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ABSTRACT: It was previously revealed that esculeoside A, a new glycoalkaloid, and esculeogenin A, a new aglycon of
esculeoside A, contained in ripe tomato ameliorate atherosclerosis in apoE-deficent mice. This study examined whether
tomatidine, the aglycone of tomatine, which is a major tomato glycoalkaloid, also shows similar inhibitory effects on cholesterol
ester (CE) accumulation in human monocyte-derived macrophages (HMDM) and atherogenesis in apoE-deficient mice.
Tomatidine significantly inhibited the CE accumulation induced by acetylated LDL in HMDM in a dose-dependent manner.
Tomatidine also inhibited CE formation in Chinese hamster ovary cells overexpressing acyl-CoA:cholesterol acyl-transferase
(ACAT)-1 or ACAT-2, suggesting that tomatidine suppresses both ACAT-1 and ACAT-2 activities. Furthermore, the oral
administration of tomatidine to apoE-deficient mice significantly reduced levels of serum cholesterol, LDL-cholesterol, and areas
of atherosclerotic lesions. The study provides the first evidence that tomatidine significantly suppresses the activity of ACAT and
leads to reduction of atherogenesis.
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B INTRODUCTION up-regulated during monocytic differentiation into macro-
phages.® In addition, ACAT-1 is located in the Kuppfer cells
of the liver, kidneys, and adrenal cortical cells, whereas ACAT-2
is mainly located in hepatocytes and intestinal mucosal cells.
These findings are consistent with the notion that ACAT-1

The presence of a large cluster of macrophage-derived foam
cells in situ in the subendothelial spaces is one of the
characteristic features of early-stage atherosclerotic lesions.'
Foam cells produce various bioactive molecules, such as

cytokines, growth factors, and proteases, which play an plays a critical role in foam cell formation in macrophages;,
important role in the development and progression of whereas ACAT-2 is responsible f;)r the cholesterol absorption
atherosclerotic lesions.! Macrophages take up chemically process in intestinal mucosal cells.” Because foam cell formation
modified low-density lipoproteins (LDL), such as oxidized by these mechanisms is believed to play an essential role in the
LDL (Ox-LDL) and acetylated LDL (acetyl-LDL), through progression of early atherosclerotic lesions in vivo, prevention
scavenger receptors. The scavenger receptors identified to date of foam cell formation is considered to be one of the major
include the class A scavenger receptor (SR-A), class B targets for the treatment of atherosclerosis. From this point of
scavenger receptor (CD36), class B scavenger receptor type-I view, many investigators have examined the usefulness of a
(SR-BI), and lectin-like oxidized LDL receptor-1 (LOX-1). number of antiatherosclerotic agents using various strategies
Because free cholesterol, which is incorporated into the cells such as prevention of LDL oxidation, inhibition of scavenger
with modified LDL through the scavenger receptors, is toxic to receptor expression, and inhibition of ACAT activity.
the cells, it is esterified to the cholesterol ester (CE) by acyl It has been demonstrated that tomatoes (Solanum
coenzyme A:cholesterol acyl-transferase (ACAT), an intra- lycopersicon) and tomato products prevent atherosclerosis, and
cellular enzyme located in the rough endoplasmic reticulum.” numerous studies have been performed to clarify the role of
These reactions change the macrophages to foam cells that are
characterized by the intracellular accumulation of CE. Received: October 14, 2011

To date, two human ACAT isozymes (ACAT-1 and ACAT- Revised:  December 29, 2011
2) have been identified. ACAT-1 is highly expressed by Accepted: December 30, 2011
macrophage-derived foam cells in atherosclerotic lesions and is Published: December 30, 2011
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lycopene, the major carotenoid in ripe tomatos (~90 mg/kg
ripe tomato), and its mechanism of action. The potential
antiatherogenic effects of lycopene have been ascribed mainly
to its antioxidant capacity, which is related to the prevention of
LDL oxidation.

We recently isolated esculeoside A,* a novel steroidal alkaloid
glycoside, from the ripe fruit of tomatoes (~S00 mg/kg ripe
tomato) and identified a novel compound named esculeogenin
A,* which is an aglycon of esculeoside A obtained by hydrolysis
of esculeoside A. Esculeoside A and esculeogenin A ameliorated
hyperlipidemia and atherosclerosis in apoE-deficent mice by
inhibition of ACAT activity,” thus suggesting that steroidal
alkaloid compounds such as esculeoside A and esculeogenin A
have inhibitory effects on atherosclerosis, similar to lycopene.

On the other hand, tomatine, a major tomato steroidal
alkaloid glycoside, is contained in the tomato plant,® including
the unripe fruits (~500 mg/kg), leaves (~1000 mg/kg), stems
(~900 mg/kg), and roots (~150 mg/kg), and is converted to
esculeoside A upon ripening of the fruits.” Therefore, tomatine
is primarily contained in the tomato plants, whereas lycopene
and esculeside A are contained only in the fruit, thus making
tomatine the most abundant compound present. Furthermore,
tomatine is known to possess a variety of biological activities,
including anticancer, antifungal, antibacterial, and anti-inflam-
matory activities.> ! Furthermore, it has been reported that
tomatine reduces the plasma LDL cholesterol and triglyceride
levels in hamsters'>"* and that tomatine protects against DBP-
induced liver and stomach tumors in rainbow trout.'* On the
other hand, little is known about the biological activities of
tomatidine, an aglycon of tomatine. However, because the sugar
chains of glycosides in natural products are degraded by the
action of intestinal bacteria after oral administration, the
aglycons act as physiologically active substances,"' suggesting
that tomatine likely is converted into tomatidine in the
intestines and that tomatidine may be the bioactive compound
in vivo.

In this study, to clarify the in vivo bioactivity of tomatidine,
we examined its effects on foam cell formation in human
monocyte-derived macrophages (HMDM) and on athero-
genesis in apoE-deficient mice.

B MATERIALS AND METHODS

Chemicals and Materials. Oil Red O, triolein, cholesterol oleate,
phenylmethanesulfonyl fluoride, cholesterol, L-a-phosphatidylcholine,
taurocholic acid, and oleoyl Coenzyme A were purchased from Sigma-
Aldrich Japan (Osaka, Japan). Leupeptin and pepstatin A were
purchased from Peptide Institute (Osaka, Japan). Penicillin G,
streptomycin sulfate, and RPMI 1640 were purchased from Invitrogen
(Tokyo, Japan). Na['*I] (17 Ci/mg), [9,10-*H]oleate (4 Ci/mg),
[**CJoleoyl Coenzyme A (50 uCi/mg), and [1a,2a(n)-*H]cholesteryl
oleate (1 mCi/mg) were purchased from GE Healthcare Bio-Sciences
(Tokyo, Japan). Paraformaldehyde was purchased from Nacarai
Tesque (Kyoto, Japan). Sudan IV was purchased from Kanto
Chemical (Tokyo, Japan). G418 was purchased from Gibco (Grand
Island, NY). All other chemicals were of the best grade available from
commercial sources. Tomatine was isolated from tomato plants, and
tomatidine was obtained by hydrolysis of tomatine as described
previously."”

Lipoproteins and Their Modifications. Human LDL (d =
1.019-1.063 g/mL) was isolated by sequential ultracentrifugation
from the human Plasma of consenting normolipidemic subjects after
overnight fasting. 8 Acetylated-LDL (acetyl-LDL)'® was labeled with
1251 a5 described by McFarlane™ to a specific radioactivity of 600 cpm/

ng.
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Cell Culture. Human monocytes were purified from the blood of
healthy volunteers by Ficoll density gradient centrifugation (Ficoll-
Paque from GE Healthcare Bio-Sciences). Purified monocytes were
suspended in RPMI 1640 and seeded onto 24-well plates (4 x 10°/
well) or 6 cm dishes (2 X 10%/dish). After a 1 h incubation for
adherence, the medium was replaced by RPMI 1640 supplemented
with 10% pooled human serum, streptomycin (0.1 mg/mL), and
penicillin G (100 U/mL). The adherent monocytes were incubated for
7 days to induce their differentiation into macrophages. Under these
conditions, the cells contained >95% macrophages and were >98%
viable as determined by trypan blue staining. CHO cells stably
overexpressing human ACAT-1 (hACAT-1 CHO cells) or human
ACAT-2 (hACAT-2 CHO cells) were cultured in Nutrient mixture F-
12 HAM medium (Sigma-Aldrich Japan) supplemented with 10% fetal
calf serum, 50 units/mL penicillin G, 50 #g/mL streptomycin, and 800
pug/mL G418. All cellular experiments were performed at 37 °C in a
humidified atmosphere of 5% CO, in air.

Endocytic Uptake of Acetyl-LDL. The differentiated HMDM
seeded onto 24-well plates were washed with 1.0 mL of phosphate-
buffered saline (PBS) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 3% bovine serum albumin (BSA), 100
units/mL penicillin, and 100 pg/mL streptomycin (medium A). The
cells in each well were incubated at 37 °C for S h in 0.5 mL of medium
A with 50 pg/mL 'L-acetyl-LDL in the presence of the indicated
concentrations of tomatidine, and then 0.375 mL of the culture
medium was taken from each well and mixed with 0.15 mL of 40%
trichloroacetic acid (TCA) in a vortex mixer. To this solution we
added 0.1 mL of 0.7 M AgNO;, followed by centrifugation. The
resulting supernatant (0.25 mL) was used to determine the TCA-
soluble radioactivity, which was considered to be an index of cellular
degradation. Each well was washed with ice-cold PBS containing 1%
BSA, and the cells were lysed with 0.1 N NaOH to determine the cell-
associated radioactivity and cellular protein concentration.

Assay for Foam Cell Formation (CE Accumulation). HMDM
monolayers were incubated with SO ug/mL acetyl-LDL for 24 h in the
presence of 0.1 mM [*H]oleate conjugated with BSA, and cellular
lipids were extracted for the determination of the radioactivity of
cholesteryl-[*H]oleate as described previously.*

Immunoblot Analyses. HMDM were solubilized with 1% Triton
X-100, and the protein concentration was determined using the BCA
protein assay reagent, followed by pretreatment by boiling for 3 min in
2% SDS and 2-mercaptoethanol. These samples were incubated for 24
h at 37 °C with 3 units of N-glycosidase (Roche Applied Science), and
then 10 ug of protein was run on a 10% SDS—polyacrylamide gel and
transferred to a polyvinylidine fluoride (PVDF) transfer membrane
(Millipore, Bedford, MA). The membranes were exposed to an anti-
human SR-A antibody (ES) and visualized using a horseradish
peroxidase (HRP)-conjugated anti-mouse IgG antibody with the ECL
Western blotting detection reagent (GE Healthcare Bio-Sciences).
The molecular size of SR-A detected by this immunoblot was
approximately S0 kDa, representing a deglycosylated form of
monomeric SR-A of 70 kDa. SR-BI was detected by an anti-human
SR-BI antibody (Novus Biologicals, Litteleton, CO). The molecular
size of SR-BI detected by this immunoblot was approximately 57 kDa,
representing a deglycosylated form of SR-BI of approximately 82 kDa.
ACAT-1 was detected by an anti-human ACAT-1 antibody (Cayman
Chemical Co., Ann Arbor, MI). The molecular size of ACAT-1
detected by this immunoblot was approximately S0 kDa. These
membranes were reblotted with an anti-f-actin antibody as an internal
calibration control. The density of the bands was measured with the
Imaging Gauge software program in LAS 1000plus (Fujifilm, Tokyo,
Japan).

Assay for ACAT Activity. The cultured cells were homogenized
with buffer A (50 mmol/L Tris-HCI and 1 mmol/L EDTA at pH 7.8
with protease inhibitors), and then the enzyme activity was determined
by the reconstitution assay as previously described.”’ Briefly,
homogenates obtained from cultured cells were mixed with 4 mol/L
KClI and 20% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS) in buffer A to obtain final concentrations of 1
mol/L and 2%, respectively. These samples (80 pg in 20 uL) were
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Figure 1. Inhibitory effects of tomato steroidal alkaloid compounds on CE accumulation by acetyl-LDL uptake in HMDM. HMDM were incubated
with 50 ug/mL acetyl-LDL and 0.1 mM [*H]oleate conjugated with BSA in the absence or presence of esculeoside A, esculeogenin A, tomatine, and
tomatidine (30 #M). After a 24 h incubation, [*H]CE was separated by TLC, and radioactivity was measured with a radioscanner as described under
Materials and Methods. Experiments were repeated three times with almost identical results. The data are the mean + SD. () P < 0.01, and (s:) P

< 0.00s.

reconstituted with 140 uL of sodium taurocholate—cholesterol—
phosphatidylcholine (PC) mixed micelles (0.2 as cholesterol/PC
molar ratio). The enzyme reaction was initiated by adding 20 uL of
250 umol/L of ["*Cloleoyl-CoA (20 dpm/pmol) followed by
incubation for 15 min at 37 °C . Lipids were then extracted, and
the radioactive cholesteryl-['*C]oleate was determined by thin-layer
chromatography (TLC).

In Vivo Antiatherosclerotic Activity. All animal experiments
were approved by the Ethics Committee for Animal Experiments of
Kumamoto University and were performed in accordance with the
Guideline for Animal Experiments of the laboratories. Six-week-old
apolipoprotein E (apoE) deficient mice (C57BL/6.KOR-Apoe™) were
purchased from SLC (Shizuoka, Japan). These mice were housed in a
pathogen-free barrier facility (12 h/12 h light/dark cycle) and were fed
a normal rodent chow diet (Clea, Japan) for 1 week after purchase. At
this time, the diets were changed to tomatidine (50 mg/kg of body
weight)-containing diets, and these diets were administered orally
every day for 70 days. We employed these concentrations because
Kong et al. demonstrated that oral administration of S0 and 100 mg/
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kg/day of berberin, a compound isolated from a Chinese herb, to
hamsters which were fed a high-fat and high-cholesterol diet
significantly decreased their serum cholesterol and serum LDL
cholesterol.”? Twenty mice (10 for controls and 10 for SO mg/kg/
day tomatidine, respectively) were used for in vivo evaluation. Blood
samples were collected from the abdominal aorta at 70 days after
initiation of the treatment. The total cholesterol, LDL cholesterol, and
triglyceride levels in serum were determined on an Olympus AU5200
automatic analyzer (Olympus, Tokyo) using standard enzymatic
methods. For atherosclerotic lesion analyses, the mice were sacrificed
after blood collection. Whole aortas were collected and stained with
Sudan IV, and cross sections of the proximal aorta were prepared and
stained with Oil Red O as described.® The luminal side of the stained
aortas was photographed. Image capture and analysis were performed
by using the IPAP-WIN software package (Sumika Technoservice,
Hyogo, Japan). The extent of atherosclerosis was expressed as the
percent of the lesion area of the entire aorta. The hearts were perfused
with PBS containing 4% (w/v) paraformaldehyde, embedded in the
optimal cutting temperature (OCT) compound (Sakura Tissue-Tek,
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Tokyo), and 6 um thick serial sections were cut by using a Cryostat
(Leica, Tokyo, Japan). The sections were counterstained with Oil Red
O and hematoxylin. Image capture and analysis were performed by
using the IPAP-WIN software package (Sumika Technoservice). The
average size of the lesions in the following three sections was used to
represent the lesion size for each mouse: first section, valve attachment
sites and coronary ostia, but not the valve leaflets; second section,
valve leaflets appear as small nodules in the valve attachment sites;
third section, valves appear as complete and are joined to their
attachment sites.

Statistical Analysis. All experimental data are expressed as the
mean =+ SD. Differences between groups were examined for statistical
significance using the Mann—Whitney U test and nonrepeated
measures ANOVA. A P value of <0.05 denoted the presence of a
statistically significant difference.

B RESULTS AND DISCUSSION

We first measured the inhibitory effect of esculeoside A,
esculegenin A, tomatine, and tomatidine on CE accumulation
in HMDM. Incubation of HMDM for 24 h with 50 pg/mL
acetyl-LDL increased their CE accumulation (Figure 1). Under
the assay conditions used, esculeoside A and esculeogenin A
significantly inhibited CE accumulation (Figure 1), and the
inhibitory effects of esculeogenin A were stronger than those of
esculeoside A, in agreement with previous results.’ Similarly,
tomatine and tomatidine also inhibited CE accumulation
(Figure 1), and the inhibitory effect of tomatidine was stronger
than that of tomatine. These data suggest that tomatidine has
an inhibitory effect on CE accumulation and that the inhibitory
effects of the aglycons of active tomato components
(tomatidine and esculeogenin A) are stronger than those of
the glycosides (tomatine and esculeside A). Therefore, we
chose to further evaluate the antiatherogenic effects of
tomatidine.

Next, we measured the concentration-dependent effects of
tomatidine on CE accumulation in HMDM. As a result,
tomatidine was observed to significantly inhibit CE accumu-
lation in a dose-dependent manner (Figure 2A), whereas
tomatidine did not show any inhibitory effect on triglyceride
(TG) synthesis even at the highest dose (Figure 2B). These
data suggested that tomatidine selectively inhibits CE synthesis
in the HMDM.

When 50 ug/mL of '*I-acetyl-LDL was incubated at 37 °C
for S h with the cells, significant amounts of '**I-acetyl-LDL
were associated with the cells (Figure 2C) and were subjected
to lysosomal degradation by these cells (Figure 2C), whereas
these cellular responses were not inhibited by tomatidine.

On the basis of this finding, we subsequently measured the
involvement of ACAT in the tomatidine-induced reduction of
CE accumulation in the HMDM. The incubation of CHO cells
overexpressing human ACAT-1 (hACAT-1 CHO) and human
ACAT-2 (hACAT-2 CHO) for 24 h with medium containing
10% fetal calf serum in the presence of [*H]oleate increased CE
accumulation. Under these conditions, tomatidine inhibited CE
accumulation in both hACAT-1 and hACAT-2 CHO cells in a
dose-dependent manner (Figure 2D). Tomatidine caused no
morphological changes or cytotoxic effects on the cells, even at
the 100 uM concentration (data not shown). Because
tomatidine showed a significant inhibitory effect on CE
accumulation in both HMDM and hACAT CHO cells in a
similar fashion, it appears that tomatidine may serve as an
inhibitor of cholesterol esterification, possibly by inhibiting
ACAT activity and/or ACAT expression.
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Figure 2. Concentration-dependent inhibitory effect of tomatidine on
CE accumulation by acetyl-LDL uptake in HMDM and effects of
tomatidine on endocytic uptake of '*I-acetyl-LDL by HMDM and CE
accumulation in CHO cells overexpressing human ACAT. HMDM
were incubated with 50 ug/mL acetyl-LDL and 0.1 mM [*H]oleate
conjugated with BSA in the absence or presence of tomatidine (@).
After a 24 h incubation, [*H]CE (A) and [*’H]TG (B) were separated
by TLC, and the radioactivity was measured with a radioscanner as
described under Materials and Methods. HMDM were incubated for 5
h with the indicated concentrations of tomatidine and with 50 yg/mL
T.acetyl-LDL, followed by determination of cell association (®) and
cell degradation (M) of '*I-acetyl-LDL as described under Material
Methods. (C) hACAT-1 CHO cells (®) and hACAT-2 CHO cells
(A) were incubated with medium containing 10% fetal calf serum in
the presence of 0.1 mM [*H]oleate-conjugated BSA and the indicated
concentrations of tomatidine. Then, [*H]CE was separated by TLC,
and the radioactivity was measured (D). The experiments were
repeated three times with almost identical results. The data are the
mean + SD. (x) P < 0.01, (+%) P < 0.005, (#) P < 0.001, and (##) P <
0.0001.

Microsomes prepared from HMDM were used as an enzyme
source. The microsomes were incubated for 15 min with 250
umol/L [**CJoleoyl-CoA in the presence or absence of

tomatidine, and the formation of cholesteryl [**CJoleate was
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measured. As shown in Figure 3A, tomatidine inhibited ACAT
activity in a dose-dependent manner. Similar results were
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Figure 3. Inhibitory effects of tomatidine on ACAT activity in HMDM
and hACAT CHO cells. HMDM (A), hACAT-1 CHO cells (B), or
hACAT-2 CHO cells (C) homogenized with buffer A and
reconstituted with sodium PC mixed micelles together with tomatidine
(®@). The ACAT activity was measured as described under Materials
and Methods. All experiments were repeated three times with almost

identical results. The data are the mean + SD. () P < 0.005, and ()
P < 0.001.

observed in hACAT-1 and hACAT-2 CHO cells. Therefore, the
formation of cholesteryl ['*CJoleate by microsomes prepared
from both hACAT-1 or hACAT-2 CHO cells was inhibited in
the presence of tomatidine in a dose-dependent manner
(Figure 3B,C). These data suggest that tomatidine has a
significant inhibitory effect on foam cell formation of HMDM
by inhibiting the activity of both ACAT-1 and -2.

Incubation of HMDM for 24 h in the presence of the
indicated concentrations of tomatidine resulted in no changes
in the expression of ACAT-1, SR-A, or SR-BI compared to the
control (Figure 4). These results suggest that tomatidine has a
significant inhibitory effect on foam cell formation in HMDM
by directly inhibiting ACAT activity, rather than affecting the
expression levels of the enzyme or of other mediators of foam
cell formation. Furthermore, tomatidine significantly inhibited
CE accumulation and ACAT activity in apoE-deficient mouse
peritoneal macrophages, whereas it did not affect the expression
of ACAT and scavenger receptors (supplementary Figure 2 in
the Supporting Information). These results suggest that
tomatidine significantly inhibited both CE accumulation and
ACAT activity not only in HMDM but also in mouse
peritoneal macrophages.

Because tomatidine suppressed foam cell formation by
inhibition of ACAT activity, we next administered tomatidine
to apoE-deficient mice to examine its effects on atherogenesis.
As shown in Figure SA, the mean body weight gain was
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Figure 4. Inhibitory effects of tomatidine on SR-A, SR-BI, and ACAT-
1 expression in HMDM. HMDM were incubated with tomatidine for
24 h, and then cells were harvested and subjected to an immunoblot
analysis using antibodies against human ACAT-1, human SR-A, human
SR-BL, and human f-actin as described under Materials and Methods.
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Figure S. Changes in body weight and biochemical data of plasma
samples in apoE-deficient mice. ApoE-deficient mice were fed diets
with or without tomatidine (50 mg/kg/day) for 70 days (n = 10, each
group), and body weight (A), plasma total cholesterol (B), LDL
cholesterol (C), and the ratio of HDL cholesterol/total cholesterol
(D) were measured.

unchanged by administration of tomatidine for 70 days.
However, the total cholesterol levels significantly decreased
by approximately 20% after the administration of 50 mg/kg/
day tomatidine (Figure SB). Furthermore, administration of
tomatidine (50 mg/kg/day) significantly reduced the serum
levels of LDL cholesterol (Figure SC) by approximately 25%,
without changing the TC/HDL ratio (Figure SD) in
comparison to the control group.

Tomatidine treatment reduced the atherosclerotic lesions in
apoE-deficient mice. Cross sections of the aortic sinus showed a
marked thickening of the intima filled with Oil Red O-positive
foamy cells in the control mice (Figure 6A), whereas such
lesions were greatly reduced in tomatidine-treated mice (Figure
6B). The cross-sectional lesion area in the tomatidine-treated
(50 mg/kg/day) mice was significantly smaller than that of
control mice (Figure 6C).

In the early stage of atherosclerogenesis, macrophages
penetrate the intima, efficiently take up modified LDL, and
store cholesterol and fatty acids as a form of neutral lipids in
their cytosolic lipid droplets." Free cholesterol is esterified to
the CE by ACAT, leading to the formation of macrophage-
derived foam cells in atherosclerotic lesions.> Therefore, the
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Figure 6. Inhibition of atherogenesis in apoE-deficient mice by
tomatidine. Tomatidine treatment reduced the atherosclerotic lesions
in apoE-deficient mice. Representative sections of aortic sinus were
stained with Oil Red O in apoE-deficient mice without tomatidine
treatment (A) and with tomatidine (S0 mg/kg/day) treatment (B),
magnification (X200). Quantitative evaluations of cross-sectional
lesions of the aortic sinus (C).

prevention of foam cell formation is considered to be one of the
major targets for the treatment of atherosclerosis.

Lycopene, a carotenoid without provitamin A activity, is one
of the most notable compounds in the tomato. Daily intake of
tomatoes and tomato products was shown to be associated with
a decreased risk of chronic diseases such as cancer and
cardiovascular diseases in several recent studies.”> Lycopene is
well-known to have antiatherogenic and anticancer effects, thus
suggesting that lycopene is a major active compound related to
the beneficial effects of consuming tomatoes and tomato
products. However, we recently isolated a new compound
called esculeoside A from fresh tomato fruits and revealed that
the content of esculeoside A (~500 mg/kg) is higher than that
of lycopene (~90 mg/kg).* Furthermore, we recently identified
another new compound called esculeogenin At an aglycon of
esculeoside A obtained by hydrolysis of esculeoside A.
Esculeoside A and esculeogenin A both ameliorated hyper-
lipidemia and atherosclerosis in apoE-deficent mice by
inhibition of ACAT activity,” indicating that not only lycopene
but also esculeogenin A and esculeoside A are major active
compounds related to the beneficial effects of tomatoes and
tomato products.

Tomatine is another major tomato steroidal alkaloid
glycoside and is contained in various parts of the tomato
plant, including the unripe fruits (~500 mg/kg), leaves (~1000
mg/kg), stems (~900 mg/kg), and roots (~150 mg/kg).
Furthermore, it was revealed that tomatine is converted to
esculeoside A upon ripening of the fruits.” Given its prevalence,
tomatine is the most abundant compound in the tomato plant.
Furthermore, tomatine is known to possess a variety of
biological activities, including anticancer, antifungal, antibacte-
rial, and anti-inflammatory activities.*™*' On the other hand,
little is known about the biological activities of tomatidine.
However, because the sugar chains of glycosides in natural
products are degraded by the actions of intestinal bacteria after
oral administration, the aglycons generally act as the
physiologically active substances.">'® Moreover, we previously
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detected esculeogenin A, an aglycon of esculeoside A, which is a
tomato glycoalkaloid (like tomatine), in the serum on apoE-
deficient mice fed esculeoside A, which has the same glycoside
chain, a lycotetraose, as tomatine.” This suggests that tomatine
is likely converted into tomatidine in the intestines and
performs as a bioactive compound in vivo. In addition,
esculeogenin A significantly inhibited CE accumulation in
macrophages. Therefore, we speculated that tomatidine may
also inhibit CE accumulation in macrophages.

In the present study, tomatidine showed a significant
inhibitory effect on CE accumulation in a dose-dependent
manner, similar to that observed for esculeogenin A, whereas
tomatine showed little inhibitory effect. We then determined
the inhibitory mechanism underlying the effects of tomatidine
on CE accumulation in HMDM. Tomatidine did not show any
inhibitory effect on the endocytic uptake of **I-acetyl-LDL or
the expression levels of scavenger receptors such as SR-A, SR-
BI, or ACAT-1, whereas it significantly inhibited the activity of
both ACAT-1 and ACAT-2. These data demonstrate that
tomatidine serves as an ACAT inhibitor by suppressing the
activity of ACAT, resulting in subsequent inhibition of CE
accumulation in macrophages. We next conducted animal
experiments using apoE-deficient mice. Oral administration of
tomatidine significantly decreased not only the serum total
cholesterol but also the area of atherosclerotic lesions in apoE-
deficient mice. These results demonstrate that oral admin-
istration of tomatidine prevents the pathogenesis of athero-
sclerosis in vivo.

Many researchers have examined the usefulness of a number
of antiatherosclerotic agents intended to inhibit ACAT activity.
Mice lacking ACAT-2 exhibited a restricted capacity to absorb
cholesterol and protection against diet-induced hypercholester-
olemia and gallstone formation.”* Nonselective ACAT
inhibition is known to reduce atherosclerosis in apoprotein E-
deficient mice.”® NTE-122 and F-1394, nonselective ACAT
inhibitors, prevent the progression of atherosclerosis in
cholesterol-fed rabbits.”® Moreover, the ACAT inhibitor
avasimibe reduces the number of macrophages and matrix
metalloproteinase expression in atherosclerotic lesions of
hypercholesterolemic rabbits>” and reduces atherosclerosis, in
addition to its cholesterol-lowering effect in apoE*3-Leiden
mice.”® Sakashita et al.*’ demonstrated that ACAT-2 is also
expressed in macrophage-derived foam cells in vitro and in vivo.
Therefore, it is likely that tomatidine induced the remarkable
inhibition of foam cell formation by inhibiting the activity of
both ACAT-1 and ACAT-2 in the HMDM. However, because
the presence of ACAT is essential for the cell’s survival as
cholesterol, an excessive inhibition of ACAT by synthetic
ACAT inhibitors such as CP-113818 and Sandoz 58-03S and
mice lacking ACAT has been shown to demonstrate
unfavorable aspects.>**" Therefore, ACAT inhibitors that can
be taken from the daily tomatidine supplementation is
preferred to strong synthetic ACAT inhibitors.

In the present study, tomatidine also reduced the serum
cholesterol levels (LDL cholesterol and total cholesterol) in
apoE-deficient mice, and Friedman et al. reported that tomatine
reduced the plasma LDL cholesterol in hamsters'>'® and that
tomatidine administration did not appear to induce any side
effects in mice.*” These results suggest that tomatidine may be
the major bioactive compound responsible for reducing plasma
cholesterol levels in tomatine-treated animals.

Because both of the ACAT isozymes are expressed in the
liver and provide cholesteryl esters for VLDL, an ACAT1
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inhibitor, such as K-604, significantly decreases the serum
cholesterol level. Furthermore, it is known that ACAT
inhibitors block dietary cholesterol absorption in the intestines
when animals are fed a high-fat/high-cholesterol diet. Because
we conducted animal experiments using apoE-deficient mice
administered a normal diet, and tomatidine also inhibited
ACAT activity in the HepG2 hepatic cell line (supplementary
Figure 1 in the Supporting Information), it is reasonable that
the administration of tomatidine inhibited the ACAT activity in
the liver and macrophages rather than in the intestine and
subsequently decreased the endogenous cholesterol produc-
tion. Therefore, tomatidine may also decrease LDL cholesterol
in apoE-deficient mice by inhibiting ACAT activity in the liver.

Our study provides the first evidence that tomatidine
significantly ameliorates hyperlipidemia and atherosclerosis in
apoE-deficient mice by inhibiting ACAT activity. There was a
second paper about esculeogenin A indicating that steroidal
alkaloids have inhibitory effects on foam cell formation by
macrophages.” The results of that study also suggested that
supplementation with tomatidine can prevent human athero-
sclerosis by inhibiting ACAT activity. Furthermore, the daily
intake of tomatidine supplementation may also reduce the risk
of cardiovascular diseases. The possibility that tomatidine may
inhibit form cell formation and atherosclerosis by affecting
targets other than ACAT activity will need to be examined in
future projects.

B ASSOCIATED CONTENT

© Supporting Information
Supplementary figures. This material is available free of charge
via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone/fax: +81-3-5981-3430. E-mail: nagai-883@umin.ac.jp.

Author Contributions
IThese authors contributed equally.

Funding

This work was supported in part by Grants-in-Aid for Scientific
Research (No. 18790619 to R.N., No. 23790747 to Y.E.) from
the Ministry of Education, Science, Sports and Cultures of

Japan.

B ACKNOWLEDGMENTS

We are grateful to Dr. T. Y. Chang of the Department of
Biochemistry, Dartmouth Medical School, for supplying CHO
cells stably overexpressing human ACAT-1 or ACAT-2 and for
valuable and fruitful discussions throughout this study. We are
also grateful to Masateru Ono, Keita Motomura, Katsumi Mera,
Akinori Hayashida, and Mime Nagai for their collaborative
efforts.

B REFERENCES

(1) Ross, R. Atherosclerosis is an inflammatory disease. Am. Heart J.
1999, 138, 419—420.

(2) Chang, T.Y.; Chang, C. C; Lin, S.; Yu, C,; Li, B. L.; Miyazaki, A.
Roles of acyl-coenzyme A:cholesterol acyltransferase-1 and -2. Curr.
Opin. Lipidol. 2001, 12, 289—296.

(3) Rudel, L. L; Lee, R. G; Cockman, T. L. Acyl coenzyme
A:cholesterol acyltransferase types 1 and 2: structure and function in
atherosclerosis. Curr. Opin. Lipidol. 2001, 12, 121—127.

(4) Fujiwara, Y,; Takaki, A.; Uehara, Y.; lkeda, T.; Okawa, M,;
Yamauch, K.; Ono, M.; Yoshimitsu, H.; Nohara, T. Tomato steroidal

2478

alkaloid glycosides, esculeoside A and B, from ripe fruits. Tetrahedron
2004, 60, 4915—4920.

(S) Fujiwara, Y.; Kiyota, N.; Hori, M.; Matsushita, S.; ijima, Y.; Aoki,
K; Shibata, D.; Takeya, M.,; lkeda, T.; Nohara, T.; Nagai, R.
Esculeogenin A, a new tomato sapogenol, ameliorates hyperlipidemia
and atherosclerosis in ApoE-deficient mice by inhibiting ACAT.
Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2400—2406.

(6) Friedman, M. Tomato glycoalkaloids: role in the plant and in the
diet. J. Agric. Food Chem. 2002, 50, 5751—5780.

(7) lijima, Y.; Fujiwara, Y.; Tokita, T.; Ikeda, T.; Nohara, T.; Aoki, K;
Shibata, D. Involvement of ethylene in the accumulation of esculeoside
A during fruit ripening of tomato (Solanum lycopersicum). J. Agric. Food
Chem. 2009, 57, 3247—3252.

(8) Friedman, M.; Levin, C. E.; Lee, S. U,; Kim, H.J.; Lee, L. S.; Byun,
J. O.; Kozukue, N. Tomatine-containing green tomato extracts inhibit
growth of human breast, colon, liver, and stomach cancer cells. J. Agric.
Food Chem. 2009, 57, 5727—5733.

(9) Ito, S.; Thara, T.; Tamura, H.; Tanaka, S.; Ikeda, T.; Kajihara, H;
Dissanayake, C.; Abdel-Motaal, F. F.; El-Sayed, M. A. @-Tomatine, the
major saponin in tomato, induces programmed cell death mediated by
reactive oxygen species in the fungal pathogen Fusarium oxysporum.
FEBS Lett. 2007, 581, 3217—3222.

(10) Keukens, E. A.; de Vrije, T.; van den Boom, C.; de Waard, P.;
Plasman, H. H; Thiel, F,; Chupin, V.; Jongen, W. M.,; de Kruijff, B.
Molecular basis of glycoalkaloid induced membrane disruption.
Biochim. Biophys. Acta 1995, 1240, 216—228.

(11) Norton, S. A. Useful plants of dermatology. V. Capsicum and
capsaicin. J. Am. Acad. Dermatol. 1998, 38, 256—259.

(12) Friedman, M.; Fitch, T. E.; Levin, C. E.; Yokoyama, W. H.
Feeding tomatoes to hamsters reduces their plasma low-density
lipoprotein cholesterol and triglycerides. J. Food Sci. 2000, 65, 897—
900.

(13) Friedman, M,; Fitch, T. E; Yokoyama, W. E. Lowering of
plasma LDL cholesterol in hamsters by the tomato glycoalkaloid
tomatine. Food Chem. Toxicol. 2000, 38, 549—553.

(14) Friedman, M.; McQuistan, T.; Hendricks, J. D.; Pereira, C.;
Bailey, G. S. Protective effect of dietary tomatine against dibenzo-
[a1]pyrene (DBP)-induced liver and stomach tumors in rainbow trout.
Mol. Nutr. Food Res. 2007, 51, 1485—1491.

(15) Kobayashi, K. J. Trad. Med. 1998, 15, 1—13.

(16) Hasegawa, H.; Uchiyama, M. Antimetastatic efficacy of orally
administered ginsenoside Rb1 in dependence on intestinal bacterial
hydrolyzing potential and significance of treatment with an active
bacterial metabolite. Planta Med. 1998, 64, 696—700.

(17) Ito, S.; Eto, T.; Tanaka, S.; Yamauchi, N.; Takahara, H.; Ikeda,
T. Tomatidine and lycotetraose, hydrolysis products of a-tomatine by
Fusarium oxysporum tomatinase, suppress induced defense responses
in tomato cells. FEBS Lett. 2004, 571, 31—34.

(18) Miyazaki, A,; Sakai, M. Suginohara, Y.; Hakamata, H;
Sakamoto, Y.; Morikawa, W.; Horiuchi, S. Acetylated low density
lipoprotein reduces its ligand activity for the scavenger receptor after
interaction with reconstituted high density lipoprotein. J. Biol. Chem.
1994, 269, 5264—5269.

(19) Mg, F. A. Efficient trace-labelling of proteins with iodine. Nature
1958, 182, S3.

(20) Miyazaki, A.; Rahim, A. T.; Araki, S.; Morino, Y.; Horiuchi, S.
Chemical cross-linking alters high-density lipoprotein to be recognized
by a scavenger receptor in rat peritoneal macrophages. Biochim.
Biophys. Acta 1991, 1082, 143—151.

(21) Chang, C. C.; Lee, C.Y.; Chang, E. T.; Cruz, J. C.; Levesque, M.
C.; Chang, T. Y. Recombinant acyl-CoA:cholesterol acyltransferase-1
(ACAT-1) purified to essential homogeneity utilizes cholesterol in
mixed micelles or in vesicles in a highly cooperative manner. J. Biol.
Chem. 1998, 273, 35132—35141.

(22) Kong, W.; Wei, J.; Abidi, P.; Lin, M.; Inaba, S.; Li, C.; Wang, Y.;
Wang, Z; Si, S.; Pan, H.; Wang, S.;; Wy, J,; Wang, Y,; Li, Z; Liu, J;
Jiang, J. D. Berberine is a novel cholesterol-lowering drug working
through a unique mechanism distinct from statins. Nat. Med. 2004, 10,
1344—1351.

dx.doi.org/10.1021/jf204197r | J. Agric. Food Chem. 2012, 60, 2472—2479



Journal of Agricultural and Food Chemistry

(23) Blum, A.; Monir, M.; Wirsansky, L; Ben-Arzi, S. The beneficial
effects of tomatoes. Eur. J. Intern. Med. 2005, 16, 402—404.

(24) Buhman, K. K; Accad, M.; Novak, S.; Choi, R. S.; Wong, J. S.;
Hamilton, R. L; Turley, S.; Farese, R. V. Jr. Resistance to diet-induced
hypercholesterolemia and gallstone formation in ACAT2-deficient
mice. Nat. Med. 2000, 6, 1341—1347.

(25) Kusunoki, J; Hansoty, D. K; Aragane, K; Fallon, J. T,;
Badimon, J. J; Fisher, E. A. Acyl-CoA:cholesterol acyltransferase
inhibition reduces atherosclerosis in apolipoprotein E-deficient mice.
Circulation 2001, 103, 2604—2609.

(26) Azuma, Y.; Date, K; Ohno, K.; Matsushiro, S.; Nobuhara, Y.;
Yamada, T. NTE-122, an acyl-CoA:cholesterol acyltransferase
inhibitor, prevents the progression of atherogenesis in cholesterol-
fed rabbits. Jpn. J. Pharmacol. 2001, 86, 120—123.

(27) Bocan, T. M; Krause, B. R;; Rosebury, W. S.; Mueller, S. B.; Ly,
X.; Dagle, C,; Major, T.; Lathia, C.; Lee, H. The ACAT inhibitor
avasimibe reduces macrophages and matrix metalloproteinase
expression in atherosclerotic lesions of hypercholesterolemic rabbits.
Arterioscler. Thromb. Vasc. Biol. 2000, 20, 70—79.

(28) Delsing, D. J.; Offerman, E. H.; van Duyvenvoorde, W.; van Der
Boom, H.; de Wit, E. C.; Gijbels, M. J.; van Der Laarse, A.; Jukema, J.
W.; Havekes, L. M.; Princen, H. M. Acyl-CoA:cholesterol
acyltransferase inhibitor avasimibe reduces atherosclerosis in addition
to its cholesterol-lowering effect in ApoE*3-Leiden mice. Circulation
2001, 103, 1778—1786.

(29) Sakashita, N.; Miyazaki, A.; Chang, C. C.; Chang, T. Y.; Kiyota,
E.; Satoh, M.; Komohara, Y.; Morganelli, P. M.; Horiuchi, S.; Takeya,
M. Acyl-coenzyme A:cholesterol acyltransferase 2 (ACAT?2) is induced
in monocyte-derived macrophages: in vivo and in vitro studies. Lab.
Invest. 2003, 83, 1569—1581.

(30) Warner, G. J; Stoudt, G.; Bamberger, M,; Johnson, W. J;
Rothblat, G. H. Cell toxicity induced by inhibition of acyl coenzyme
A:cholesterol acyltransferase and accumulation of unesterified
cholesterol. J. Biol. Chem. 1995, 270, 5772—5778.

(31) Accad, M; Smith, S. J.; Newland, D. L.; Sanan, D. A;; King, L. E.
Jr; Linton, M. F.; Fazio, S.; Farese, R. V. ]Jr. Massive xanthomatosis
and altered composition of atherosclerotic lesions in hyperlipidemic
mice lacking acyl CoA:cholesterol acyltransferase 1. J. Clin. Invest.
2000, 105, 711-719.

(32) Friedman, M.; Henika, P. R;; Mackey, B. E. Effect of feeding
solanidine, solasodine and tomatidine to non-pregnant and pregnant
mice. Food Chem. Toxicol. 2003, 41, 61—71.

2479

dx.doi.org/10.1021/jf204197r | J. Agric. Food Chem. 2012, 60, 2472—2479



