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Abstract In the present study, the effects of taxifolin, a
plant flavonoid, on lipid, apolipoprotein B (apoB), and apo-
lipoprotein A-I (apoA-I) synthesis and secretion were deter-
mined in HepG2 cells. Pretreatment of cells with (*)-taxi-
folin led to an inhibition of cholesterol synthesis in a dose-
and time-dependent manner, with an 86 % 3% inhibition at
200 M observed within 24 h. As to the mechanism underly-
ing this inhibitory effect, taxifolin was shown to inhibit the
activity of HMG-CoA reductase by 47 = 7%. In addition,
cellular cholesterol esterification, and triacylglycerol and
phospholipid syntheses, were also significantly suppressed
in the presence of taxifolin. ApoA-I and apoB synthesis and
secretion were then studied by pulse-chase experiments.
ApoA-I secretion was found to increase by 36 = 10%. In
contrast, an average reduction of 61 = 8% in labeled apoB
in the medium was apparent with taxifolin. This effect on
secretion appeared not to be exerted at the transcriptional
level. Rather, the effect on apoB secretion was found to be
exerted in the early stages of apoB degradation and to be sen-
sitive to dithiothreitol (DTT) and insensitive to N-acetyl-
leucyl-leucyl-norleucinal, suggesting a proteolytic pathway
involving a DTT-sensitive protease. Fractionation of se-
creted apoB revealed a slight shift in the distribution of
secreted apoB-containing lipoproteins. Cholesteryl ester,
rather than triacylglycerol, was shown to be the lipid that
primarily regulated apoB secretion. il In summary, our data
suggest that taxifolin decreases hepatic lipid synthesis with
a concomitant decrease and increase in apoB and apoA-I
secretion, respectively. —Theriault, A., Q. Wang, S. C. Van
Iderstine, B. Chen, A. A. Franke, and K. Adeli. Modulation
of hepatic lipoprotein synthesis and secretion by taxifolin, a
plant flavonoid. J. Lipid Res. 2000. 41: 1969-1979.
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There has been a considerable amount of interest in
the benefits of diets rich in flavonoid-containing foods,
such as fruits, vegetables, wine, and tea, with respect to
cardiovascular disease (CVD) and certain cancers (1).
The protective effects of flavonoids against these chronic
diseases have been attributed to their free radical-scavenging

property. In the case of CVD, flavonoids have been shown
to reduce low density lipoprotein (LDL) oxidation, an im-
portant step in atherogenesis (2, 3). However, studies have
given evidence about the potential role of these fla-
vonoids in reducing blood lipid levels. Investigations by
Choi, Yokozawa, and Oura (4) and Jahromi and Ray (5)
showed that flavonoid components of Prunus davidiana
stem extract and Plerocarpus marsupium heartwood extract
reduced cholesterol levels in hyperlipidemic rats. In hu-
mans, the intake of soy protein rich in isoflavonoids was
shown to significantly reduce serum cholesterol levels (6).
In elucidating the molecular mechanism of flavonoid ac-
tion on cholesterol homeostasis, at least two enzymes in-
volved in cholesterol metabolism were shown to be involved.
Work by Wilcox et al. (7) and Borradaile, Carroll, and
Kurowska (8) provided evidence that the citrus flavonoids
naringenin and hesperetin decreased cholesterol synthe-
sis by inhibiting acyl-CoA:cholesterol acyltransferase
(ACAT) activity in HepG2 cells. In contrast, Nassuato et
al. (9) demonstrated in rat liver that silybin, the major fla-
volignan from the fruit of Silybum marianum (syn. Carduus
marianus L.), reduced cholesterol synthesis by suppressing
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR)
activity, the rate-limiting enzyme in cholesterol synthesis.
Bok et al. (10) showed in vivo that a combination of these
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Fig. 1. Structures of silybin and taxifolin.

two lipogenic enzymes may account for the hypocholester-
olemic effect of flavonoids. Despite these findings, it is un-
clear whether all naturally derived flavonoids (well over
4,000 of them) share these properties. Moreover, whether
all flavonoid molecules function to the same degree in
cholesterol synthesis remains to be addressed.

The effect of silybin on cholesterol metabolism was fur-
ther studied in hypercholesterolemic subjects (9). Al-
though biliary cholesterol concentrations were found to
be reduced, the exact compound(s) responsible for this
effect was disputed. Krecman et al. (11) studied in rats the
hypocholesterolemic effects of both silymarin, a mixture
of flavolignans extracted from S. marianum, and pure sily-
bin, a single flavolignan. Interestingly, they found that silybin
was not as effective as silymarin, suggesting that other con-
stituent(s) of silymarin, in addition to silybin, may also
have hypocholesterolemic effects. Subsequently, the minor
constituent of silymarin, taxifolin, has attracted the atten-
tion of our laboratory, because taxifolin constitutes the fla-
vonoid moiety in the flavolignan silybin (Fig. 1). Hence, the
purpose of our study was to investigate the effects of taxifolin
on lipids, apolipoprotein B-100 (apoB), and apolipoprotein
A-I (apoA-I) synthesis and secretion, using a well-established
human hepatoma cell-line, HepG2, as the model system.

MATERIALS AND METHODS

Materials

(*)-Taxifolin (>98% pure; purchased from Sigma, St. Louis,
MO) was prepared in ethanol and preserved at —25°C for no
longer than 4 weeks. Immediately before use, the stock solution
was diluted in culture medium to give a final ethanol concentra-
tion 0of 0.1% (v/v). The concentration used was verified by molar
absorptivity (e = 19,953, 290 nm).

HepG2 cells (HB 8065) were obtained from American Type
Culture Collection (ATCC, Rockville, MD). Cell culture media,
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fetal bovine serum (certified grade), antibiotic-antimycotic mix-
ture, and Trizol reagent were from Life Technologies (Grand Is-
land, NY). Culture dishes and flasks were obtained from Corn-
ing Costar (Cambridge, MA). Electrophoresis reagents were
from Bio-Rad (Hercules, CA). [3°S]protein labeling mix (1,175
Ci/mmol), [1-1*C]acetic acid (40-60 mCi/mmol), [1,3-1*C]glyc-
erol (>40 mCi/mmol), [1-1%C]oleic acid (40-60 mCi/mmol),
[glutaryk3-1*Clhydroxy-3-methylglutaryl coenzyme A (40-60 mCi/
mmol), ENHANCE™, and Reflection™ autoradiography films
were purchased from NEN Life Science Research Products (Bos-
ton, MA). Monospecific goat anti-human apoB antiserum was ob-
tained from Alexon-Trend (Ramsey, MN). Protein A-positive Staphy-
lococcus aureus cells were from Roche Molecular Biochemicals
(Indianapolis, IN). Plastic-backed thin-layer chromatography
(TLC) plates (Silica Gel 60) were from Alltech Associates (Deer-
field, IL). The CytoTox 96 nonradioactive cytotoxicity assay and
the pGEM-7Zf vector were from Promega (Madison, WI). Other
common laboratory reagents were from Sigma.

Cell culture

Monolayer HepG2 cell cultures were maintained in RPMI
1640 medium with 10% FBS at 37°C with 5% COy and 95% air
and subcultured in 35-mm-diameter dishes until about 80% con-
fluency. Once confluency was reached, cells were treated with
taxifolin in serum-free RPMI (SF-RPMI). Untreated control cells
received 0.1% (v/v) ethanol without taxifolin.

Analysis of cellular and secreted lipids

To measure the rates of cholesterol and cholesteryl ester (CE)
synthesis and secretion, treated and untreated cells were labeled
with [C]Jacetate (5 wCi/ml) for 6 h. Triacylglycerol (TAG) and
phospholipids, on the other hand, were labeled with [*C]glyc-
erol (2.5 wCi/ml) for 6 h. After labeling, the medium was collected
and the cells were washed twice with cold phosphate-buffered sa-
line. Cellular and medium lipids were then extracted with
hexane—isopropanol 3:2 (v/v) as described by Goldstein, Basu,
and Brown (12). The organic solvent was evaporated, and lipids
were resuspended in hexane and spotted on a TLC plate. Neu-
tral and polar lipids were separated using a two-solvent system.
Plates were first developed in chloroform-methanol-acetic
acid—formic acid-water 70:30:12:4:2 (v/v/v/v/v) and then de-
veloped in ether—diethyl ether—glacial acetic acid 90:10:1 (v/v/v).
The TLC plates were dried and the lipids were visualized with I
vapor and zones corresponding to the lipid standard were cut,
mixed in scintillation cocktail, and counted on a Packard
(Downers Grove, IL) Tri-Carb model 1500 liquid scintillation
counter. After lipid extraction, cell proteins were digested in 1 ml
of 0.1 M NaOH and measured as described below.

Analysis of HMG-CoA reductase activity

HMGR activity was measured in permeabilized HepG2 cells
according to Leonard and Chen (13). Briefly, treated and un-
treated cells, grown in 24-well culture plates, were permeabi-
lized with digitonin as described by Theriault et al. (14). After
permeabilization, cells were rinsed once with cytoskeletal buffer
and immediately used for the HMGR assay. The permeabilized
cells were first incubated in preincubation buffer [50 mM phos-
phate buffer (pH 7.4), 10 mM dithiothreitol (DTT), and 1 mM
ethylenediaminetetraacetic acid (EDTA)] =* taxifolin for 20
min at 37°C. The enzyme assay was initiated by adding labeling
buffer [100 mM phosphate buffer (pH 7.4), 5 mM DTT, 20 mM
glucose 6-phosphate, 2.5 mM NADP, glucose-6-phosphate dehy-
drogenase (3.3 units/ml), and [*CJHMG-CoA (1 pnCi/ml, 150
pM)] = taxifolin for 30 min at 37°C. Finally, the reaction was
terminated by the addition of 0.8 M HCI and further incubated
for 30 min at 37°C to lactonize mevalonate. The [*C]mevalono-
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lactone formed from [*CIHMG-CoA was isolated by TLC, using
a protocol similar to that described above. Briefly, the supernatant
was extracted with diethyl ether. After evaporation of the organic
solvent, mevalonolactone was resuspended in chloroform—
methanol 2:1 (v/v), and an aliquot was spotted on a TLC plate.
Mevalonolactone was separated by development in benzene —
acetone—acetic acid 400:600:1 (v/v/v) and visualized with I vapor.
The zone corresponding to the mevalonolactone standard was
cut, mixed in a scintillation cocktail, and counted on a scintilla-
tion counter. Results (counts per minute) were converted into
micromoles per minute per well and expressed relative to the
values obtained from untreated control cells. An internal
standard, [*H]mevalonate, was added to the assay for estimat-
ing recovery.

Analysis of CE formation

Cellular cholesterol esterification was determined according to
the method described essentially by Goldstein, Basu, and Brown
(12). Briefly, each dish pretreated with or without taxifolin for 22 h
received [1*C]oleic acid (0.5 wCi/ml, 360 wM) complexed to
fatty acid-free bovine serum albumin (BSA) and incubated for a
further 2 h in the presence and absence of taxifolin. The molar
ratio of oleic acid to BSA was 8:1. The cells were then washed
three times with Earle’s balanced salt solution (EBSS), the lipids
were extracted in situ, and CE was separated by TLC as de-
scribed above. Cell protein was determined as described below.
An internal standard, [*H]cholesterol oleate, was added to the
assay to correct for procedural losses.

Metabolic pulse-chase labeling experiments

Treated and untreated HepG2 cells were preincubated in
methionine/ cysteine-free RPMI for 30 min and pulsed with an
[%5S]protein labeling medium ([*S]protein labeling mix at 100
wCi/ml in SF-RPMI =* taxifolin) for 10 min. After the short
pulse, the cells were washed with EBSS and chased in SF-RPMI
1640 supplemented with 5 mM methionine/cysteine * taxifolin.
At various chase times, duplicate 35-mm dishes were harvested
and cells were lysed in solubilization buffer as described previ-
ously (14). The lysates were centrifuged for 5 min in a microcen-
trifuge (7,500 g) and the supernatants were collected for immu-
noprecipitation. Media collected at each time point were spun as
described above to remove any cell debris and mixed with a pro-
tease inhibitor cocktail [2 mM phenylmethylsulfonyl fluoride,
aprotonin (100 kallikrein-inactivating units/ml), 0.1 mM leu-
peptin, and N-acetyl-leucyl-leucyl-norleucinal (ALLN, 5 uM final
concentration)] prior to immunoprecipitation, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and fluo-
rography as described previously (14).

RNase protection assay for apoB
and apoA-I mRNA abundance

ApoB and apoA-I mRNA levels were measured by an RNase
protection/solution hybridization assay as described similarly by
Azrolen and Breslow (15). This was performed by incubating the
labeled probe (3-9 X 10* cpm, 150 pg) with total cellular RNA
(20 ng) in 40 wl of hybridization buffer [80% formamide, 40
mM  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH
6.7), 0.4 M NaCl, 1 mM EDTA] overnight at 53°C (for apoB
probe) or 63°C (for apoA-I probe). Unhybridized RNA was de-
graded by the addition of RNase A and RNase T1 in digestion
buffer [0.3 mM NaCl, 10 mM Tris-HCI (pH 7.4), 5 mM EDTA]
for 1 h at 34°C. Protected RNA was then precipitated with 20%
trichloroacetic acid (TCA) and 100 pg of salmon sperm DNA for
15 min on ice. Each sample was filtered through glass fiber filters
(GF/C) and washed with 10% TCA. Radioactivity was quantified
by counting the filters in a liquid scintillation counter.

Human specific cDNA for apoB was kindly provided by Z. Yao
(University of Ottawa, Canada), whereas apoA-I cDNA was pur-
chased from the ATCC. Both amplified fragments were ligated
to a pGEM-7Zf vector, which served as the template to synthesize
antisense RNA probes. A mouse B-actin construct was used to
normalize total RNA amount. Unlabeled cRNA corresponding
to the sense DNA strand was prepared for use as an hybridiza-
tion standard.

Lipoprotein fractionation

Cells were treated and subjected to pulse-chase labeling as de-
scribed above. The culture medium was collected after the 2-h
chase, adjusted to 10% sucrose, and separated by sucrose gradi-
ent ultracentrifugation as previously described (14). Centrifuga-
tion was carried out at 35,000 rpm at 12°C for 65 h in an SW41 Ti
rotor. Gradients were fractionated into 1-ml fractions, and the
density and apoB were measured in each fraction. All solutions
contained the protease inhibitor cocktail as above.

Other methods

Cell protein content was measured according to Bradford
(16) (i.e., Bio-Rad), using BSA as the standard. The activity of
lactate dehydrogenase (LDH) released into the medium was
measured spectrophotometrically, using the CytoTox 96 non-
radioactive cytotoxicity assay according to the manufacturer pro-
tocol (Promega).

Statistical analysis

Data were normalized to the amount of cellular protein. Sta-
tistical differences were analyzed with a paired ¢-test with the
level of significance set at 0.05.

RESULTS

Taxifolin inhibits cholesterol synthesis in a dose-
and time-dependent manner

Initial studies were performed to determine an optimal
concentration of taxifolin that would inhibit de novo cho-
lesterol synthesis without altering cell viability. As shown
in Fig. 2, taxifolin added in various concentrations to the
culture medium for 24 h decreased the rate of incorpora-
tion of [!*C]acetate into cellular cholesterol in a dose-
dependent manner. Percent inhibition was 35 = 4% at
50 uM, 54 = 5% at 100 uM, and 86 * 3% at 200 pM. At or
below 200 wM, there was no significant release of LDH
into the medium, indicating no cytotoxicity effect (data
not shown). Furthermore, TCA-precipitable radioactivity
from cells incubated with 200 uM taxifolin remained es-
sentially unchanged versus untreated control indicating
that the flavonoid did not alter cellular protein synthesis
(data not shown). Consequently, this nontoxic pharmaco-
logic dose was chosen in the following experiments. At
200 M, the decrease in total cellular cholesterol was ac-
companied by a decrease in both free cholesterol and es-
terified cholesterol, which reached 85 + 3 and 80 *+ 2% of
control, respectively.

Time course studies of HepG2 cells preincubated with
200 uM taxifolin were also performed. In these studies,
cells were incubated and labeled with a [!*C]acetate label-
ing medium with and without taxifolin for a total of 6, 18,
and 24 h. The inhibitory effect of taxifolin on newly synthe-
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Fig. 2. Dose-dependent inhibition of incorporation of [*C]ace-
tate into cholesterol by taxifolin. Confluent, monolayer HepG2 cell
cultures were supplemented with various concentrations of taxifo-
lin in SF-RPMI for 18 h. Untreated control cells received 0.1% (v/v)
ethanol without taxifolin. Incubations were continued for 6 h in
the presence of [*Clacetate (5 wCi/ml). Total cellular cholesterol
was then determined by TLC and scintillation counting. Data are
expressed as percent incorporation (mean * SD) of [*C]acetate
into cholesterol of duplicate samples repeated in three separate ex-
periments. * P < 0.05 versus control.

sized cholesterol synthesis was found to be time dependent,
with an optimal inhibition observed within 24 h (data not
shown). In all further experiments, a 24-h treatment was
used.

Secretion of cholesterol into the culture medium was
also analyzed simultaneously in cells treated with and
without 200 uwM taxifolin. Results showed a response simi-
lar to that observed intracellularly. Taxifolin significantly
inhibited the secretion of free cholesterol and CE by 81 = 1
and 80 * 5%, respectively (P < 0.05, n = 3). Together, the
data suggest that the taxifolin-induced inhibition of cho-
lesterol synthesis resulted in a concomitant decrease in its
secretion (summarized in Fig. 4).

Taxifolin suppresses HMG-CoA reductase activity
and CE formation

To determine the underlying mechanism of action of
taxifolin on cholesterol synthesis, HMGR activity was mea-
sured by the rate of incorporation of [1*CJHMG-CoA into
mevalonate in permeabilized cells. This method has been
described previously and has been used to study factors
that modulate HMGR activity (13, 17). It uses digitonin,
which selectively permeabilized the plasma membrane,
leaving the endoplasmic reticulum (ER) morphologically
intact and functional. As shown in Fig. 3, taxifolin (200
M, 24 h) reduced HMGR activity by 47 = 7% (P < 0.05,
n = 3). This result suggest that taxifolin produces its cho-
lesterol-lowering effect through the inhibition of HMGR,
the rate-limiting enzyme in cholesterol biosynthesis.

To examine further the effect of taxifolin on CE forma-
tion, cholesterol esterification was determined in situ by the
rate of incorporation of [14C]oleic acid into cellular CE. As
shown in Fig. 3, taxifolin (200 uM, 24 h) reduced choles-
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Fig. 3. Effects of taxifolin on HMGR and ACAT activity. HepG2
cells were treated with and without 200 uM taxifolin for a total of
24 h. HMGR activity was assayed in permeabilized cells in the pres-
ence and absence of taxifolin by ['*CJHMG-CoA labeling. The me-
valonolactone formed was extracted, separated by TLC, and quanti-
tated by scintillation counting. ACAT activity was determined in situ
by [*C]oleic acid labeling. The CE formed was extracted and sepa-
rated by TLC, and the formation of CE was measured by scintilla-
tion counting. The results are expressed as a percentage of control
(set as 100%). Values represent the mean = SD of three indepen-
dent experiments in duplicate. * P < 0.05 versus control.

terol esterification by 53 * 2% (P < 0.05, n = 3), suggest-
ing that taxifolin may also limit ACAT activity. However, we
cannot rule out the possibility that the decreased HMGR
activity observed may have led to a decrease in esterified
cholesterol due to lower levels of substrate.

Taxifolin also inhibits the synthesis and secretion
of TAG and phospholipids

To evaluate further the effects of taxifolin on the syn-
thesis and secretion of TAG and phospholipids, HepG2
cells were labeled with [*C]glycerol with and without 200
M taxifolin for a total of 24 h. As summarized in Fig. 4,
taxifolin showed an inhibitory effect on the accumulation
of TAG (59 = 1%, P < 0.05, n = 3) and phospholipids
(15 £ 2%, P < 0.05, n = 3) in the cell. Similar inhibitory
effects on the secretion of TAG (68 = 3%, P< 0.05,n = 3),
with a more pronounced inhibition of phospholipid se-
cretion (57 = 1%, P < 0.05, n = 3), were also observed
when compared with their synthesis level.

Taxifolin inhibits apoB and stimulates apoA-I secretion

A metabolic pulse-chase labeling experiment was per-
formed to assess the fate of nascent apoB and apoA-I in un-
treated control and taxifolin-treated cell cultures. Cells
were pulsed with [3S]methionine/cysteine for 10 min, and
chased with excess cold methionine/cysteine medium =
taxifolin for up to 120 or 180 min. Aliquots of the intracel-
lular and extracellular fractions were collected at various
time points and analyzed. A preliminary experiment
showed a 10- and 20-min delay in reaching peak incorpo-
ration of [3®S]methionine/ cysteine into full-length apoA-I
and apoB, respectively (data not shown).

Figure 5A is a fluorograph showing the amount of apoB
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Fig. 4. Effects of taxifolin on lipid synthesis and secretion. In assessing lipid synthesis and secretion, cells were grown and treated with
and without 200 pM taxifolin for 18 h and then labeled for 6 h with [*CJacetate (5 wCi/ml) or [*C]glycerol (2.5 nCi/ml) * taxifolin.
The amount of cellular and secreted lipids was determined by TLC and scintillation counting. The results are expressed as a percentage
of control (set as 100%). Values represent the mean * SD of three independent experiments performed in duplicate. * P < 0.05 versus

control.
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Fig. 5. Pulse-chase labeling of HepG2 cells. HepG2 cells were grown and treated with and without taxifolin (Tx) in SF-RPMI for 24 h.
The cells were then pulsed for 10 min with [%S]methionine/cysteine, washed, and chased with unlabeled methionine/cysteine for up to
120 or 180 min in the presence or absence of taxifolin. The labeled media (extracellular fraction) and cells (intracellular fraction) were
collected at the end of each chase time and used for immunoprecipitation of apoB or apoA-I. The immunoprecipitates were analyzed by
SDS-PAGE and fluorography, and apoB/apoA-I radioactivity was quantified by cutting and scintillation counting of the apoB/apoA-I
bands. (A) Representative fluorograph showing the signals corresponding to apoB in both the intracellular and extracellular fractions at
the various chase times. (B) Representative fluorograph showing the signals corresponding to apoA-I in both the intracellular and extra-
cellular peak fractions. The experiment was performed three times in duplicate and the results were pooled, with standard deviations indi-

cated in Fig. 6.
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Fig. 6. Effects of taxifolin on the synthesis and secretion of %S-labeled apoB, apoA-, and albumin during a
120- or 180-min chase. HepG2 cells were grown, treated, and pulse-chased as described in Fig 5. The intracel-
lular fraction was collected at the beginning of the chase (peak incorporation), whereas the extracellular
fraction was collected at the end of the chase period (peak secretion). The samples were subjected to immu-
noprecipitation of apoB, apoA-I, and albumin. Bar graph summarizes the data on apoB, apoA-I, and albumin
synthesis and secretion relative to control (set as 100%). Data represent means = SD of three independent
experiments performed in duplicate. * P < 0.05 versus control.

synthesized and secreted by HepG2 cells in the presence
and absence of taxifolin in a typical pulse-chase experiment
(reproduced in two other independent experiments; re-
sults pooled in Fig. 6). A 64% decrease in the incorpora-
tion of [3**S]methionine/cysteine into immunoprecipita-
ble apoB was apparent with taxifolin at the 20-min chase
time (representing peak incorporation). When the radioac-
tivity was further chased, a gradual reduction in the intracel-
lular labeled apoB was noted with a simultaneous increase
in secreted labeled apoB. In the presence of taxifolin, a sig-
nificant reduction in apoB secretion was noted (70%) when
compared with the untreated control cells at the 180-min
chase time (representing peak secretion). This effect on se-
cretion with taxifolin was comparable to that of synthesis,
indicating that the reduction in apoB secretion may be due
to a decrease in newly synthesized apoB, possibly through a
transcriptional and/or translational mechanism( s).

In parallel, the amount of apoA-I secreted in the pres-
ence and absence of taxifolin was also analyzed (Fig. 5B). In-
terestingly, a 35% increase in apoA-I secretion in taxifolin-
treated cells was observed when compared with untreated
control. A similar increase was noted for its synthesis rate
(38%; reproduced in two other independent experiment;
results pooled in Fig. 6). The increase in apoA-I secretion
suggests that the inhibitory effect of taxifolin on apoB se-
cretion is specific and that taxifolin may have benefits re-
lated to high density lipoprotein (HDL) metabolism.

As another control, the fate of nascent albumin synthe-
sis and secretion were also examined during the chase.
Results from three independent experiments performed
in duplicate are summarized in Fig. 6. Measurement of al-
bumin was done by immunoprecipitation, SDS-PAGE, and
fluorography. A consistent increase in the synthesis of al-
bumin (42 * 4%, P < 0.05, n = 3) was observed at the be-
ginning of the chase. The increase in synthesis corre-
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sponded to an increase in albumin secretion (16 = 1%, P<
0.05, n = 3) at the end of the chase. This further suggests
that the inhibitory effect of taxifolin on apoB secretion is
indeed specific. The increase in albumin and apoA-I syn-
theses is interesting and may reflect a global transcrip-
tional effect. This is compatible with the mechanism of ac-
tion of silybin, a flavolignan containing a taxifolin moiety,
which can influence RNA polymerase activity (18).

Taxifolin has no effect on apoB and apoA-I
mRNA steady-state levels

Our previous experiment indicated that the effect on
apoB and apoA-I secretion appeared to be exerted at the
synthesis level of these apolipoproteins. To address
whether their transcription rate may be involved, a sensi-
tive RNase protection/solution hybridization assay was
used to measure apoB and apoA-I mRNA steady-state levels.
Under our conditions (200 uM taxifolin, 24 h), hepatic
apoB and apoA-I mRNA abundances remained essentially
unchanged when compared with the untreated control
cells (Table 1). This rules out transcriptional effects
and indicates that other regulatory mechanism(s) are
being exerted.

Taxifolin decreases the secretion of apoB
into LDL-like particles

To examine the distribution of secreted apoB-contain-
ing lipoprotein (apoB-Lp) with taxifolin, the density of
secreted apoB-Lp particles in HepG2 cells was investi-
gated by sucrose gradient ultracentrifugation. ApoB-Lp
secreted by cells was observed to have a similar density
to that of human plasma LDL, as has been observed
in several studies [reviewed in ref. (19)]. As depicted in
Fig. 7, taxifolin markedly reduced the amount of se-
creted apoB-Lp with a slight shift in the density profile
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TABLE 1. ApoB and apoA-I mRNA abundances in control and taxifolin-treated cells®

ApoB mRNA” ApoA-] mRNA¢
Control Taxifolin P Control Taxifolin P
1,068.79 + 97.67 1,172.33 *+ 152 0.289 71.43 = 4.5 70.58 = 4.51 0.449

@ ApoB and apoA-I mRNA levels are expressed as picograms of mRNA per microgram of total RNA.
b Values represent the mean = SEM of three experiments performed in duplicate.
¢Values represent the mean * SEM of two experiments performed in duplicate.

of secreted particles (fractions 2-5 represent dense HDL-
like apoB-Lp, whereas fraction 6—-12 represent LDI-like
apoB-Lp). This suggests that taxifolin and perturbed lipid
synthesis can partially block the secretion of apoB-Lp parti-
cles. Whether taxifolin affects the assembly process of apoB-
Lp particles will require further investigation.

Taxifolin stimulates apoB degradation via a
DTT-sensitive, ALLN-insensitive proteolytic pathway
Intracellular proteasomal degradation of apoB has
been well described as the major regulatory mechanism
of action in apoB-Lp secretion (19, 20). To determine
whether ALLN-sensitive proteasome is involved in the
taxifolin-induced changes in apoB secretion, pulse-chase
experiments were performed. Taxifolin-treated and un-
treated control cells were pretreated for 10 min with and
without ALLN (20 pwg/ml) and taxifolin. After a 10-min
pulse, the cells were chased for 5 min and harvested for
apoB immunoprecipitation. As shown in Fig. 8, addition
of ALLN to the untreated control cells (lanes 9 and 10)
failed to accumulate apoB intracellularly, indicating a
probable rapid cotranslational degradation of apoB. In

_ —o— control

6000 |- —e— taxifolin
£t 4
T%- 4000 |-
g 3000 L
R=3 I
g 20r i~z
g 1000 - E<;Ii'\o/-'-
RS oL \-ﬁ—i‘h——&

o 2z 4 6 8 © 2
Sucrose Gradient Fractions
Increasing Density

Fig. 7. Density distribution of secreted apoB-Lp in control and tax-
ifolin-treated cells. Treated and untreated HepG2 cells were grown,
pulsed, and chased as described in Fig. 5. The extracellular fraction
was collected at the end of the chase period (2 h) and subjected to
sucrose gradient ultracentrifugation. After centrifugation, gradient
fractions were collected and immunoprecipitated with an anti-apoB
antibody. The immunoprecipitates were analyzed by SDS-PAGE and
fluorography, and apoB radioactivity was quantified by cutting and
scintillation counting of the apoB band. Data represent means * SD
of two independent experiments performed in duplicate.

the presence of taxifolin (Fig. 8, lanes 11 and 12), apoB
cellular content was further reduced and was not blocked
by ALLN. This suggests that other protease(s) may be re-
sponsible for apoB degradation.

Benoist, Nicodeme, and Grand-Perret (21) have sug-
gested that another protease, a DT T-sensitive protease,
may be involved in the early stages of apoB degrada-
tion. Hence, we examined the possibility that such a
protease could mediate the effect of taxifolin on apoB
secretion. We used a DTT protocol as described by
Shelness and Thornburg (22). Taxifolin-treated and
untreated cells were first pretreated for 1 min with and
without DTT (2 mM) in the presence and absence of
taxifolin. After a 10-min pulse, the cells were chased for
5 min and harvested for apoB immunoprecipitation. In-
terestingly, as shown in Fig. 8, addition of DTT to the
taxifolin-treated cells (lanes 7 and 8) increased apoB
cellular content comparable to the untreated DTT con-
trol cells (lanes 5 and 6). Despite a reduction in protein
synthesis with DTT as has been observed by others (21,
22), the effect of taxifolin on early apoB degradation was
virtually prevented. This suggest that a putative DTT-
sensitive protease may be involved.

Taxifolin partially inhibits the stimulatory effect
of oleate and 25-hydroxycholesterol on apoB secretion

To investigate the effect of taxifolin on apoB secretion
under lipid-rich conditions, both oleate (360 WM com-
plexed to BSA) and 25-hydroxycholesterol (10 pg/ml dis-
solved in ethanol) were added overnight in the presence
or absence of taxifolin (200 wM). Figures 9A and B dem-
onstrate the amount of apoB secreted over a 2-h chase in
the presence and absence of taxifolin. Experiments with
oleate were conducted in the presence of medium plus
BSA, medium plus BSA/taxifolin, medium plus BSA/oleate,
and medium plus BSA/oleate/taxifolin. Treatment with
oleate showed a 4-fold stimulation of apoB secretion com-
pared with BSA-untreated cells. Coincubation with both
oleate and taxifolin resulted in a lower stimulation of
apoB secretion (39% decrease vs. oleate-treated cells;
reproduced in one other independent experiment). Simi-
larly, 25-hydroxycholesterol also resulted in a significant
elevation of apoB secretion when compared with the etha-
nol-treated control cells (2-fold stimulation). In contrast, the
effect of 25-hydroxycholesterol with taxifolin was more pro-
nounced than with oleate, as taxifolin was shown to mark-
edly reverse the stimulatory effect of 25-hydroxycholesterol
on apoB secretion (75% vs. 25-hydroxycholesterol-treated
cells; reproduced in one other independent experiment).
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Fig. 8. Effect of taxifolin on early apoB degradation. Treated and untreated control cells were first pre-
treated with or without 200 uM taxifolin either in the presence or absence of ALLN (20 wg/ml) for 10 min
or DTT (2 mM) for 1 min. A 10-min pulse was followed by a 5-min chase in the presence and absence of tax-
ifolin/ALLN/DTT. Cells were harvested and immunoprecipitated for apoB. The samples were subjected to
SDS-PAGE, fluorography, and quantification. (A) Representative fluorograph showing the signals corre-
sponding to apoB in the intracellular fractions at the 5-min chase. (B) Bar graph showing the mean of dupli-
cate values = SD of the experiment in (A). Results are given as counts per minute per well. Data are typical

of an experiment performed twice in duplicate.

DISCUSSION

Taxifolin is a plant flavonoid occurring in the fruit of
S. marianum. This fruit, also known as “milk thistle,” has
been used since ancient times as a medicinal plant for the
treatment of liver diseases in traditional European and Asi-
atic medicine [reviewed in ref. (18)]. The extract, known as
sylimarin, contains a mixture of flavonoids, namely sylibin,
along with other minor components such as taxifolin.
Because of taxifolin’s structural homology to silybin, a

known HMGR inhibitor, we proposed that taxifolin be
studied as a potential hypocholesterolemic agent.

The present study provides evidence that taxifolin is ca-
pable of influencing lipid and apolipoprotein production.
Initial studies examined the effects of taxifolin on lipid
synthesis and secretion in HepG2 cells. Our results con-
firmed that taxifolin is able to decrease [!*C]acetate incor-
poration into cholesterol in a dose- and time-dependent
manner. Interestingly, acetate incorporation was inhibited
by as much as 86% at 200 uM, a concentration at which

Fig. 9. Effect of taxifolin on apoB secretion in oleate-
and 25-hydroxycholesterol-treated cells. HepG2 cells were
treated with 200 uM taxifolin for 24 h in the presence or
absence of BSA-bound oleate (360 uM) or 25-hydroxycho-
lesterol (10 wg/ml). Cells were pulsed and chased for 2 h.
Medium was collected and apoB was immunoprecipitated,
followed by SDS-PAGE and fluorography. Quantification
was done by scintillation counting of the apoB band. (A)
Representative fluorograph showing the amount of radio-

labeled apoB secreted from cells treated with medium plus
BSA, medium plus BSA/taxifolin, medium plus BSA/oleate,
and medium plus BSA/oleate/taxifolin. (B) Represent-

A
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ative fluorograph showing the amount of radiolabeled
apoB secreted from cells treated with medium, medium
plus taxifolin, medium plus 25-hydroxycholesterol, and
medium plus 25-hydroxycholesterol/taxifolin. Data are
typical of an experiment performed twice in duplicate.
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cell viability was not altered. Consequently, this concentra-
tion was chosen in the following experiments and repre-
sents a pharmacological dose. Under this condition, taxi-
folin was shown to equally inhibit both free cholesterol
and CE synthesis. Moreover, using ['*C]glycerol incorpo-
ration studies, TAG and phospholipid synthesis was also
found to be significantly reduced. These results with lipids
are, on one hand, consistent with that from silybin and
silymarin. Studies by Nassuato et al. (9), Montanini et al.
(23), and Petronelli et al. (24) showed that silybin and
silymarin decreased hepatic synthesis of cholesterol, phos-
pholipids, and TAG. On the other hand, our results are in
contrast with the citrus flavonoids hesperetin and naringe-
nin, which were shown to have little inhibitory effect and,
in some cases, a stimulatory effect on free cholesterol,
TAG, and phospholipid synthesis in HepG2 cells (7, 8).
The discrepancy in results may stem from structural differ-
ences in the flavonoid molecules. Accordingly, taxifolin
appears to be more effective than hesperetin and naringe-
nin in reducing lipid synthesis. It is possible that taxifolin
may have a more global transcriptional regulation in lipo-
genesis with such proteins as the sterol regulatory element-
binding protein. Secretion of lipids into the culture medium
was also investigated in taxifolin-treated cells. Our results
indicated a similar decrease in free cholesterol, CE, and
TAG, with a more pronounced inhibition of phospholipid
secretion compared with the effect observed on phospho-
lipid synthesis.

In elucidating the mechanism of action on cholesterol
synthesis, we examined the effect of taxifolin on HMGR
activity, a key enzyme in cholesterol biosynthesis. Nassuato
et al. (9) demonstrated a dose-dependent inhibition of
HMGR by silybin. Our results showed that the taxifolin
moiety of silybin also inhibited HMGR activity. Although
the level at which taxifolin may be exerting its effect on
HMGR gene expression remained unknown, the data did
yield information about the level at which taxifolin influ-
ences hepatic lipid synthesis. Thus, taxifolin is suggested to
behave like a statin drug. Unlike these common cholesterol-
lowering drugs, taxifolin may be hepatoprotective and ex-
hibit beneficial antioxidant characteristics (25, 26).

Evidence that flavonoids may also inhibit ACAT activity
and cholesterol esterification has been reported by a num-
ber of studies (7, 10, 27, 28). Hence, we examined whether
taxifolin shares this property. We have shown that taxifolin
indeed reduced the incorporation of [C]oleate into cel-
lular CE in situ, suggesting ACAT activity may also be in-
volved. However, as previously noted, we cannot completely
rule in ACAT activity because the decreased HMGR activity
may have led to the decreased esterified cholesterol due
to the lower levels of substrate.

Because apolipoproteins play an important role in cho-
lesterol transport, we continued our study by investigating
the effects of taxifolin on apoA-I and apoB synthesis and
secretion. Although apoA-I is associated mainly with HDL
and is involved in the reverse cholesterol transport path-
way, apoB is associated with LDL and is said to be athero-
genic because it delivers cholesterol to the cell. Using
pulse-chase experiments, the rates of synthesis and secre-

tion were estimated. We found the incorporation of
[3S]methionine/cysteine to be markedly decreased in
cellular apoB and increased in cellular apoA-I, suggesting
that changes in the rate of apolipoprotein synthesis may
be involved. The changes in the amount of cellular apoA-I
and apoB in the presence of taxifolin translated into a
similar effect on apoA-I and apoB levels appearing in the
medium. Because synthesis was found to be affected,
the possibility that taxifolin altered transcription and/or
translation of apoB and apoA-I was not excluded. How-
ever, in the case of apoB, these mechanisms of action are
unlikely because most reports have indicated that changes
in apoB secretion are primarily regulated co- and posttrans-
lationally through intracellular degradation [reviewed in
ref. (19)]. According to this model, newly synthesized
apoB associated with the cytosolic side of the ER mem-
brane is degraded cotranslationally by the proteasome
(20), whereas fully translocated apoB is thought to be
degraded either posttranslationally by an ER-localized cys-
teine protease (29) or translocated back out to the cytosol
cotranslationally for proteasomal degradation (30). In
addition, there is indication that a DT T-sensitive protease
may be involved in the early stages of apoB degradation
(21, 31). Our results are consistent with early degrada-
tion represented by a significant decrease in the intracel-
lular concentration of newly synthesized apoB at the be-
ginning of the chase in our metabolic pulse-chase
labeling experiments. Although the apoB mRNA level
was found to remain essentially unchanged, evidence of
cotranslational control was provided by our protease
data. Interestingly, our data support the hypothesis that
taxifolin is involved at an early stage of apoB processing
and that DTT can reverse the effect of taxifolin on apoB
secretion. In contrast, the lack of response to the protea-
some inhibitor ALLN argues against involvement of the
proteasome in taxifolin-induced changes in apoB secre-
tion. Taken together, the mechanism of taxifolin-mediated
lipoprotein assembly with apoB appears to involve a DTT-
sensitive, ALLN-insensitive degradation pathway. These
results are compatible with Benoist, Nicodeme, and Grand-
Perret (21), whose microsomal triglyceride transfer pro-
tein inhibitor was shown to act rapidly through a DTT-
sensitive, ALLN-insensitive proteolytic pathway. Also, this
is compatible with the results from Borradaile, Carroll,
and Kurowska (8) on the inhibitory effects of naringenin
and hesperetin on apoB secretion. As observed by these
investigators, coincubation with the proteasome inhibitor
MG132 failed to increase apoB secretion, indicating that
proteasomal degradation was not involved. The exact na-
ture and role of our DTT-=sensitive protease in apoB deg-
radation remain to be elucidated.

The finding of reduced apoB secretion of cells incu-
bated with taxifolin is also supported by the analysis of the
lipoprotein fraction distribution, which showed a reduced
accumulation of labeled LDL-like apoB in the medium of
cells incubated with taxifolin. No major shift in the distri-
bution of secreted lipoproteins was observed when com-
pared with untreated control cells. Together, these results
indicated that taxifolin decreased the number of apoB-Lp
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secreted without a major change in the density of the as-
sembled lipoproteins.

The effect on apoB synthesis and secretion was found to
be specific when compared with apoA-I and albumin. Both
albumin and apoA-I synthesis and secretion were shown to
be stimulated. This effect is interesting and may reflect a
global transcriptional effect. This is compatible with the
mechanism of action of silybin, the flavolignan containing
a taxifolin moiety, which can influence RNA polymerase
activity thought to be important in the repair phase of
liver damage (18). However, the apoA-I transcription
rate remained essentially unchanged with taxifolin, sug-
gesting that other mechanism (s) may be involved. Never-
theless, silybin, as well as silymarin, were shown in hyper-
cholesterolemic rats to increase HDIL-cholesterol levels
(11), which is compatible with our findings on apoA-L
Thus, taxifolin appears to have benefits related to HDL
metabolism.

The assembly of apoB-Lp particles is a complex process
that requires the coordinated synthesis and assembly of
apoB, TAG, CE, phospholipids, and other components.
Because lipid availability is a major determining factor in
the assembly and secretion of apoB-Lp, we studied the ef-
fects of exogenous lipids on the ability of taxifolin to reduce
apoB secretion in HepG2 cells. The addition of oleate and
25-hydroxycholesterol has been previously shown to stim-
ulate the secretion of apoB in these cells (32, 33). Oleate
presumably functions to enhance TAG synthesis, whereas
25-hydroxycholesterol increases CE content. Results of
these experiments showed a remarkable increase in apoB
secretion in oleate- and 25-hydroxycholesterol-treated cells.
On addition of taxifolin with oleate, a moderate reduction
in apoB secretion was observed. Interestingly, however,
the effects were more pronounced with 25-hydroxycholes-
terol, which markedly diminished the secretion of apoB.
The fact that taxifolin reversed the effect of each lipid dif-
ferently is intriguing and may reflect that CE content,
rather than TAG, is primarily associated with changes in
apoB secretion under taxifolin treatment. Thus, taxifolin
may be exerting its apoB-Lp-lowering action by limiting
CE availability essential for the assembly of apoB-Lp.

In summary, the data in this report indicate that taxifolin
inhibited the synthesis and secretion of a number of lipids,
in addition to decreasing apoB and increasing apoA-I secre-
tion. This supports the theory that taxifolin, the moiety of
the flavolignan silybin, may represent a potentially impor-
tant method of controlling atherogenesis. This may also
account for the superior hypocholesterolemic activity of
silymarin relative to silybin. The suggested statin-like activ-
ity of taxifolin may lead to an alternative neutraceutical
agent with combined hypocholesterolemic and antioxi-
dant properties. i
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