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ABSTRACT

High-dose aqueous extracts from artichoke leaves were found
to inhibit cholesterol biosynthesis from '*C-acetate in primary
cultured rat hepatocytes in a concentration-dependent bipha-
sic manner with moderate inhibition (approximately 20%) be-
tween 0.007 and 0.1 mg/ml and more strong inhibition at 1
mg/ml. Cytotoxic effects detected by lactate dehydrogenase
leakage and the 3-[4,5-dimethylthiazol-2-yl]-2,5-dephenyl tet-
razolium bromide-assay were restricted to higher concentra-
tions. Replacement of '“C-acetate by '*C-mevalonate largely
omitted the inhibiting effect of artichoke extracts indicating an
inhibition at the level of hydroxymethylglutaryl-CoA-reductase.
However, no direct inhibition of this enzyme could be detected
and no other enzymic steps later in the biosynthetic pathway
for cholesterol seemed to be affected. Instead, inhibition was
found to occur in a time-dependent manner, to last for several
hours even after washing out the extracts by fresh medium and
to be fully reversible within 20 hr after removal of the extracts.

In addition, the stimulation of HMGCoA-reductase activity by
insulin was efficiently blocked by the extracts, although other
insulin-dependent phenomena, such as increased lactate pro-
duction, were not influenced. These results suggest an indirect
modulation of hydroxymethylglutaryl-CoA-reductase activity as
the most likely inhibitory mechanism of the artichoke extracts.
Screening of several known constituents of artichoke extracts
revealed that cynaroside and particularly its aglycone luteolin
were mainly responsible for inhibition, whereas chlorogenic
acid was much less effective and caffeic acid, cynarin and other
dicaffeoylquinic acids were without significant influence. In-
deed, luteolin also efficiently blocked the insulin effect on cho-
lesterol biosynthesis. In conclusion, these results demonstrate
that artichoke extracts may inhibit hepatic cholesterol biosyn-
thesis in an indirect but efficient manner and, thus, may con-
tribute via this action to the recently confirmed hypolipidemic
influence of this phytopharmacon in man.

High-dose extracts from artichoke leaves are traditionally
used for the treatment of dyspeptic disorders (Anonymous,
1988; Ernst, 1995). It is commonly assumed that a pro-
nounced choleretic action of the artichoke extracts, demon-
strated recently in a clinical double-blind study (Kirchhoff et
al., 1994), is the most relevant reason for this therapy. How-
ever, there are several other interesting beneficial effects of
this phytopharmacon (Fintelmann, 1996). Among these, a
pronounced antioxidative capacity was reported recently (Geb-
hardt, 1997a), although a moderate hypolipidemic influence
of artichoke extracts has already been known for many years
(Hammerl and Pichler, 1959; Hammerl et al., 1973; Lietti,
1977; Wojcicki et al., 1981). The latter was attributed mainly
to the dicaffeoylquinic acid isomere, cynarin (Eberhardt,
1973; Frohlich and Zigler, 1973; Mars and Brambilla, 1974;
Montini et al., 1975; Pristautz, 1975; Wojcicki, 1976). Al-
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though the lipid lowering influence of artichoke extracts
seems to be established beyond doubt (Gebhardt, 1995a; We-
gener and Schmidt, 1995; Fintelmann, 1996), most studies on
cynarin required high doses of this compound, to show sig-
nificant effects, and, thus, were not fully convincing. More-
over, no mechanistic concepts emerged from these studies
with respect to the assumed hypolipidemic action of cynarin
and/or other compounds present in the artichoke extracts.

Recently, primary cultures of rat hepatocytes have been
shown to provide a valuable in vitro system for elucidating
the mechanisms of action of other phytopharmaca as demon-
strated extensively in the case of garlic extracts (Gebhardt,
1993, 1995b; Gebhardt et al., 1994b; Gebhardt and Beck,
1996). We have tested the hypothesis that artichoke extracts
might directly influence (i.e., inhibit) hepatic cholesterol bio-
synthesis using such primary cultures. Furthermore, first
attempts were made to elucidate the possible mechanism of
the inhibitory action and to compare the relative potency of
several known components of artichoke extracts for inhibi-
tion.

ABBREVIATIONS: HMGCoA-reductase, hydroxymethylglutaryl-CoA-reductase (EC 1.1.1.34); HPLC, high-performance liquid chromatography;
LDH, lactate dehydrogenase (EC 1.1.1.27); MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-dephenyl tetrazolium bromide; SI-TLC, silver-ion thin-layer

chromatography.
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Materials and Methods

Materials. Extracts of artichoke leaves (Hepar-SL forte) were
obtained from Sertiirner Arzneimittel GmbH (Giitersloh, Germany).
Mevastatin was a kind gift from Dr. H. J. M. Kempen (TNO, Leiden,
The Netherlands). Collagenase was provided by Knoll AG (Ludwig-
shafen, Germany), and radiolabeled compounds were purchased
from Amersham Buchler (Braunschweig, Germany). The Ex-
trelut®20-columns were from Merck (Darmstadt, Germany). All
other chemicals were from Boehringer (Mannheim, Germany),
Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany) or Sigma
(Daisenhofen, Germany).

Animals. Male Sprague-Dawley rats (220—-280 g) were used as
hepatocyte donors. They were kept in a controlled 12-hr light-and-
dark cycle on a standardized diet of Alma H 1003 (Botzenhardt,
Kempten, Germany) and tap water ad libitum.

Isolation and cultivation of hepatocytes. Rat hepatocytes
were isolated by the two-step collagenase technique described in
detail elsewhere (Gebhardt et al., 1990). Viability of the cells aver-
aging to 91.8 = 3.1% was routinely checked by staining with trypan
blue. The isolated hepatocytes were suspended in Williams E me-
dium containing 10% newborn calf serum, 2 mM glutamine, penicil-
lin (50 U/ml), streptomycin (50 ug/ml) and 10~7 M dexamethasone
(Gebhardt, 1991). They were seeded in 1 ml of culture medium at a
density of 1.25 X 10° cells/cm? into six-well dishes (Greiner, Ger-
many) precoated with a thin film of collagen (Gebhardt and Jung,
1982) and were incubated at 37°C, 90% humidity and 7% CO, (Geb-
hardt et al., 1994a). From 2 hr on, serum-free medium was used.

Preparation of artichoke extracts. Aqueous extracts of arti-
choke leaves were prepared as described (Gebhardt, 1997a). Briefly,
100 mg artichoke extract powder (Supra-Sern, Ch.-B.: 70.615,
70.612, 70.839, 70.788, 70.789 and 71.009, all containing 80% native
extract) were mixed with 8 ml Williams medium E and gently shaken
for 20 min at room temperature. Thereafter, the mixture was cen-
trifuged to remove insoluble material and the supernatant was ster-
ilized by filtration. This stock solution was further diluted with
Williams medium E as indicated in figures and tables.

Incubation of the primary cultures with artichoke extracts
or purified artichoke-derived compounds. Two hours after in-
oculation of the hepatocyte cultures the medium was removed and
fresh medium was added containing [“Clacetate [18.5 KBg/ml (0.5
nCi/ml)] and the compounds to be tested in the appropriate dilutions.
After incubation at 37°C for additional 2 hr the medium was removed
and the cell-layer was washed twice with saline and scraped into 2
ml of distilled H,O. The cells were homogenized by sonication [20 sec,
grade 3, (Gebhardt, 1991)]. In several experiments [1*Clacetate was
replaced by [**Clmevalonate [9 KBg/ml (0.24 uCi/mL)].

In experiments designed to reveal the time dependence of the
exposure to the artichoke extracts the above mentioned incubation
protocol was abandoned. Instead, the artichoke extracts were
present in the medium during a preincubation period, followed by a
second preincubation of variable length using fresh medium without
the extracts and, finally, by the 2-hr incubation in the presence of
[**Clacetate. Control cultures, in this case, received as much medium
changes as the test cultures.

Alternatively, for determination of the time course of inhibition,
hepatocytes were incubated with the extracts in the presence of
[**Clacetate for shorter intervals up to 120 min. Acetate incorpora-
tion in this case was expressed as percent of control incubations
during the same incubation period.

In some experiments, hepatocytes were exposed to the extracts for
2 hr and then cultured in fresh medium containing 1 uM insulin
overnight for 16 hr. Subsequently, the cultures were incubated in the
presence of [1*Clacetate for 2 hr, to compare the capacity for acetate
incorporation. Alternatively, HMGCoA reductase activity was di-
rectly determined after the stimulation with insulin.

Determination of acetate incorporation into and separa-
tion of nonsaponifiable neutral lipids. The incorporation of
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[1*Clacetate into nonsaponifiable neutral lipids was determined af-
ter saponification of the homogenates with 0.5 M KOH in EtOH and
subsequent efficient separation on Extrelut-columns (large-pore kie-
selgur) according to Pill et al. (1985) as described (Gebhardt, 1991,
1993). The neutral lipophilic nonsaponifiable substances were eluted
with n-heptane (Gebhardt, 1991; Aufenanger et al., 1986). The pre-
cursors such as [**CJacetate or ['*Clmevalonate are retained on the
column to more than 99%. For measurements of incorporation the
eluate was collected directly in scintillation vials and measured in
the scintillation counter after addition of 10 ml of Ultima Gold
(Packard, Merident, CT). The yield of the elution step (93 = 2%) and
the recovery were determined as described (Gebhardt, 1993).

Determination of the sterol composition of the nonsaponi-
fiable neutral lipid fraction. For determination of the newly syn-
thesized sterol pattern the eluate was evaporated to dryness in a
vacuum concentrator (Desaga, Heidelberg, Germany), taken up in 50
ul chloroform and applied to SI-TLC plates (silica gel 60F 254,
Merck, Darmstadt, Germany) which were impregnated with silver
nitrate and activated as described by Aufenanger et al. (1986). They
were developed only once using a mixture of n-heptane/ethyl acetate
(2:1, vol/vol) on a total length of 16 cm according to Aufenanger et al.
(1986) and Pill et al. (1987). The amount of radioactivity was deter-
mined by scraping stripes of 2 mm into vials for scintillation count-
ing. This technique provided quite similar results as radiochromati-
graphic scanning of the TLC plates as determined in separate
validation experiments. With [**C]mevalonate a similar protocol was
used. Alternatively, the sterol pattern was determined by HPLC on
ODS Ultrasphere (0.46 X 25 c¢cm) in a mobile phase of methanol/
ethanol/water (86:10:4) according to Mayer et al. (1991) with collect-
ing fractions from the column and detection of radioactivity by scin-
tillation counting.

Determination of cytotoxicity and other analytical proce-
dures. Cytotoxicity of the compounds tested was determined by
means of the LDH leakage assay or the MTT assay as described
(Gebhardt, 1997a). HMGCoA-reductase activity was determined in
isolated microsomes as described (Shapiro et al., 1974). Lactate was
determined according to Gutmann and Wahlefeld (1974). Protein
was determined following the procedure of Lowry et al. (1951).

Statistical evaluation. The data were evaluated statistically
using Student’s ¢ test or analysis of variance. Data are given as
means = S.D.

Results

To avoid unspecific effects of artichoke extracts on the
inhibition of cholesterol biosynthesis, we have directly deter-
mined the cytotoxic potential of these extracts in primary rat
hepatocytes using MTT assay (table 1) and the LDH leakage
assay (not shown). Both assays, in close accord, indicate that

TABLE 1

Cytotoxicity of artichoke extracts on cultured rat hepatocytes assessed
with the MTT assay

Artichoke Extracts Absorbance (As50nm-Aggonm)

Conc. (mg/ml)

2 hr 24 hr
None 396 + 20° 348 = 17
0.1 388 = 18 354 = 21
0.5 392 + 24 349 = 23
1.0 378 = 23 341 = 18
2.0 384 =19 309 * 12°¢
4.0 365 = 17¢ 226 + 28<

“ Determined during an incubation period of 2 or 24 hr in the presence of the test
material followed by 1-hr incubation with MTT as described in “Materials and
Methods.”

® Values represent means + S.D. of triplicate or quadruplicate (controls) deter-
minations in three independent experiments.

¢ Statistically different from controls, P < .01.

4 Statistically different from controls, P < .001.
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cytotoxicity started at concentrations above 1 mg/ml within a
period of 24 hr. At 10 mg/ml more than 80% of the hepato-
cytes were dead as judged from leakage of LDH into the
culture medium (not shown). Therefore, the exact half-max-
imal effective cytotoxic concentrations could not be deter-
mined, because of the limited solubility of the compounds.

Incorporation of '*C-acetate into nonsaponifiable lipids in
cultured hepatocytes was inhibited by artichoke extracts in a
biphasic manner (fig. 1). Between 0.007 and 0.1 mg/ml a
slight inhibition was noted, amounting to about 20% of total
incorporation. Above 0.1 mg/ml inhibition was reinforced,
leading to a stronger, but still partial block of incorporation
(approx. 656%) at 1 mg/ml and above (fig. 1). Chromatographic
analysis using silver-ion thin layer chromatography revealed
that more than 93% of the radioactivity incorporated into the
fraction of nonsaponifiable neutral lipids, could be attributed
to cholesterol even at high concentrations of the extracts (fig.
2). In particular, no accumulation of sterol precursors was
noted under these conditions. Similar findings were ob-
tained, when the pattern of sterol precursors was analyzed
by HPLC (not shown). These results indicate that artichoke
extracts do not seem to inhibit enzymatic steps involved in
the complex conversion of squalen to cholesterol as was found
for aqueous extracts of garlic (Gebhardt, 1991, 1993).

However, replacement of '*C-acetate by '*C-mevalonate
largely omitted the inhibiting effect of artichoke extracts on
the incorporation of these labeled precursors into nonsaponi-
fiable lipids even at high extract concentrations (table 2).
Similarly, mevastatin, a known HMGCoA-reductase inhibi-
tor, also inhibited the incorporation of '*C-acetate much
more than that of '*C-mevalonate. Thus, it is most likely that
the inhibition exerted by the artichoke extracts is effective at
the level of HMGCoA-reductase. However, when added di-
rectly to enzymatic assays for HMGCoA-reductase, artichoke
extracts, in contrast to mevastatin, did not directly inhibit
HMGCoA-reductase activity in isolated microsomes (table 3).
This effect was seen up to the highest concentration of the
extracts used.
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Fig. 1. Inhibition of the incorporation of “C-acetate into nonsaponifiable
lipids by artichoke extracts in rat hepatocytes. Incorporation of *C-
acetate into nonsaponifiable lipids was determined during a 2-hr period
in controls and in the presence of different concentrations of artichoke
extracts as described in “Materials and Methods.” Data represent
means *= S.D. of six independent experiments. *Statistically significant
from controls: P < .01.
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Fig. 2. Profile of sterol compounds produced by cultured hepatocytes in
the absence (A) or presence (B and C) of artichoke extracts. Incorporation
of *C-acetate into sterol compounds (cholesterol and cholesterol precur-
sors) was determined by SI-TLC as described in “Materials and Methods.”
Concentrations of artichoke extracts were 0.2 mg/ml (B) and 0.1 mg/ml
(C). The peak of radioactivity eluted in fraction 11 corresponds to choles-
terol.

Most interestingly, the inhibition of **C-acetate incorpora-
tion into nonsaponifiable lipids occurred already within a few
minutes and was completed after 30 to 40 min (fig. 3). After
a preincubation of at least half an hour with the artichoke
extracts inhibition lasted for several hours even after switch-
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TABLE 2
Inhibition of the biosynthesis of nonsaponifiable neutral lipids from *C-acetate or **C-mevalonate by artichoke extracts and mevastatin in
rat hepatocytes
Incorporation of Radioactivity into Nonsaponifiable Lipids (dpm/ug Protein)
Material Tested Concentration
14C-acetate % Inhib. 14C-mevalonate % Inhib.
None 7.1+0.3 6.3 + 0.4
Artichoke extract 1000 2.7*0.2 62¢ 6.0 + 0.4 5
100 5.7+0.1 20° 6.2 + 0.3 0
20 6.5+ 0.2 9° 6.4 +0.3 0
Mevastatin 100 0.6 +0.1 91« 5.3 +0.2 16
30 1.5+0.1 79¢ 5.5 +0.2 12

AE-1 and AE-2: artichoke extracts at concentrations of 100 and 20 pg/ml, respectively. Values represent means + S.D. of three independent experiments.

¢ Statistically different from controls: P < .001.
b Statistically different from controls: P < .01.

TABLE 3
Inhibition of HMGCoA-reductase by artichoke extracts and mevastatin

HMGCoA-Reductase
Activity” (pmol/min/mg

Material Tested le(c:;ﬁ?)t ton Protein)
%
None 238 + 21° 100
Artichoke extract 1000 221 + 23 93
100 227 + 24 96
20 236 = 17 99
Mevastatin 100 12 + 4° 5
30 33 £ 5¢ 14

¢ HMGCoA-reductase activity in microsomes prepared from hepatocytes was
measured in the presence of the materials shown.

® Values represent means + S.D. of three determinations.

¢ Statistically different from controls: P < .001.
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Fig. 3. Time course of the inhibition of acetate incorporation by artichoke
extracts. Extracts (50 and 200 ug/ml) were added together with *C-
acetate and incorporation into sterol compounds was determined by SI-
TLC as described in “Materials and Methods.” Incorporation was ex-
pressed as percent of control cultures incubated for the same period of
time in the absence of artichoke extracts.

ing to extract-free medium as shown in table 4. However,
within a period of 20 hr in extract-free medium inhibition
was fully reversible (table 4). Similar effects were seen even
at low concentrations of the artichoke extracts, although the
extent of inhibition decreased more rapidly in this case.
Furthermore, insulin stimulation of acetate incorporation
was efficiently reduced by artichoke extracts (table 5). Other
effects of insulin, such as the stimulation of lactate produc-
tion, were not affected (table 5). Direct assays of HMGCoA-
reductase at the end of the cultivation with insulin revealed
a reduction of enzyme activity from 314 = 36 pmol/min/mg

TABLE 4

Time dependence of the inhibition of the biosynthesis of non-
saponifiable neutral lipids from “C-acetate by artichoke extracts

Preincubation Time (hr)*

Concentration Inhibition (%)
of AE (ug/ml) With AE Without AR
100 05 0 18 + 44
100 0.5 2 17 = 3¢
50 1 0 16 + 4¢
50 1 2 11 +2
100 1 0 21 = 57
100 1 2 22 = 64
100 1 8 16 + 5¢
100 1 20 32

@ Acetate incorporation was determined at the end of the total preincubation
period during the usual 2-hr incubation described in “Materials and Methods.”

® Inhibition was expressed as percent of time matched controls.

¢ Values represent means = S.D. of triplicate determinations in three indepen-
dent experiments.

4 Statistically different from controls, P < .01.

¢ Statistically different from controls, P < .05.

TABLE 5

Influence of artichoke extracts on insulin-dependent stimulation of C-
acetate incorporation into non-saponifiable neutral lipids and lactate
formation

Incorporation of
14C-Acetate into

Nonsaponifiable Lipids Lactate Production

Cultivation® (dpm/pg Protein)” (wmol/mg Protein)
% Inhib.%
No addition ) 5.3 =*0.7° 0.56 = 0.03
Artichoke extract’ 3.8+06 28¢ 0.62 = 0.05
Insulin” 159+ 14 1.96 = 0.11
Insulin + artichoke extract 8.2+ 0.8 48! 1.87 = 0.15
Luteolin/ 45+ 04 16 0.52 + 0.04
Insulin + luteolin 51*05 68’ 1.55 + 0.16¢

¢ Cultivation between 2 and 20 hr after seeding was performed in the presence or
absence of the compounds listed below.

b Acetate incorporation was performed in fresh medium in the presence of
14C-acetate without further additions for 2 hr.

¢ Lactate was determined at the end of the cultivation period.

< Inhibition by artichoke extract in relation to respective control.

¢ Values represent means + S.D. of triplicate determinations from three indepen-
dent experiments.

0.1 mg/ml.

£ Statistically different from respective control: P < .01.

"0.1 pM.

! Statistically different from respective control: P < .001.

70.01 mg/ml.

protein in the presence of insulin to 172 * 24 pmol/min/mg
protein in the presence of insulin and artichoke extracts. In
the absence of insulin HMGCoA-reductase activity amounted
to 124 = 27 and 87 * 16 pmol/min/mg protein in the absence
or presence of the extracts, respectively. The parallel changes
in enzyme activity and acetate incorporation indicate that
the reduction of HMGCoA-reductase activity by the artichoke
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extracts might be responsible for the selective effect on ace-
tate incorporation.

When several purified compounds known to be present in
artichoke extracts, such as caffeic acid, chlorogenic acid, cy-
narin (1,5-dicaffeoyl quinic acid), cynaroside and luteolin,
were tested for their ability to inhibit '*C-acetate incorpora-
tion into nonsaponifiable lipids different results were ob-
tained (table 6). Caffeic acid and cynarin did not significantly
inhibit at all, although chlorogenic acid reached 15% inhibi-
tion at 100 pg/ml. Additional experiments showed that other
dicaffeoylquinic acids also did not inhibit in this concentra-
tion range (not shown). In contrast, cynaroside and its agly-
cone luteolin at 100 wg/ml inhibited by 20 and 60%, respec-
tively (table 6). At 50 ug/ml luteolin still inhibited by more
than 50%. When luteolin was present at 10 pg/ml during 18
hr of incubation inhibition amounted to 16% (table 5). How-
ever, in the presence of insulin the same concentration
largely blocked the increase in cholesterol biosynthesis and
resulted in an overall inhibition of 68% (table 5). Higher
concentrations did not result in stronger inhibition. Neither
cell damage nor an equally potent reduction of insulin-stim-
ulated lactate production was found under these conditions.
Additional viability assays revealed that all compounds were
not cytotoxic at the concentrations used.

Discussion

The standardized extract of artichoke leaves (HEPAR SL
forte) reduced cholesterol biosynthesis in cultured rat hepa-
tocytes in a biphasic manner. At low concentrations a partial
inhibition (approximately 20%) was noted, although at
higher concentrations (more than 0.1 mg/ml) inhibition in-
creased until almost 65% of cholesterol biosynthesis was
blocked at 1 mg/ml. Because cytotoxic effects were noted
exclusively above this concentration, it appears unlikely that
the strong inhibition at high concentrations is due to an
irreversible deterioration of the hepatocytes or of this meta-
bolic pathway. Indeed, the cells were found to perform un-
disturbed urea synthesis even at a concentration of 2 mg/ml
of the artichoke extracts (Gebhardt R, unpublished results).
Thus, different components of artichoke extracts with differ-
ent profiles of interaction with cholesterol biosynthesis seem
to be responsible for this biphasic inhibition (see below).

With respect to therapeutically significant doses, the lower
concentration range characterized by the plateau inhibition
seems to be of the greatest importance, because it is unlikely
that higher serum concentrations are reached even after
consumption of high-dosed artichoke preparations. The par-

TABLE 6

Inhibition of the biosynthesis of non-saponifiable neutral lipids from
14C-acetate by purified compounds present in artichoke extracts

Inhibition (%)*

Material Tested

50 ug/ml 100 pg/ml
Caffeic acid 3.0 = 1.6(3)" 2.8 + 0.6 (3)
Chlorogenic acid 10.3 = 2.3 (3)° 15.0 = 5.6 (3)°
Cynarin 1.8 +0.9(3) 2.6 =0.4(3)
Cynaroside 19.2 = 3.8 (4)¢ 22.2 + 4.2 (5)*
Luteolin 51.3 + 4.7 (3)¢ 62.8 + 5.2 (3)¢

¢ Inhibition is expressed as percent controls.

b Values represent means + S.D. of triplicate determinations from several inde-
pendent experiments (number in parentheses).

¢ Statistically different from controls, P < .05.

9 Statistically different from controls, P < .01.
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tial inhibition observed in this range as well as at higher
concentrations seems to occur at the level of HMGCoA-reduc-
tase as suggested by the absence of inhibition when radiola-
beled acetate was replaced by mevalonate, but could not be
attributed to a direct inhibition of this enzyme as obvious
from comparison with mevastatin, a known inhibitor of this
enzyme (Endo et al., 1976). Instead, an indirect modulation of
HMGCoA-reductase activity by artichoke extracts is more
likely in view of our results. An interference with acetate
uptake into hepatocytes could be excluded (Gebhardt R, un-
published results).

At present, there is not much information about the mech-
anism of this indirect influence. However, it is very interest-
ing that the effect of the artichoke extracts occurs in a time-
dependent manner reaching a steady-state level of inhibition
after 30 to 40 min. The inhibitory effect is not limited to the
actual period of incubation, but is seen even hours later,
when the extracts were washed out with fresh medium long
before. Nevertheless, the process is fully reversible within 20
hr. These results suggest that some regulatory mechanism of
HMGCoA-reductase is influenced in a long-lasting manner.
This influence could possibly involve 1) inhibition of activat-
ing mechanisms and/or 2) stimulation of inactivating mech-
anisms of the enzyme (fig. 4). Additional evidence for such a
mechanism is provided by the fact that artichoke extracts
effectively blocked insulin-dependent stimulation of HMG-
CoA-reductase without affecting insulin effects in general.

In this context, it is interesting to note that in the case of
garlic a powerful indirect inhibition via interference with the
phosphorylation/dephosphorylation control of HMGCoA-re-
ductase has been found (Gebhardt, 1995b, 1997b). However,
this interference is restricted to garlic-derived organosulfur
compounds (Gebhardt, 1995b; Gebhardt and Beck, 1996).
Preliminary experiments showed that 1) similar mechanisms
were not affected and 2) protein content was not reduced by
the artichoke extracts (Gebhardt R, unpublished results).

As obvious from the analysis of the sterol pattern produced
by cultured hepatocytes in the presence of artichoke extracts,
no influence at later enzymatic steps of the cholesterol bio-
synthetic pathway was found. Again, this is different from

activating
@ mechanisms %
?
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mechanisms @

Acetyl-CoA

HMG-CoA

Artichoke
Compounds
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Fig. 4. Schematic depiction of the pathway for cholesterol biosynthesis
illustrating the presumable mode of action of artichoke compounds. The
scheme gives a simplified overview of cholesterol biosynthesis from
acetyl-CoA with individual arrows not always meant to indicate single
enzymatic steps. As indicated artichoke components may indirectly re-
duce the activity of HMGCoA-reductase via inhibition of activating reg-
ulatory mechanisms and/or stimulation of inactivating regulatory mech-
anisms.
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the influence of garlic extracts where multiple sites of inter-
actions are observed, including inhibition of lanosterol 14a-
demethylase (Gebhardt, 1993; Gebhardt et al., 1994b), which
eventually result in a different type of indirect inhibition by
precursors of lanosterol (Gebhardt, 1993, 1997b), similar to
what has been hypothesized for other inhibitors of lanosterol
14a-demethylase (Gibbons et al., 1980; Trzaskos et al., 1987,
Mayer et al., 1991). Consequently, at least in hepatocytes, no
accumulation of sterol precursors should occur in response to
artichoke extracts. This is important, because several choles-
terol precursors such as desmosterol are well known for
adverse effects in man (Goh et al., 1989).

Concerning the active principle, the assay of several com-
pounds known to occur in artichoke extracts revealed that
luteolin seems to represent the active ingredient. Cynaroside
(luteolin-7-O-glucoside) and to some extent chlorogenic acid
may also participate in inhibition, although much less effec-
tive, and may explain the biphasic response curve shown in
figure 1. Indeed, the effect of luteolin and of the other com-
pounds seemed monophasic (Gebhardt R, unpublished re-
sults). Although the content of chlorogenic acid in the arti-
choke extracts (ranging from 0.5 to 1.5%) was approximately
four times as high as that of the flavonoids (luteolin and
cynarosid) the latter compounds seem to be responsible for
the inhibitory influence of the extracts, particularly, because
additional luteolin may be liberated from cynaroside under
physiological conditions.

Luteolin not only exerted the highest inhibitory potency,
but also efficiently blocked the stimulation of cholesterol
biosynthesis by insulin. This effect that was quite sensitive
further emphasizes the indirect nature of the inhibition.
Whether the known property of luteolin to inhibit protein
kinases (Jinsart et al., 1992) is part of this mechanism is
currently investigated. Interestingly, the reduction of insu-
lin-stimulated lactate production by luteolin was low com-
pared to the effect on cholesterol biosynthesis and was much
less than reported by Suolinna et al. (1975) for Ehrlich ascites
tumor cells.

However, the results clearly demonstrate that cynarin
which was considered as the active principle for a long time
(Frohlich and Zigler, 1973; Mars and Brambilla, 1974; Mon-
tini et al., 1975; Pristautz, 1975; Wojcicki, 1976, 1978), is
completely inactive with respect to the inhibition of hepatic
cholesterol biosynthesis. The same seems to be true for the
naturally occurring dicaffeoylquinic acids (Gebhardt R, un-
published results). Thus, effects ascribed to these compounds
in vivo must be due to alternative interactions affecting blood
lipid and cholesterol levels.

In conclusion, our results indicate that artichoke extracts
may reduce hepatic cholesterol biosynthesis in a physiologi-
cally favorable manner, i.e., by indirect inhibition that might
avoid problems known to occur with strong direct inhibitors
of HMGCoA-reductase during long-term administration. Be-
cause artichoke extracts may also enhance biliary cholesterol
excretion as a result of the choleretic influence (Kirchhoff et
al., 1994), both mechanisms may contribute to the clinically
known reduction of blood cholesterol levels.
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