SigmaStat; Systat Software, Inc., San Jose, CA) Results in
total protein was extracted. An equal amount of cell proteins Figure 3 were evaluated by two-way analysis of variance
were separated by SB92% PAGE and were analyzed by (ANOVA) on ranks by a pairwise multiple comparison using
Western blot with specific antibody PPAR(SantaCruz Bonferronit-test.
Biotechnology, Santa Cruz, CA), Akt antibody phosphory-
lated at residue Ser473, and total Akt antibody. Blots for RESULTS
the similar experiments were also subjecteg-actin for a
loading control. Band intensity was analyzed with spot  Effect of LA-Enriched Phospholipids on ApoA-I Secretion.
densitometer by Alphalmager software, and obtained RPAR Low micromolar doses of soy Pl (12M) promote a
values were normalized to the value of Corresponﬂmtin Significant increase of apOA-I secretion in HepGZ Ce”S, after
values. a 24-h incubation (Figure 1). Experiments were undertaken

Cytochrome P450 Studinhibition of CYP1A2, CYP2C9, to determine the importance of the phospholipid head group
CYP2C19, CYP2D6, CYP3A4, and UGT1A1 enzymes by and acyl chain composition on apoA-| secretion. Phosphatidic
Pl were examined by using model substrates and pooledacid, phosphatidylethanolamine, and phosphatidylserine all
human liver microsomes (CYPs) (BD Gentest catalogue no. had no effect on apoA-I secretion (data not shown). Phos-
452161) and cDNA-derived UGT1A1 (BD Gentest catalogue Pholipids with choline and inositol head groups and one or
no. 456411) in microsomes prepared from baculovirus- more linoleic acid (LA) acyl chains were shown to stimulate
infected insect cells, as a source of enzyme. The assay2POA-l secretion in HepG2 cells (Figure 1). The major
consisted of determination of a 50% inhibitory concentration Phospholipid species in soy Pl is 1-palmitoyl-2-linoleoylphos-
(ICso) for Pl and enzyme/substrate pair as indicated in Table Phatidylinositol. PI deficient in LA (bovine Pl and dioleoyl-
1. Positive controls are compounds that are known to inhibit P) had no effect on apoA-I secretion (data not shown).
the corresponding P450 enzymes. We determined the degre&hosphatidylcholine with a similar acyl chain content (PLPC)
of enzyme inhibition by various concentrations of Pl using 0 soy Pl showed a similar ability to promote HepG2 apoA-|
a single concentration of each model substrate (near thesecretion (Figure 1). Phospholipids containing two LA
apparenKy). Final Pl concentrations were 0.0, 0.001, 0.003, 9groups, such as dilinoleoylphosphatidylcholine (DLPC), were
0.01, 0.3, 1.0, 3.0, and 10:M for CYP inhibition and 0.0, about twice as active as those with only one. In contrast,
0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 1QDfor twice the molar concentration of pure LA (equivalent mass)
UGT inhibition. A 0.25 mL reaction mixture containing had no effect on apoA-I secretion and no toxic effect on the
various dosages of PI, 0.028.8 mg/mL microsomal cells. Pl and DLPC also significantly stimulated apoA-I
protein, 1.3 mM NADP, 3.3 mM glucose 6-phosphate, 0.4 secretion into the medium of human primary hepatocytes
unit/mL glucose-6-phosphate dehydrogenase, 3.3 mM MgCl (Figure 1 inset).
and substrates (as indicated in Table 1) were incubated at Effect of Phospholipid Concentration on ApoA-I Secretion.
37°C for 15 min. For UGT1A1, 50 mM Tris-HCI (pH 7.5),  Various doses of PI, DLPC, and clofibrate were incubated
2 mM UDPGA, 10 mM MgC}, 25ug/mL alamethicin, 150  with HepG2 cells and apoA-l secretion was determined
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Ficure 1: LA-enriched phospholipids increase hepatic apoA-I

DLPC LA

secretion. Confluent and quiescent HepG2 cells were incubated with
various pure lipids and apoA-| secretion was measured. Aqueous

vesicular mixtures of 12M soy phosphatidylinositol (PI), 13M
1-palmitoyl-2-oleoylphosphatidylcholine (POPC), A8l 1-palmi-
toyl-2-linoleoylphosphatidylcholine (PLPC), 1 dilinoleoylphos-
phatidylcholine (DLPC), or 24M linoleic acid (LA) were added

to the cells, and the samples were incubated for 24 h; an equal
volume of medium was taken as control. Primary human hepato-

cytes (inset) were stimulated with or without A®1 PI or 13uM
DLPC for 24 h. Conditioned medium was collected and apoA-I
concentration was determined by ELISA. ApoA-I secretion is

presented relative to total cell protein values. Values are expressec

as meant SEM of at least 4 independent experimen®;< 0.05;
** P < (0.001 vs control.
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Ficure 2: Effect of phospholipid dose on hepatic apoA-I secretion.
HepG2 cells were incubated with various amounts of soy phos-
phatidylinositol (P1), dilinoleoylphosphatidylcholine (DLPC), or
clofibrate and apoA-l secretion was measured. Medium was
collected after a 24 h incubation and apoA-l concentration was
determined by ELISA. ApoA-| secretion is presented relative to
total cell protein values as axfold increase relative to control
incubations. Values are expressed as me&a8EM of at least 4
independent experiments.

(Figure 2). Pl and DLPC showed a saturable dassponse.

PI dose-response began to plateau at a dose @4 while
DLPC response began to plateau at /A9 but was still
increasing by 35%M. DLPC was almost twice as effective
as Pl and promoted an almost 3-fold stimulation in apoA-I
secretion. Clofibrate was less effective at stimulating apoA-I
secretion, and only about a 1.25-fold stimulation was
observed at a dose of M. Increasing the dose beyond
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Ficure 3: Effect of PI, insulin, and glucose concentration on apoA-|
secretion in HepG2 cells. HepG2 cells were cultured under low-
glucose (5.6 mM) or high-glucose (25 mM) conditions and
incubated with Pl (12«M) and/or insulin (100 nM) for 24 h; an
equal volume of medium was taken as control. Conditioned medium
was collected and subjected to apoA-I quantification by ELISA.
ApoA-| secretion is presented relative to total cell protein values.
Values are expressed as meaArSEM of at least 4 independent
experiments; P < 0.001 vs low-glucose control,Pf< 0.001 vs
high-glucose control (two-way ANOVA).
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Ficure 4: Effect of Pl on PKB phosphorylation in HepG2 cells.
HepG2 cells were incubated with insulin (100 nM) for 5 min or
with PI (12uM) for the indicated times, and phosphorylated (upper
panel) and total (middle panel) PKB were analyzed by Western
blot with specific antibodies. The lower panel is a histogram of
analyzed values. Values are expressed as me3EM of at least
4 independent experimentsP*< 0.05, **P < 0.001 vs control.

10uM blocked the stimulation of apoA-I secretion in HepG2
cells.

Effect of Glucose and Insulin on Pl-Induced ApoA-I
Secretion.The effect of low (5 mM) and high (25 mM)
glucose levels in the medium, and of insulin, on Pl-induced
apoA-I secretion were evaluated. Elevated glucose levels in
the medium showed a significant effect on apoA-I secretion,
with a high glucose level resulting in an almost 3-fold
stimulation (Figure 3). PI stimulated apoA-I secretion under
both low- and high-glucose conditions; however, a lesser
stimulation was observed in high-glucose medium. PI
doubled apoA-I secretion under low-glucose conditions but
stimulated secretion by only 1.5-fold under high-glucose
conditions.
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Ficure 5: cPLA2 inhibition attenuates PI- and DLPC-induced
apoA-I secretion. HepG2 cells were incubated with or without Pl
(12 uM) and DLPC (13«M) and cPLAZ2 inhibitor, pyrrolidine 1
(10 uM) for 24 h; and an equal volume of DMSO was taken as
control. Conditioned medium was collected and apoA-I concentra-

tion was determined by ELISA. ApoA-l secretion is presented

relative to total cell protein values. Values are expressed as mean

+ SEM of at least 4 independent experimentB; < 0.05, **P <
0.001 vs control*P < 0.001vs PI, and B < 0.001 vs DLPC.

Effect of Pl on PKB Phosphorylatiotnsulin is known
to promote the phosphorylation of protein kinase B (PKB/
Akt) to induce glucose transporé®). Fibrate drugs are
believed to inhibit hepatic PKB phosphorylatiof7( 48).

Experiments were undertaken to determine how Pl may

impact PKB. Figure 4 shows that both insulin (100 nM) and
Pl (12 uM) induce a significant increase in PKB phospho-
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Ficure 6: LA-enriched phospholipid stimulation of apoA-I secre-
tion is attenuated by PPARiInhibition. HepG2 cells were incubated
with PI (12uM, panel A) or DLPC (13:M, panel B) and the PPAR
inhibitors MK886 (PPAR) and GW9662 (PPAR) (10 uM) for

24 h; an equal volume of DMSO was taken as control. Conditioned

rylation by 5 min. With Pl, PKB phosphorylation returns to medium was collected and apoA-I concentration was determined
basal levels at 10 and 15 min and then peaks again at 3Py ELISA. ApoA-I secretion is presented relative to total cell protein

and 60 min.

Effect of cPLA2 Inhibition on Pl-Induced ApoA-I Secre-
tion. Cytosolic phospholipase A2 (cPLA2) has been shown
to play a central role in PPAiRmediated gene transcription
in HepG2 cells 21—24). We therefore tested whether
inhibition of cPLA2 with pyrrolidine 1 (10uM) would
impact the ability of LA-enriched phospholipids to promote
apoA-I secretion. As shown in Figure 5, inhibition of cPLA2
with pyrrolidine 1 resulted in complete attenuation of PI-
and DLPC-induced apoA-| secretion in HepG2 cells.

Effect of LA-Enriched Phospholipids on PPARand
ApoA-I SecretionWe also tested whether inhibition of
PPARx or PPARy would impact LA-enriched phospholipid
stimulation of apoA-I synthesis and secretion. As shown in
Figure 6, inhibition of PPAR with the inhibitor MK866
(49) attenuated both PI- and DLPC-induced apoA-I secretion.
In contrast, inhibition of PPARwith the inhibitor GW9662
had no effect on apoA-l secretion. The data show that
PPARu is involved in the LA-rich phospholipid induction
of apoA-1 secretion. Pl concentrations of 6 and &®
significantly increased PPAR protein expression (Figure
7) over a 24-h incubation. Pl (12V) promotes a 1.7-fold
increase in PPAR protein level, similar to that observed
with 10 M clofibrate.

Effect of Pl on Cytochrome P450 and UGT Inhibition in
Human Lver MicrosomesThe PPARx agonist gemfibrozil

values. Values are expressed as mearSEM of at least 4
independent experimentsP*< 0.05, **P < 0.001 vs control#P
< 0.001 vs PI, and® < 0.001 vs DLPC.

catalytic activity for CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, and UGT1Al. Inhibition was calculated by
measuring metabolite formation for the indicated substrate
(Table 1) in the presence and absence of the inhibitor.
Positive controls listed in the table are known to induce the
indicated CYP P450 enzymes; the micromolar concentration
is that needed for the positive response. Human liver
microsomes were utilized as the enzyme source. Table 1
shows that the 163 values for Pl inhibition of the CYP P450
enzymes were> 10 uM, while the 1G, for UGT1ALl was
>100 uM. The data shows that Pl has minimal inhibitory
effects on the cytochrome P450 and glucuronidation en-
zymes. In contrast, the fibrate drugs are thought to be
metabolized by CYP3A431) and gemfibrozil is known to
inhibit CYP1A2, CYP2C9, and CYP2C128—30).

DISCUSSION

LA-enriched phospholipids are able to increase hepatic
apoA-| secretion (Figure 1A). Pl and DLPC significantly
increased apoA-| secretion in HepG2 cells and in human
primary hepatocytes. The data show that phospholipids with
choline and inositol head groups and one or more LA acyl
chains are able to effectively stimulate apoA-1 secretion in

has been shown to be a potent inhibitor of human cytochromecultured hepatic cells. PC containing two LA groups were

P450 enzymes2g, 29, 50). Other fibrate drugs are also
metabolized by hepatic cytochrome P46, (14). Therefore,
we investigated the effect of soy PI on the inhibition of

twice as active as those with only one. Other phospholipid
classes had no effect on apoA-1 secretion. Pl devoid of 18:2
fatty acyl chains also had no activity. Bovine PI (mostly 20:3
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Bl We do not yet know what cell surface receptors/targets
are involved in this LA-rich phospholipid stimulation.
Experiments have demonstrated that the process involves
phospholipase C (PLC): both PI- and PC-PLC inhibitors
block apoA-I secretion1(l). We have also shown Pl-induced
apoA-I secretion is regulated by G-protein stimulation of
mitogen-activated protein kinase (MAPK) (Figure 8)).
Activation of MAPK (28) has been shown to catalyze PPARs
T through the activation of Ga-dependent cytosolic phos-
pholipase A2 (cPLA2) in HepG2 cells3T, 38). PI- and
DLPC-induced apoA-l secretion was attenuated by the
inhibition of cPLA2 (Figure 5). PI- and DLPC-induced
hepatic apoA-1 secretion was also blocked by PBAR
inhibition with the specific inhibitor MK886, while PPAR

501 inhibition with GW9662 had no effect (Figure 6). This
suggests that LA-enriched phospholipid induction in apoA-I
secretion is mediated by PPARbut that PPAR is not
involved. Like clofibrate, Pl also increased PPARXpres-
sion in the HepG2 cells (Figure 7) in a dose-dependent
manner.

Control Clo 1.2 6 12 HM

200

— ¥
— %
— %

PPAR alpha expression (% over control)

]

Control Clo Pl1.2 yMm Pl & pM PI12 yM

FiGure 7: LA-enriched phospholipids increase PRPABxpression.
HepG2 cells were incubated with clofibrate () or various
amounts of PI (1.2, 6, and 12M) for 24 h; an equal volume of Decreased expression of PPAR implicated in increased

DMSO was taken as control. Cells were harvested and cell |y5ateSrisk of cardiovascular diseases and metabolic defects in

were electrophoresed on SB$2% polyacrylamide gels and then ; ; ;
analyzed by Western blot with an antibody specific for PRAR animals and humans, due to a downregulation of fatty acid

(upper panel). Membranes were also analyzegBfactin (middle O_Xidatio_n 61). LA_\ is a ligand for PPARL (52) and may
panel) as a loading control, and band intensity was quantified directly interact with the receptor or may activate the receptor

(Alphalmager). Values obtained for PPA&Rexpression were  through a stimulation of MAPK and cPLA2. LA has also
Eprtrected Wl'th COfreSp?”‘\j/”fFaCt'” values and ;re F:];eﬁ;eé"\tﬁed fas a peen shown to increase PPARrotein expression in HepG2
hstogran (uer panc), Values ae cxpressed as MeBEM Of  cells 53) but the lpid has no effect on apoA- secreton
(Figure 1). This suggests that a stimulation of apoA-l
secretion appears to require more than just increased BPAR
and 20:4 fatty acyl chains) and DOPI {2 18:1 fatty acyl expression. A stimulation of PPARhas been shown to
chains) had no effect on apoA-l secretion. LA-enriched increase apoA-I gene transcriptiod®d]. LA-enriched phos-
phospholipids were, however, more effective than the pholipids, however, do not increase hepatic apoA-I transcrip-
PPARx agonist clofibrate at promoting hepatic apoA-1 tion. We have shown that LA-enriched phospholipids do not
secretion (Figure 2). directly affect HepG2 cell apoA-I mMRNA level& ). ApoA-|

PPRE

Ficure 8: LA-enriched phospholipids induce apoA-I secretion through P®AR-enriched phospholipids have been shown to act through
both G-protein and MAP kinase pathways. The MAP kinase pathway activates cPLA2 andiR&pi@mote apoA-1 synthesis and secretion.
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MRNA levels were similar to those of control cells at time and as such, these lipids would be considered less problem-

points up to and including a 24-h incubatidri). In contrast,

atic for combination therapies. LA-enriched phospholipids

apoA-I degradation is significantly attenuated by Pl treatment are therefore novel PPARtherapeutic agents, which have
(12). Similar observations have been made for niacin, which comparable or better efficacy than the fibrate drugs but less

also has little effect on apoA-I transcriptio&).
PPARx activation by the fibrates has been shown to

potential for hepatic side effects.

increase cellular apoptosis by the inhibition of protein kinase REFERENCES

B (PKB) phosphorylation47, 48). These authors suggested
that this may partly cause the hepatotoxic side effects of the
fibrate drugs. Soy Pl does not have the same effects on
HepG2 cells. In contrast, Pl increased PKB phosphorylation
in a time-dependent manner (Figure 4). The stimulation was
biphasic, showing a peak at 5 min and then again at6XD
min. Induction of the insulin signaling cascade involving
PKB and ERK1/2 phosphorylation has been reported to have
biphasic responses in various cell lines, including HepG2
cells 66—58). Early-phase activation of phosphorylation is
believed to impact rapid signaling events, while later phases
are associated with transactivation of other protein targets
to induce signaling.

Insulin has been shown to positively impact apoA-I
synthesis and secretiobq, 60). In addition, high glucose
increases MRNA levels for several genes that are functionally
important in HDL metabolism, including human ATP-
binding cassette transporter A1, apoA-I, scavenger receptor
Bl, and hepatic lipase6(). We therefore tested whether
insulin and high-glucose conditions (25 mM) may impact
the PI induction of apoA-I secretion. We show that increased
glucose in the medium was able to significantly increase
apoA-I secretion by about 3-fold, while insulin had minimal
effects (Figure 3). The effect of Pl on apoA-I secretion was
additive to the effect of glucose. Pl induction was also
evident in cells treated with insulin. It is noteworthy that PI
significantly increased apoA-I secretion in the hyperglycemic
HepG2 cells. This may suggest that the HDL-raising efficacy
of soy Pl may be unaffected by the hyperglycemia of diabetic
patients. These patients would significantly benefit from
increased plasma HDL level§3).

Pl also does not impact the cytochrome P450 enzymes.
The statin drugs are metabolized by the cytochrome P450
enzymes, notably CYP3A4. Several fibrate drugs have been
shown to inhibit some of the CYP P450 enzymes and as
such may exacerbate some of the known toxicities of the
statin drugs. It is for this reason that statfibrate combina-
tion therapies are undertaken cautioudg, (64). While PI
appeared to activate PPARike a fibrate, Pl does not inhibit
any of the other major CYP P450 (1A2, 2C9, 2C19, 2D6,
3A4) or glucuronidation enzymes like the fibrate drug,
gemfibrozil. Pl also does not have induction effects on these
enzymes (data not shown). Soy PI would therefore be
considered less problematic in combination therapies with
other CYP P450 metabolizing drugs.

Research shows that the LA content of Pl and PC is critical
for apoA-l secretory activity. The importance of LA in
human nutrition is well established, but its potential utility
as a phospholipid therapeutic agent is novel. LA-enriched
phospholipids act through MAPK and PPARathways to
stimulate the hepatic secretion of apoA-I, in similar fashion
to other PPAR agonists (Figure 8) but with greater potency.

The compounds have been shown to be safe and efficacious

in human trials. LA-enriched phospholipids do not interact
with cytochome P450 and other drug metabolic enzymes,
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