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Secretion of hepatocyte apoB is inhibited by the
flavonoids, naringenin and hesperetin, via reduced
activity and expression of ACAT2 and MTP

Lisa J. Wilcox,! Nica M. Borradaile,! Linda E. de Dreu, and Murray W. Huff?

Departments of Medicine and Biochemistry and The John P. Robarts Research Institute, 4-16,
University of Western Ontario, 100 Perth Drive, London, Ontario N6A 5K8, Canada

Abstract The citrus flavonoids, naringenin and hesperetin,
lower plasma cholesterol in vivo. However, the underlying
mechanisms are not fully understood. The ability of these fla-
vonoids to modulate apolipoprotein B (apoB) secretion and
cellular cholesterol homeostasis was determined in the human
hepatoma cell line, HepG2. apoB accumulation in the media
decreased in a dose-dependent manner following 24-h incuba-
tions with naringenin (up to 82%, P < 0.00001) or hesperetin
(up to 74%, P < 0.002). Decreased apoB secretion was associ-
ated with reduced cellular cholesteryl ester mass. Cholesterol
esterification was decreased, dose-dependently, up to 84%
(P < 0.0001) at flavonoid concentrations of 200 pM. Neither
flavonoid demonstrated selective inhibition of either form of
acyl CoA:cholesterol acyltransferase (ACAT) as determined using
CHO cells stably transfected with either ACAT1 or ACAT2.
However, in HepG2 cells, ACAT2 mRNA was selectively de-
creased (—50%, P < 0.001) by both flavonoids, whereas
ACAT1 mRNA was unaffected. In addition, naringenin and
hesperetin decreased both the activity (—20% to —40%, P <
0.00004) and expression (—30% to —40%, P < 0.02) of mi-
crosomal triglyceride transfer protein (MTP). Both flavonoids
caused a 5- to 7-fold increase (P < 0.02) in low density lipopro-
tein (LDL) receptor mRNA, which resulted in a 1.5- to 2-fold
increase in uptake and degradation of '’I-LDL.BE We con-
clude that both naringenin and hesperetin decrease the avail-
ability of lipids for assembly of apoB-containing lipoproteins,
an effect mediated by 1) reduced activities of ACAT1 and
ACAT?2, 2) a selective decrease in ACAT2 expression, and 3) re-
duced MTP activity. Together with an enhanced expression of
the LDL receptor, these mechanisms may explain the hypocho-
lesterolemic properties of the citrus flavonoids.—Wilcox, L. ],
N. M. Borradaile, L. E. de Dreu, and M. W. Huff. Secretion of
hepatocyte apoB is inhibited by the flavonoids, naringenin
and hesperetin, via reduced activity and expression of ACAT2
and MTP. J. Lipid Res. 2001. 42: 725-734.
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Flavonoids are naturally occurring molecules abundant
in fruit, vegetables, nuts, seeds, and beverages such as tea
and wine. The roles of naringenin and the related citrus
flavonoid, hesperetin, in prevention and treatment of

disease have recently received considerable attention (1),
with particular interest in the use of these flavonoids as
anti-cancer (2) and anti-atherogenic (3, 4) compounds.
Naringenin and hesperetin belong to the class of fla-
vonoids called flavanones and are found largely as the gly-
cosides naringin and hesperidin in grapefruit and or-
anges, respectively. These glycosides are hydrolyzed to
their active forms, naringenin and hesperetin, by intesti-
nal bacteria (4).

Studies in a number of animal models have shown that
diets supplemented with grapefruit juice, orange juice
(5), or glycosylated forms of naringenin (6—-8) or hespere-
tin (6, 8, 9) result in reduced plasma cholesterol levels. In
a recent study by Kurowska et al. (5), replacing the drink-
ing water of rabbits with either grapefruit juice or orange
juice attenuated the elevation of serum low density lipo-
protein (LDL) cholesterol and hepatic cholesteryl ester
(CE) levels induced by feeding a cholesterol-free, casein
diet. It was hypothesized that the hypocholesterolemic
effects of the juices were due to their flavonoid components.
Studies by Choi et al. have shown that administration of the
glycosylated forms of naringenin and hesperetin results in
significant reductions in plasma triglyceride (TG) and total
cholesterol (TC) concentrations in hyperlipidemic (6)
and streptozotocin-diabetic (7) rats. More recently, Bok et
al. (8) observed significant decreases in plasma and hepatic
cholesterol levels in rats fed a mixture of glycosylated narin-
genin and hesperetin. These results suggest that citrus fla-
vonoids may regulate the synthesis, secretion, and/or catab-
olism of apolipoprotein B (apoB)-containing lipoproteins.

Abbreviations: ACAT, acyl CoA:cholesterol acyltransferase; apo,
apolipoprotein; CE, cholesteryl ester; MTP, microsomal triglyceride
transfer protein; DMSO, dimethylsulfoxide; ELISA, enzyme linked im-
munosorbent assay; ER, endoplasmic reticulum; FC, free cholesterol;
HDL, high density lipoprotein; LDL, low density lipoprotein; TC, total
cholesterol; TG, triglyceride; PL, phospholipid.
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The hepatic production of apoB-containing lipopro-
teins is regulated largely at posttranscriptional levels, with
nascent apoB molecules being secreted or degraded intra-
cellularly (reviewed in 10). The assembly of apoB with
lipid to form a secretion-competent particle is a complex
process (10, 11). It is widely accepted that hepatic lipid
availability is obligatory for apoB-containing lipoprotein
assembly within the liver, a finding supported by studies
demonstrating the necessity of triglyceride (11, 12) and
phospholipid (13). The availabilities of cholesterol and
CEs, synthesized by the HMG-CoA reductase and acyl-
CoA: cholesterol acyltransferase (ACAT) pathways, respec-
tively, have also been shown to be important determinants
of the rate of hepatic apoB secretion (14-16). Recently,
two distinct ACAT activities, ACAT1 and ACAT2, have
been described. It has been postulated that ACAT2, which
is predominant in the liver and intestine, is responsible
for the synthesis of CEs for lipoprotein assembly (17). The
microsomal triglyceride transfer protein (MTP) also plays
a key role in apoB secretion by catalyzing the transfer of
lipids to the nascent apoB molecule as it is cotranslation-
ally translocated across the endoplasmic reticulum (ER)
membrane (18, 19).

A recent study by Borradaile, Carroll, and Kurowska
(20) demonstrated that naringenin and hesperetin dose-
dependently reduced apoB accumulation in the media of
HepG2 cells. This was associated with reduced CE synthe-
sis. Reduced activities of HMG-CoA reductase and ACAT
have also been observed in livers of rats fed naringenin
(21) or a mixture of naringin and hesperidin (8) along
with a high cholesterol diet. These studies suggest a link
between flavonoid-induced modulation of cholesterol bio-
synthesis and esterification and apoB secretion. The
present study was undertaken to define the mechanisms
whereby naringenin and hesperetin regulate hepatic
apoB metabolism. Specifically, we investigated the effects
of these flavonoids on the expression and activity of
ACAT1, ACAT2, HMG-CoA reductase, MTP, and the LDL
receptor in HepG2 cells. Our results demonstrate that
naringenin and hesperetin inhibit apoB secretion in
HepG2 cells by two mechanisms: 1) reduced activity of
ACAT1 and ACAT?2 and a selective decrease in ACAT2 ex-
pression and 2) reduced MTP activity. Furthermore, in-
creased LDL-receptor activity contributed to the reduced
accumulation of apoB in the media.

MATERIALS AND METHODS

Cell culture

HepG2 cells were obtained from the American Type Culture
Collection (Rockville, MD) and grown as described previously
(22). For experiments, HepG2 cells were plated in either 100-
mm or in 6-well (35-mm) culture plates from Falcon Scientific
(VWR, Missisauga, ON) and maintained in minimal essential
medium (MEM) containing 5% human lipoprotein-deficient
serum (LPDS). The appropriate concentrations of flavonoids,
solubilized in dimethyl sulfoxide (DMSO, concentration did not
exceed 0.5%), were added to the dishes. Naringenin and hes-
peretin were obtained from Sigma (St. Louis, MO).
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AC29 cells, a Chinese hamster ovary cell line lacking endoge-
nous ACAT activity (23), stably transfected with African green
monkey ACAT1 or ACAT2 cDNA (17), were kindly provided
by Dr. L. Rudel (Wake Forest University School of Medicine,
Winston-Salem, NC). Stable transfections were done using
PIRESneo vectors from Clontech Labs (Palo Alto, CA), containing
ACAT1 or ACAT2 cDNAs, with a FuGENE 6 (Boehringer Mann-
heim, Roche Diagnostics, Laval, PQ, Canada) to DNA ratio of
6pl:1pg, and selection was done in the presence of geneticin
(G418) (24). The cells were maintained in Ham’s F-12 Nutrient
Mixture medium supplemented with 10% (v/v) fetal bovine
serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin, 2
mM r-glutamine, 1% MEM vitamin solution, and 800 pg/ml
geneticin (G418). All cell culture reagents were obtained from
Life Technologies (Burlington, ON, Canada). For experiments,
cells were plated as described above and maintained in F-12
medium containing 5% LPDS. Flavonoids, solubilized in DMSO,
were added to the dishes as described above.

Secreted apoB and cellular lipid mass

ApoB concentrations in media were measured by an enzyme-
linked immunosorbent assay (ELISA) described previously (15).
Media samples were diluted 20-fold for analyses. ApoB mass re-
sults are reported as pg/mg cell protein. Secreted and cellular
apoB, synthesized in the absence or presence of 0.1 mM oleic
acid, was also measured following preincubation of cells for 24 h
with or without flavonoid. Cells were pulsed for 10 min with
[35S] methionine and chased for 60 min (15). Media and cellu-
lar apoB was immunoprecipitated using a polyclonal anti-human
apoB (Boehringer Mannheim), resolved and quantitated as de-
scribed previously (15). Newly synthesized apoAl was similarly
immunoprecipitated and analyzed using a polyclonal anti-
human apoAl antibody (Boehringer Mannheim). Cellular TG,
free cholesterol (FC), and TC were quantitated by a modifica-
tion of the method of Carr, Andresen, and Rudel (25) using en-
zymatic reagents from Boehringer Mannheim, as previously de-
scribed (15). Cellular lipid results are reported as g of cellular
lipid (CE, TG, or FC) per mg cell protein.

Lipid synthesis and CE hydrolysis

The incorporation of [1-*C]oleic acid (Amersham, Oakville,
ON, Canada) or [1-1*C]acetic acid (Amersham) into cellular
lipids was determined as described previously (15). Radioactivity
incorporated into CE, TG, and phospholipids (PL) was deter-
mined after separation of the lipid species by thin layer chroma-
tography. Incorporation of [*C]oleic acid into CE was used as a
measure of whole cell ACAT activity. CE hydrolysis was deter-
mined following a 24-h preincubation with [*C]oleic acid (in
the absence of the flavonoids) to label an intracellular pool of
CE. This was followed by incubations of 2—-24 h in the presence
of the flavonoids. The latter incubations were carried out in the
presence of the specific ACAT inhibitor, DuP 128 (10 wM, gener-
ously provided by the DuPont Merck Pharmaceutical Co.,
Wilmington, DE), to inhibit cholesterol esterification. [*C]-
oleic acid incorporation into cellular CE was determined as
described above.

ACAT1 and ACAT?2 activities

The direct effect of naringenin and hesperetin on ACAT1 and
ACAT?2 activities was determined in AC29 cells expressing either
enzyme. In whole cells, the incorporation of [*C]oleic acid into
cellular CE was measured in the presence or absence of naringe-
nin or hesperetin over 5 h, essentially as described above. In fur-
ther experiments, microsomes were isolated from AC29 cells ex-
pressing either ACAT. Cells were scraped from the plates and
disrupted by sonication in ice-cold buffer containing 0.1 M phos-
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phate, 0.25 M sucrose, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 0.5 pg/ml leupeptin at pH 7.4. Mi-
crosomes were isolated as in the method of Carr, Parks, and
Rudel (26), and frozen at —80°C until analysis. ACAT activity
was determined in the presence of exogenous cholesterol, ac-
cording to the methods of Billheimer, Tavani, and Nes (27),
using 25-75 pg of microsomes as the source of ACAT. Naringe-
nin and hesperetin were dissolved in DMSO (0.5% per assay)
and added along with a cholesterol/triton WR-1339 buffer for
15 min at 37°C prior to a 10-min incubation with the radiola-
beled substrate. Results were compared with those obtained
using 10 uM of the ACAT inhibitors DuP 128 and CI-1011 (gen-
erously provided by Dr. B. Krause, Parke-Davis, Ann Arbor, MI).
Previously, we established in HepG2 cells that 10 uM of DuP 128
or CI-1011 inhibited cellular esterification by 85% and 61%, re-
spectively (15). Furthermore, Cases et al. (28) reported that, in
membranes from ACAT1 and ACAT2 baculovirus-infected insect
cells, CI-1011 inhibited ACAT2 with an ICy, of 2.5 pM and
ACAT1 with an ICj, of 10 pM.

MTP activity

MTP activity was assessed using an isotopic transfer assay (29),
with modifications. Briefly, HepG2 cells were preincubated for
24 h in the absence or presence of naringenin or hesperetin at
the indicated concentrations, harvested and sonicated as de-
scribed above. Cell homogenates were then used as the MTP
source. High density lipoprotein-3 (HDL3) (d >1.13 g/ml) and
LDL (1.019 < d< 1.063 g/ml) were isolated from human
plasma and dialyzed against 10 mM Tris, 150 mM NaCl, 5 mM
Nay-EDTA, 3 mM NaNsg, pH 7.4 (dialysis buffer). [1a,20(n)-*H]-
cholesterol (Amersham) in toluene was evaporated under ni-
trogen, resuspended in absolute ethanol, and incubated with
HDL; for 24 h at 37°C in a shaking water bath. Subsequently,
[SH]CE-containing HDL (1.13 < d < 1.21 g/ml) was reisolated
by ultracentrifugation. The MTP reaction mixture contained
donor lipoproteins ([*H]CE-containing HDL) and acceptor lipo-
proteins (LDL) in a ratio of 1:10 (based on protein concentra-
tion), 50 wg of HepG2 cell homogenate, and dialysis buffer in a
final volume of 50 wl. MTP-mediated [*H]CE transfer was al-
lowed to proceed for 6 h at 37°C in a shaking water bath, after
which the reaction was stopped by placing the samples on ice for
5 min. Radioactivity in an aliquot of the reaction mixture was
measured in a liquid scintillation counter to determine total
dpm. The density of the mixture was adjusted to 1.07 g/ml, and
donor and acceptor lipoproteins were separated by ultracentrif-
ugation. Radioactivity in the acceptor particles was counted, and
percent transfer of CE was determined as dpm of the d < 1.07
g/ml fraction divided by total dpm added to the reaction.

MTP Western blotting

HepG2 cells were incubated with naringenin for 24 h or 5
days. Following the incubations, HepG2 cells were harvested in
100 wl per well (35 mm) of 1 X RIPA buffer (1% v/v Triton X-100,
0.1% w/v sodium dodecyl sulfate, 0.5% w/v sodium deoxycholate,
10 mM sodium phosphate, pH 7.5, 5 mM EDTA, 5 mM EGTA,
100 mM sodium chloride, 1 mM PMSF, 20 uM leupeptin, 20 mM
methionine, and 1 mM cysteine) (30). The samples were re-
solved on a 5% stacking, 8% running gel; proteins were trans-
ferred to a nitrocellulose membrane. The membranes were
blocked overnight at 4°C with 5% nonfat dry milk in phosphate
buffered saline, 0.1% Tween 20. The membranes were then in-
cubated with goat anti-bovine MTP primary antibody (provided
by Dr. J. R. Wetterau, Bristol-Myers Squibb, Princeton, NJ) fol-
lowed by incubation with rabbit anti-goat IgG peroxidase conju-
gate (The Binding Site, Intermedico, Markham, ON, Canada).

MTP was detected using BM Chemiluminescence Blotting Sub-
strate (Roche Diagnostics, Laval, QC, Canada).

1L LDL binding, uptake and degradation studies

LDL (Sf 0-12) was isolated from human plasma and radiola-
beled with %I using the iodine monochloride technique (31).
I25.LDL binding, uptake and degradation studies were carried
out as described by Goldstein, Basu, and Brown (32), with minor
modifications described previously (33).

RNase protection analysis of HepG2 mRNA

A HindIlII/Pstl fragment of human apoB, cloned into psp72
(Promega, provided by Dr. N. Azrolan, Rockefeller University, NY),
a Hind III/Xba I fragment from glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; ATCC, Rockville, MD), subcloned into pGEM-
7Zf (Promega), a Pst 1/Pst I fragment from the human LDL recep-
tor (ATCC), subcloned into pbluescript SK+ (Stratagene), a Hind
III/Pst I fragment of the human HMG-CoA reductase (ATCC), sub-
cloned into pbluescript SK+, a Pst I/Pst I fragment of human MTP
(provided by Dr. J. R. Wetterau, Bristol-Myers Squibb) in pblue-
script SK+, a plasmid encoding human ACAT1 (full-length ACAT1
c¢DNA in PRC/CMV) (provided by Dr. S. L. Sturley, Columbia Uni-
versity, New York, NY), and a plasmid-encoding African green mon-
key ACAT?2 (fulllength ACAT2 cDNA in pcDNA3~) (provided by
Dr. L. Rudel, Wake Forest University School of Medicine) served as
templates to synthesize antisense RNA probes. These riboprobes
were used to measure mRNA concentrations in a modification of
the RNase protection/solution hybridization assay of Azrolan and
Breslow (34), as described previously (35).

Statistics
All values are presented as mean * SEM (standard error of

mean). Means were compared by ttests to determine statistical
significance. A Pvalue of <0.05 was considered significant.

RESULTS

ApoB secretion

HepG2 cells were incubated with naringenin (10-200 wM)
for 24 h, after which the accumulation of apoB in the me-
dia was measured using an ELISA. As shown in Fig. 1A,
naringenin dose-dependently decreased the secretion of
apoB into the media by 27% (not significant, NS), 56%
(P<0.002), and 82% (P < 0.00001) at 50, 100, and 200 pM,
respectively. At concentrations of 10 uM or less, naringe-
nin had little effect on apoB secretion. The reduction in
apoB secretion following incubation with naringenin was
also observed for the structurally related citrus flavonoid,
hesperetin. Hesperetin decreased apoB secretion by 40%
(NS) and 74% (P < 0.002) (Fig. 1B) at concentrations of
50 and 200 uM, respectively. In cells incubated with
0.1mM oleate, immunoprecipitation of radiolabeled apoB
from the media and cell lysates revealed that naringenin
decreased the secretion of newly synthesized apoB by up
to 69% (P < 0.05) compared with cells treated with oleate
alone (Fig. 2). In contrast, apoAl secretion was unaffected
(data not shown). Cellular labeled apoB decreased con-
comitantly with the decrease in secretion into the media
(Fig. 2), demonstrating that apoB is degraded and does not
accumulate in the cell. At the concentrations of flavonoids
used in this study, there were no significant effects on total
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Fig. 1. Effect of naringenin (A) and hesperetin (B) on apoB ac-
cumulation in the media. HepG2 cells were incubated with narin-
genin and hesperetin, at the concentrations indicated, for 24 h.
Following the incubation, apoB in the media was measured by
ELISA. Values are reported as ug apoB/mg cell protein, and are
the mean = SEM for four to eight experiments with duplicate
samples. a, P < 0.002; b, P < 0.00001.
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Fig. 2. Effect of naringenin on cellular and secreted, newly syn-
thesized apoB. HepG2 cells were preincubated for 24 h in the pres-
ence or absence of naringenin (50 or 200 pM), followed by a 20-min
incubation with or without 0.1 mM oleate (OA). The cells were
then pulsed for 10 min with [3*S]methionine and chased for 1 h.
Oleate and naringenin were present throughout the pulse and the
chase as indicated. Following the chase, media and cell lysates were
collected and labeled; apoB was immunoprecipitated and quanti-
fied as described in Materials and Methods. The results are the
mean * SEM for four experiments. a, P < 0.05 as compared to the
untreated control; b, P < 0.05 as compared with 0.1 mM oleate
alone.
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cell protein or viability as assessed by an MTT (3-[4,5-di-
methylthiazol-2-y1]-2,5-diphenyltetrazolium bromide, Thiaz-
olyl blue) assay (data not shown). Kim et al. (36) have re-
ported the IC;, for cell growth was greater than 1 mM for
both naringenin and hesperetin.

Cellular lipid mass

The mass of cellular CE, FC, and TG was determined af-
ter 24-h incubations with either naringenin or hesperetin at
doses of 50 and 200 pM. As shown in Table 1, FC mass was
not significantly altered by flavonoid treatment. CE mass was
significantly reduced by 200 uM naringenin (26% decrease,
P < 0.01) and hesperetin (21% decrease, P < 0.02). Cellu-
lar TG mass tended to increase (30-50%) following incuba-
tion with either flavonoid at concentrations of 200 WM.

Cellular lipid biosynthesis, ACAT activities,
and CE hydrolysis

The incorporation of ['*C]oleic acid or ['*C]acetic acid
into cellular lipids was carried out over 5 h, either imme-
diately after flavonoid addition or after a 19-h preincuba-
tion with the flavonoids. As shown in Table 2, without a
19-h preincubation, the incorporation of [*C]oleic acid
into CE was reduced by 37% (P < 0.05) and 70% (P <
0.001) at 50 and 200 wM naringenin, respectively. Hes-
peretin reduced cholesterol esterification by 22% (50 uM,
NS) and 57% (200 uM, P < 0.01). Following a 19-h prein-
cubation, naringenin reduced the incorporation of
[1*C]oleic acid into CE by up to 84% (200 pM, P <
0.0001), whereas hesperetin inhibited cholesterol esterifi-
cation by up to 76% (200 pM, P < 0.01). The incorpora-
tion of [!*C]oleic acid into cellular TG was increased by nar-
ingenin (200 uM) without a preincubation (29% increase,
P < 0.01) and with a 19-h preincubation (27% increase,
P < 0.05). The incorporation of [*C]oleic acid into phos-
pholipid was not altered by flavonoid treatment, with or with-
out the 19-h preincubation. The incorporation of [14C]-
acetate into cholesterol was affected by flavonoid treatment
only following the 19-h preincubation. Cholesterol synthe-

TABLE 1. Effect of naringenin and hesperetin
on cellular lipid mass

Cholesteryl Free
Treatment Ester Cholesterol Triglyceride
wg/mg cell protein
Control 5.75 £ 0.28 16.04 = 0.64 38.80 £ 3.58
Naringenin 50 pM 5.30 * 0.37 16.71 = 0.67 44.24 * 5.16
Naringenin 200 uM 4.23 * 0.33¢ 17.21 = 1.03 51.95 = 4.58
Control 5.52 = 0.49 16.82 = 0.90 38.67 = 5.25
Hesperetin 50 uM 4.62 £ 1.13 17.34 = 0.98 39.80 + 7.64
Hesperetin 200 pM 437 + 055 1728 £1.26  58.15 = 8.78

HepG2 cells were incubated in minimal essential medium (MEM)
containing 5% lipoprotein-deficient serum with naringenin or hes-
peretin at concentrations of 50 and 200 wM, for 24 h. Following the in-
cubation, lipids were extracted from cell monolayers and quantitated
by spectrophotometric assays. CE, FC, and TG mass are reported as the
mean = SEM for seven experiments with duplicate samples for narin-
genin and four experiments with duplicate samples for hesperetin. CE
mass is calculated as the difference between total and FC mass values.

@ P < 0.01 (vs. control).

b P < 0.02 (vs. control).

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Effect of naringenin and hesperetin on cellular lipid biosynthesis

Cholesteryl
Treatment Ester

Triglyceride

Phospholipid Cholesterol

nmol oleic acid incorporated/mg cell protein

Preincubation, 0 h

pmol acetic acid incorporated/
mg cell protein

Control 3.21 = 0.33 104.32 £ 5.95 52.88 = 5.15 878.5 = 32.0
Naringenin 50 uM 2.02 + (.37 117.97 £ 11.41 54.99 *+ 9.96 826.1 = 85.8
Naringenin 200 uM 0.97 = 0.11° 134.15 * 6.02¢ 53.68 *= 6.46 850.3 = 99.8
Hesperetin 50 uM 2.50 = 0.34 126.57 + 11.38 63.56 = 8.14 809.8 = 110.4
Hesperetin 200 pM 1.87 = 0.21¢ 141.12 £ 15.40 61.21 = 6.90 886.6 = 147.7
Preincubation, 19 h

Control 4.32 + 0.52 128.98 * 8.28 56.33 = 4.99 1565.9 *+ 123.6
Naringenin 50 uM 1.73 = 0.32¢ 133.56 * 7.43 55.87 = 5.86 1323.3 = 72.4
Naringenin 200 uM 0.68 = 0.10¢ 164.20 * 7.23¢ 56.90 = 2.82 909.3 *+ 129.3¢
Hesperetin 50 uM 2.96 * 0.47 127.01 = 11.64 52.50 = 5.95 1369.2 = 82.3
Hesperetin 200 pM 1.03 = 0.18¢ 140.23 = 8.21 49.29 * 4.60 977.3 = 143.9¢

HepG2 cells treated with naringenin or hesperetin at concentrations of 50 and 200 uM were incubated with
[1*C]oleic acid or [“C]acetic acid for 5 h. The 5-h incubation was initiated immediately after addition of the fla-
vonoids (0-5 h) or following a 19-h incubation (19-24 h). At the end of the incubation, the cell lipids were ex-
tracted and analyzed by thin-layer chromatography as outlined in Materials and Methods. Values are given as
mean = SEM from at least four separate experiments with duplicate samples. 0-5 h and 19-24 h incubations were

determined in separate experiments.
@ P < 0.05 (vs. control).
b P < 0.001 (vs. control).
P < 0.01 (vs. control).
4P < 0.0001 (vs. control).

sis was decreased by naringenin (42% at 200 pM, P <
0.05) and hesperetin (38% at 200 pM, P < 0.05).

The discovery and cloning of a second ACAT enzyme,
ACAT?2 (17, 28, 37), and the concept that ACAT2 may
preferentially provide CEs for lipoprotein assembly (17,
38) raised the possibility that the citrus flavonoids selec-
tively inhibited ACAT2 activity. AC29 cells (a Chinese
hamster ovary cell line lacking endogenous ACAT activity)
stably transfected with either ACAT1 or ACAT2 cDNA
were treated with either naringenin or hesperetin (50—
200 wM). Naringenin and hesperetin reduced cholesterol
esterification in cells expressing either ACAT1 or ACAT2
to the same extent, as determined by assays using intact
cells or isolated microsomes (Table 3).

The observation that cellular ACAT activity was decreased
to a greater extent than cellular CE mass suggested that
CE hydrolysis may be modulated by naringenin and hes-
peretin. As shown in Fig. 3, the rate of CE hydrolysis in
HepG2 cells was reduced by 34% and 36% after 24 h by
naringenin (200 uM, P < 0.002) and hesperetin (200 uM,
P < 0.001), respectively.

MTP activity and expression

The MTP activity in homogenates of HepG2 cells prein-
cubated for 24 h with either flavonoid was determined as
the transfer of [*H]CE from donor to acceptor lipopro-
teins. As shown in Table 4, transfer of [*H]CE was re-
duced by up to 40% by naringenin (200 uM, P < 0.00004)
and up to 33% by hesperetin (100 pM, P < 0.00004).

MTP is a heterodimer consisting of a 97-kDa large sub-
unit and protein disulfide isomerase (PDI) (39). Follow-
ing a 24-h incubation with naringenin (200 uM), the
amount of the MTP large subunit, as determined by West-
ern blotting, was not significantly altered (Fig. 4). MTP

has a reported half-ife of approximately 4.4 days (40).
Therefore, the flavonoid incubations were extended to 5
days to determine whether the reduced MTP mRNA con-
centrations observed in flavonoid-treated cells (see below)

TABLE 3. Effect of naringenin and hesperetin on ACAT activity

Treatment ACAT1 ACAT2

[MC]oleic Acid Incorporation
in Intact Cells,

% of control
Control 100 100

Naringenin 50 puM 88.7 £ 1.4« 90.3 = 2.0°
Naringenin 100 pM 79.5 = 2.1 80.2 + 2.8%
Naringenin 200 uM 65.9 = 0.8 64.7 = 1.9
Hesperetin 50 pM 86.2 + 2.8¢ 89.1 * 2.6°¢
Hesperetin 100 pM 79.0 = 3.1¢ 80.1 = 4.0°
Hesperetin 200 pM 58.2 £ 2.9 63.1 + 4.2

Microsomal ACAT Activity,
% of control

Control 100 100

Naringenin 50 pM 90.0 * 3.2¢ 93.8 + 1.6¢
Naringenin 100 pM 88.0 = 2.3¢ 88.3 = 3.8¢
Naringenin 200 pM 72.5 *+ 1.8¢ 72.0 + 2.2¢
Hesperetin 50 pM 97.4 5.7 100.8 = 6.9
Hesperetin 100 uM 90.8 * 1.9¢ 100.4 £ 85
Hesperetin 200 pM 80.5 = 5.6¢ 87.5 £ 6.1
Dup 128 10 pM 0.0 0.0
CI-1011 10 uM 2.3 0.4

ACAT1 and ACAT? activities were determined using AC29 cells sta-
bly transfected with African green monkey ACAT1 or ACAT2 cDNA. For
microsomal assays, naringenin and hesperetin were added in the pres-
ence of exogenous cholesterol. The values are reported as percent of
control and are the mean = SEM for at least three separate experiments.

@ P < 0.0002 (vs. control).

b P < 0.00006 (vs. control).

P < 0.003 (vs. control).

4P < (.04 (vs. control).
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Fig. 3. Effect of naringenin and hesperetin on cholesteryl ester
hydrolysis. HepG2 cells were preincubated with [!*C]oleic acid for
24 h to label an intracellular pool of CE. DMSO (control) (®), nar-
ingenin (200 wM) (O), or hesperetin (200 wM) (M) were then added
in the presence of the ACAT inhibitor, DuP 128 (10 uM). The rate
of CE hydrolysis was then measured over 24 h. The results are ex-
pressed as the percent of the labeled CE pool hydrolyzed and are
the mean * SEM for three experiments. a, P < 0.002; b, P < 0.001.

were associated with reduced MTP protein levels. The
amount of immunodetectable MTP large subunit was
nearly completely depleted in flavonoid-treated cells fol-
lowing a 5-day incubation (Fig. 4).

Binding, uptake, and degradation of 2’I-LDL

HepG2 cells were preincubated with naringenin and
hesperetin (200 wM) for 24 h prior to determining the
cellular binding, uptake, and degradation of '*I-LDL at
37°C. As shown in Fig. 5, naringenin and hesperetin in-
creased the cellular binding of '*I-LDL by 24% (NS) and
187% (P < 0.02), respectively. Cellular uptake of '%I-LDL
was increased by naringenin (66%, P < 0.05) and hes-
peretin (149%, P < 0.05). '%I-LDL degradation was in-

TABLE 4. Effect of naringenin and hesperetin on MTP activity

Concentration Naringenin Hesperetin
M % of Control
0 100 £ 0 100 £ 0
50 81.3 = 5.8¢ 92.4 + 3.8
100 67.6 = 8.4¢ 66.9 + 2.9¢
200 60.2 = 4.1¢ 78.2 £ 4,20

MTP activity was determined by [®*H]CE transfer from donor to ac-
ceptor lipoproteins, as described in Materials and Methods. HepG2
crude cell homogenates prepared from cells incubated for 24 h with
either naringenin or hesperetin were used as the MTP source. No addi-
tional naringenin or hesperetin was added exogenously at the time of
the assay. The values are reported as % of control and are the mean *
SEM for eight separate experiments.

@ P < 0.001 (vs. control).

b P < 0.00004 (vs. control).
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Fig. 4. Effect of naringenin on MTP expression. HepG2 cells
were incubated with 200 M naringenin for 24 h or 5 days. Follow-
ing the incubations, MTP large subunit was detected by Western
blotting as described in Materials and Methods. Lanes 1 and 2 are
control cells incubated for 24 h. Lanes 3 and 4 are cells incubated
with naringenin for 24 h. Lanes 5 and 6 are control cells incubated
for 5 days. Lanes 7 and 8 are cells incubated with naringenin for 5
days. The arrow indicates the position of MTP large subunit (97
kDa). The gels shown are representative of the results obtained in
at least three separate experiments.

creased by naringenin and hesperetin by 11% (NS) and
118% (P < 0.05), respectively.

HepG2 mRNA content

The abundances of specific mRNAs were determined in
HepG2 cells following 24-h incubations with the flavonoids.
As shown in Table 5, ACAT2 mRNA was significantly re-
duced by 49% (P < 0.0001) with naringenin (200 wM) and
by 53% (P < 0.001) with hesperetin (200 wM). ACAT1
mRNA was unaffected. MTP mRNA levels were also signif-
icantly reduced by naringenin (-31% at 200 uM, P < 0.02)
and hesperetin (—47% at 200 pM, P < 0.001). In contrast,

400 +
mmmm Control

c zzzzzz2 Naringenin
0] —— Hesperetin| b
o 300 I
S
o
S b
5, 200 - b
-
® 100 - é
o
< a

0 ,j77‘77/,47_‘

Binding  Uptake Degradation

Fig. 5. Effect of naringenin and hesperetin on LDL receptor ac-
tivity. HepG2 cells were incubated with DMSO (control, solid bars),
naringenin (striped bars), and hesperetin (open bars) at concen-
trations of 200 pM for 24 h. 2°I-LDL cell binding, uptake, and deg-
radation were determined following 24-h incubations with the fla-
vonoids. Naringenin and hesperetin were present throughout the
125[.LDL binding, uptake, and degradation studies. Values are re-
ported as ng ?°I-LDL associated or degraded per mg cell protein
and are the mean = SEM for five experiments. a, P < 0.02; b, P <
0.05 (compared with control).
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TABLE 5. Effect of naringenin and hesperetin on mRNA levels

mRNA Control Naringenin 50 pM Naringenin 200 uM Hesperetin 50 uM Hesperetin 200 uM
pg mRNA/ug total RNA

ApoB 109.2 = 11.1 94.5 + 17.0 104.6 = 21.7 107.8 £ 17.6 93.6 = 8.0
ACAT1 0.55 = 0.03 0.53 = 0.05 0.50 = 0.04 0.57 = 0.04 0.48 = 0.07
ACAT2 0.47 = 0.02 0.51 = 0.06 0.24 = 0.04¢ 0.41 = 0.08 0.22 + 0.04%
MTP 1.31 * 0.07 1.42 = 0.11 0.90 £ 0.13“ 1.52 £ 0.15 0.69 = 0.09°
LDL receptor 0.63 £ 0.11 0.89 = 0.08 3.07 = 0.87¢ 0.73 = 0.07 413 = 1.11¢
HMG-CoA reductase 4.27 + 0.26 3.68 * 0.56 4.28 = 0.79 3.84 £ 1.39 5.09 = 0.82
GAPDH 35.5 * 4.0 46.3 £ 1.6 303+ 1.9 43.0 £ 7.5 37.7+23

HepG2 cells were incubated with naringenin or hesperetin at concentrations of 50 and 200 uM for 24 h. Subsequently, total RNA was extracted
from the cells and quantitated as described in Materials and Methods. ApoB, ACAT1, ACAT2, MTP, LDL receptor, HMG-CoA reductase, and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were analyzed by RNase protection/solution hybridization assay. The results are re-
ported as pg mRNA/ g of total RNA. Values are given as the mean = SEM from at least three separate experiments.

“P <0.02.
b P < 0.001.
‘P < 0.0001.

LDL receptor mRNA levels were significantly increased
approximately 5-fold at 200 wM naringenin (P < 0.02)
and 7-fold at 200 pM of hesperetin (P < 0.02). ApoB,
HMG-CoA reductase, and GAPDH mRNA levels were not
significantly affected by either flavonoid (50 or 200 wM)
when compared with control cells.

DISCUSSION

In vivo studies in a number of animal models have
shown that diets supplemented with grapefruit juice or or-
ange juice (5), or glycosylated forms of naringenin (6-8)
or hesperetin (6, 8, 9), reduce plasma cholesterol levels.
We demonstrate here that the citrus flavonoids, naringe-
nin and hesperetin, dose-dependently reduce the accu-
mulation of apoB in the media of HepG2 cells. Our results
indicate that this is due to a decrease in the assembly and
secretion of apoB-containing lipoproteins, as well as en-
hanced re-uptake of these lipoproteins via the LDL receptor.

In this study, we examined the mechanisms whereby
naringenin and hesperetin altered hepatic apoB metabo-
lism. ApoB mRNA levels were not affected by flavonoid
treatment, consistent with the concept that, under most
conditions of altered apoB secretion from HepG2 cells,
apoB mRNA levels remain unchanged (12, 15, 41). The
inhibition of apoB secretion in the presence of these fla-
vonoids may result in posttranscriptionally enhanced
intracellular degradation of apoB, as shown for other
inhibitors of apoB secretion (15, 41). Our data, showing
parallel decreases in radiolabel incorporation into both
newly synthesized cellular and secreted apoB in the pres-
ence of naringenin, support this possibility.

Both flavonoids caused dose-dependent inhibition of
cholesterol esterification, consistent with earlier observa-
tions in HepG2 cells (20). Inhibition of newly synthesized
CEs catalyzed by ACAT has been shown to decrease apoB
secretion in HepG2 cells (15, 16, 42, 43), although this
has not been a universal finding (15). Furthermore, we
have previously shown, using in vivo kinetic studies in pigs
(14, 44, 45), that inhibition of hepatic cholesterol esterifi-

cation decreases hepatic apoB secretion. In the present
study, the flavonoids decreased ACAT activity in HepG2
cells by 75—-85%, which was associated with a 74-82% re-
duction in apoB secretion. Therefore, reduced choles-
terol esterification upon incubation with either naringenin
or hesperetin may contribute to the observed reduction in
apoB secretion from HepG2 cells. Inhibition of hepatic
ACAT has also been demonstrated for a flavonoid struc-
turally different from these flavanones, called baicalein
(ICs¢ for ACAT inhibition: 100 wM) (46). Whether inhibi-
tion of ACAT and apoB secretion are general features of
flavonoids remains to be determined. It is of particular in-
terest that both flavonoids also reduce CE hydrolysis. This
observation explains the modest reduction in HepG2 cel-
lular CE mass, since the reduction in cholesterol esterifica-
tion is offset by a concomitant decrease in CE hydrolysis.

The mechanism by which flavonoids reduce hepatic
ACAT activity and apoB secretion may be mediated
through interaction with the plasma membrane trans-
porter, multidrug resistance p-glycoprotein. Recently,
Conseil et al. (47) have shown that flavonoids can bind
mouse p-glycoprotein and modulate its activity. Inhibition
of p-glycoprotein activity by a number of drugs has been
shown to inhibit cholesterol esterification in HepG2 cells
(48) and in the intestinal cell line, Caco-2 (48, 49). The se-
cretion of apoB in Caco-2 cells was also reduced following
inhibition of p-glycoprotein (49). Thus, inhibition of cho-
lesterol esterification and apoB secretion by naringenin
and hesperetin in HepG2 cells may be mediated through
inhibition of p-glycoprotein.

A novel finding in this study is the selective decrease
in ACAT2 mRNA in HepG2 cells incubated with either
flavonoid. Although the regulation of ACAT2 is largely
unknown (38), this is the first report demonstrating that
regulation of ACAT2 occurs at the level of mRNA abun-
dance. The specificity of the flavonoids for ACAT2 is of
interest in light of the tissue-specific expression and pre-
dicted topology of this enzyme (17). It has been postu-
lated that ACAT2 may preferentially provide CE for lipo-
protein assembly within the endoplasmic reticulum
lumen of the liver and intestine (17). Our results show
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that the message abundance for ACAT1 and ACAT2, in
HepG2 cells grown under control conditions, were quanti-
tatively similar. This would suggest that the enzyme activi-
ties for each ACAT would also be similar. Chang et al.
(50), using an immunodepletion strategy, found that the
activity of ACAT2 in HepG2 cells was approximately 15%
of the total activity. However, mRNA levels were not
reported.

We have established that naringenin and hesperetin are
direct inhibitors of total ACAT activity; however, specificity
for either enzyme was not observed. Addition of either fla-
vonoid to microsomes from AC29 cells expressing either
ACAT1 or ACAT?2 produced similar reductions in choles-
terol esterification. However, it is not known whether the
subcellular distribution (51) or topology (38) of ACAT1
and ACAT2 in AC29 cells resembles hepatocytes. Never-
theless, selective inhibition of ACAT?2 expression, together
with the inhibition of its activity, would result in a preferen-
tial reduction in CE available for association with apoB.

In the present study, naringenin and hesperetin caused
an increase in the synthesis of TG, but the reason for this
is not readily apparent. In previous studies, an increase in
TG synthesis was observed in HepG2 cells incubated with
the ACAT inhibitors DuP128 (15) or Sandoz 58-035 (52).
Therefore, it is possible that the increased TG synthesis is a
consequence of inhibition of cholesterol esterification. The
flavonoids did not significantly increase TG mass, although
a trend was observed. It is important to note that, despite
the increased TG synthesis, apoB secretion was inhibited,
demonstrating discordance between these two processes.

The observed decrease in cholesterol synthesis by fla-
vonoid treatment is likely secondary to the inhibition of
cholesterol esterification. We speculate that this would
lead to increased FC levels within specific regulatory pools
not revealed by whole cell FC mass measurements. Choles-
terol synthesis was not decreased by flavonoid treatment
without preincubation, suggesting that the flavonoids do
not have a direct effect on HMG-CoA reductase. Previously
(15), we observed a reduction in cholesterol synthesis follow-
ing incubation of HepG2 cells with the ACAT inhibitors DuP
128 and CI-1011. This may explain the reduced hepatic
HMG-CoA reductase activities observed in rats consuming
glycosylated forms of naringenin and hesperetin (8).

A second novel finding of this study was the flavonoid-
induced reduction in microsomal triglyceride transfer
protein (MTP) activity and expression. MTP has been
shown to be essential for the hepatic secretion of apoB-
containing lipoproteins (19) by mediating the transfer of
TG, CE, and PL to nascent apoB (18). Naringenin and
hesperetin (200 wM) inhibited cellular MTP activity by
approximately 30-40%. This is consistent with the find-
ings of Wang, Tran, and Yao (53), who showed that, in
McArdle RH7777 rat hepatoma cells, inhibiting MTP
activity by 40% with a specific MTP inhibitor resulted in a
60% decrease in apoB secretion. Thus, the reduction in
MTP activity we observed following incubation with narin-
genin or hesperetin likely contributes to the 74—-82% re-
duction in apoB secretion in HepG2 cells. The fla-
vonoids also reduced MTP mRNA by 30-50%,
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following a 24-h incubation. Note that, because MTP
has a half-life of approximately 4.4 days (40), it is un-
likely that the reduction in MTP mRNA observed in this
study would result in decreased apoB secretion during a
24-h incubation. This altered expression may, however,
be important in vivo. Nevertheless, direct inhibition of
MTP by these flavonoids likely contributes to the re-
duced secretion of apoB.

The inhibition of both ACAT and MTP by the fla-
vonoids suggests that reduced availability and transfer of
lipids to apoB is the primary mechanism of action in
HepG2 cells. This concept is consistent with our observa-
tion that naringenin not only decreased apoB secretion in
cells grown under basal conditions, but was equally effec-
tive under conditions in which apoB secretion was in-
creased by oleate. Preincubation of cells for 24 h with
200 wM naringenin inhibited oleate-stimulated apoB se-
cretion by 69%, a value below that observed in control
cells. Recently, Borradaile, Carroll, and Kurowska (20) re-
ported that acute exposure to either naringenin or hes-
peretin for 4 h did not alter apoB secretion by HepG2
cells preincubated with oleate. Thus, incubations longer
than 4 h are required to observe any effect of flavonoids
on apoB secretion in oleate-treated HepG2 cells.

Naringenin and hesperetin increase the cell association
and degradation of ?’I-LDL in HepG2 cells, indicating in-
creased LDL receptor expression. This is consistent with
the observed increases in LDL receptor mRNA. Interest-
ingly, LDL receptor mRNA increased approximately 5-
fold, whereas cellular uptake of labeled LDL increased
only 1.6- to 2.5-fold, suggesting a disconnection between
gene expression and receptor activity. The reason for this
is not known. Although increased re-uptake of apoB-con-
taining lipoproteins may partially explain the diminished
apoB accumulation in the media of flavonoid-treated
HepG2 cells, it is unlikely to be responsible for the ob-
served 80% decrease in apoB accumulation. Recently,
Twisk et al. (54) provided evidence that hepatocyte LDL
receptor expression modulates net apoB secretion. Using
primary hepatocytes from wild-type and LDL receptor
knockout mice, these investigators showed that a com-
plete absence of hepatic LDL receptors increased apoB se-
cretion by only 44%.

Our observed increase in LDL receptor expression may
be related to the estrogenic activity of these flavonoids
(55, 56). Naringenin has been shown to elicit an estro-
genic response through interaction with estrogen recep-
tors (55) and can bind both estrogen receptors o and 3
(56). The ability of hesperetin to act as an estrogen has
not been investigated; however, its structural similarity to
naringenin suggests that it may exert a similar effect. Es-
trogen has been shown to increase hepatic LDL receptor
expression in a number of animal models (57-60) and to
increase LDL receptor transcription in HepG2 cells (61).
The significant increase in LDL receptor mRNA without a
change in HMG-CoA reductase mRNA was somewhat un-
expected, as LDL receptor and HMG-CoA reductase are
generally regulated coordinately (62). However, discor-
dance has been observed previously in estrogen-treated
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frogs (60) in which LDL receptor mRNA increased with-
out any increase in HMG-CoA reductase mRNA.

It is unlikely that the estrogenic action of these fla-
vonoids is directly responsible for their effect on apoB se-
cretion and cholesterol esterification in HepG2 cells. Es-
trogen has been reported to have no effect (63, 64) or to
increase (64) apoB secretion from HepG2 cells. Further-
more, estrogen treatment has been shown to result in no
change (65) or increases (66) in hepatic ACAT activity.
Whether the estrogenic action of these flavonoids is re-
sponsible for the reduced concentrations of ACAT2
mRNA, thus affecting cholesterol esterification and apoB
secretion, is currently unknown.

In summary, the citrus flavonoids naringenin and hes-
peretin significantly reduce apoB accumulation in the me-
dia of HepG2 cells. We conclude that this effect is medi-
ated via the following: 1) reduced activities of ACAT1 and
ACAT?2, 2) a selective decrease in ACAT2 expression, and
3) reduced MTP activity. Together, these mechanisms re-
duce the availability of lipids, in particular CE, for the as-
sembly of apoB-containing lipoproteins. Furthermore, in-
creased LDL receptor activity contributed to the reduced
accumulation of apoB in the media. Future studies are re-
quired to determine whether citrus flavonoids modulate
hepatic apoB secretion and clearance in vivo. il
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