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ABSTRACT Anthocyanins, which are used as a food coloring, are widely distributed in human diets, suggesting
that we ingest large amounts of anthocyanins from plant-based foods. Mice were fed control, cyanidin 3-glu-
coside-rich purple corn color (PCC), high fat (HF) or HF + PCC diet for 12 wk. Dietary PCC significantly suppressed
the HF diet-induced increase in body weight gain, and white and brown adipose tissue weights. Feeding the HF
diet markedly induced hypertrophy of the adipocytes in the epididymal white adipose tissue compared with the
control group. In contrast, the induction did not occur in the HF + PCC group. The HF diet induced hyperglycemia,
hyperinsulinemia and hyperleptinemia. These perturbations were completely normalized in rats fed HF + PCC. An
increase in the tumor necrosis factor (TNF)-a mRNA level occurred in the HF group and was normalized by dietary
PCC. These results suggest that dietary PCC may ameliorate HF diet-induced insulin resistance in mice. PCC
suppressed the mRNA levels of enzymes involved in fatty acid and triacylglycerol synthesis and lowered the sterol
regulatory element binding protein-1 mRNA level in white adipose tissue. These down-regulations may contribute
to triacylglycerol accumulation in white adipose tissue. Our findings provide a biochemical and nutritional basis for
the use of PCC or anthocyanins as a functional food factor that may have benefits for the prevention of obesity and

diabetes. J. Nutr. 133: 2125-2130, 2003.
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Anthocyanins are the largest group of water-soluble pig-
ments in the plant kingdom. They are widely distributed in the
human diet through crops, beans, fruits, vegetables and red
wine (1), suggesting that we ingest considerable amounts of
anthocyanins from plant-based daily diets. In general, antho-
cyanin pigments are stable under acidic conditions, but are
unstable and rapidly broken down under neutral conditions
(2). Therefore, anthocyanins have not been recognized as a
physiological functional food factor (2). However, we demon-
strated that anthocyanins have antioxidative and radical-scav-
enging activities against hydroxyl and superoxide radicals
based on in vitro and in vivo studies (3-5). Among the
anthocyanins tested, cyanidin 3-O-B-D-glucoside (C3G)?
(Fig. 1) showed substantial antioxidative and anti-inflamma-
tory activities in vivo (6-9). These findings suggest that C3G
has beneficial effects beyond its antioxidant activity.

Obesity is defined as the accumulation of excess adipose
tissue resulting from various metabolic disorders. It is a strong
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risk factor for hypertension, hyperlipidemia, heart disease and
type2 diabetes mellitus (10,11). It is controlled by both genetic
and environmental factors. Among the environmental factors,
the chronic consumption of a high fat (HF) diet is strongly
associated with the development of obesity. HF diet—induced
obesity can lead to insulin resistance. Obesity is associated with a
decreased capacity of insulin to regulate glucose and lipid metab-
olism in the peripheral tissues. The increase in adipose tissue is
accompanied by elevations of circulating free fatty acids and
tumor necrosis factor (TNF)-« levels (12,13). These can inhibit
insulin signaling and pancreatic 3-cell function (14).

Recently, much attention has been focused on some food
factors that may be beneficial in preventing HF diet—induced
body fat accumulation and possibly reduce the risk of diabetes
and heart disease. Ide et al. (15) showed that sesamin, found in
sesame seed, decreases fatty acid synthesis and enhances -ox-
idation in rat liver. Murase et al. (16) showed that dietary
diacylglycerol suppresses HF diet—induced body fat accumula-
tion in mice. However, there is little evidence that food factors
themselves are beneficial for the prevention of obesity and the
amelioration of insulin resistance.

The present study was designed to examine the preventive
effect of anthocyanin-rich food color on the development of
obesity and hyperglycemia induced by feeding a HF diet. No
studies exist on a possible antiobesity effect of dietary antho-
cyanins. “Purple corn color” (PCC) is made from purple corn
(Zea mays L.). In Japan, ~50,000 kg/y of PCC is used for the

Manuscript received 25 November 2002. Initial review completed 10 January 2003. Revision accepted 7 May 2003.

120z Ae|N 70 uo }senb Aq L£€889Y/SZ | 2/L/E€E | /aI01KE/ul/WOod dno-dlwapede//:sdiy Wody papeojumog



2126 TSUDA ET AL.
OH TABLE 1
+ OH Composition of the experimental diets
HO Ox Ingredient Control  PCC HF HF + PCC
HO OH
= \O\Z&\OH g/kg diet
OH CH 20H Casein 204 204 204 204
Mineral mixture? 35 35 35 35
Vitamin mixture2 10 10 10 10
Cyanidin 3-O-B-D-glucoside Choline chloride 2 2 2 2
Corn oll 50 50 50 50
) - . Lard 0 0 300 300
(ngl)GURE 1 Chemical structure of cyanidin 3-O-B-p-glucoside Cellulose powder 40 40 40 40
’ ucrose 5 5
S 659 648 359 348
PCC3 0 11 0 1
kJ/g diet
coloring of foods, such as soft drinks and confections. PCC Energy density 163 16.3 234 23.4

consists of anthocyanins and it contains a large amount of
C3G. The C57BL/6] mice used in this study develop severe
obesity, hyperglycemia and hyperinsulinemia when fed a HF
diet (17). As one of the possible mechanisms of the antiobesity
action of dietary PCC, we also examined its effect on the
expression of genes involved in lipogenesis in the liver and

white adipose tissue (WAT).

MATERIALS AND METHODS

Chemicals. PCC (containing ~70 g C3G/kg) was a gift from
San-Ei Gen F.F.I., Osaka, Japan. Lard was purchased from Snow
Brand Milk Products, Tokyo, Japan.

Animals and diets. Male C57BL/6] mice (n = 24), 4 wk of age
(Japan SLC, Hamamatsu, Japan) were used and maintained at 23
+ 3°C under an automatic lighting schedule (0800-2000 h). The
mice had free access to water and a laboratory nonpurified diet (CE-2,
CLEA Japan, Tokyo, Japan) for 5 d. They were then randomly
divided into 4 groups and fed the control, cyanidin 3-glucoside-rich
purple 4 corn color (PCC), high fat (HF) or HF + PCC diet. The
compositions of the diets and energy densities are listed in Table 1.
PCC was added to diets at a C3G concentration of 2 g/kg diet. The
diets were replaced once every 3 d to prevent oxidization of the fats
and deterioration of the PCC. Body weight was measured weekly
throughout the study. Food intake was measured once every 2 wk.
This experimental design was approved by the Animal Experiment
Committee, Nagoya University, and the mice were maintained in
accordance with the guidelines.

Collection of serum, liver and adipose tissue. After 12 wk of
consuming the diets, the mice were killed by decapitation and the
blood was removed. The liver and adipose tissues [subcutaneous,
epididymal, mesenteric and retroperitoneal WAT, and interscapular
brown adipose tissue (BAT)] were removed according to defined
anatomical landmarks. The weights of the tissues were measured.
They were then immediately frozen using liquid nitrogen and kept at
—80°C until use. The collected blood was kept at room temperature
for 5 min for coagulation. After that, the serum was obtained from the
coagulated blood by centrifugation at 1600 X g for 15 min at 4°C.
The separation of the serum was finished within 30 min. The serum
was immediately frozen at —80°C until use.

Measurement of serum lipid, glucose, insulin and leptin levels.
The serum triacylglycerol, total cholesterol, free fatty acids and glu-
cose concentrations were measured using commercial assay kits ac-
cording to the manufacturer’s directions (Triglyceride-E test, Choles-
terol-E test, FFA-C test, Glucose B-test, Wako Pure Chemical,
Osaka, Japan). Serum insulin and leptin levels were measured by
ELISA using a commercial assay kit according to the manufacturer’s
directions (mouse insulin ELISA kit, Sibayagi, Gunma, Japan and
mouse leptin ELISA kit, Morinaga, Yokohama, Japan).

Measurement of liver and fecal lipid concentrations. Total
lipids in the liver and feces were extracted according to the method
of Folch et al. (19). Aliquots of the extracted liver lipids were used for
the measurement of the triacylglycerol and total cholesterol concen-

1 AIN93G-MX (18).

2 AIN93-VX (18).

3 Purple corn color (PCC) was added to the control or high fat (HF)
diet to give a final concentration of cyanidin 3-O-3-p-glucoside (C3G) of
2 g/kg diet.

trations with the commercial assay kits used for serum lipids. Feces
were collected for 48 h during the final week of feeding, and freeze-
dried. The extracted total liver and fecal lipids were determined
gravimetrically.

Histological analysis of epididymal WAT. Small pieces of epi-
didymal WAT were fixed with formalin (200 g/kg) neutral buffered
solution and embedded in paraffin. Sections (8 wm) were cut and stained
with hematoxylin and eosin. Images were captured using a CCD Camera
(Olympus Optical, Tokyo, Japan) at a magnification of X200.

Isolation of total RNA in the liver and adipose tissue. Total
RNA from the liver and epididymal WAT was isolated with Isogen
reagent (Nippon Gene, Tokyo, Japan) according to the manufactur-
er’s directions.

RT-PCR analysis. Total RNA concentration was measured by
UV absorbance at 260 nm (absorbance of 1 mg/L of total RNA
= 25.0). Total RNA (5 pg) was incubated with 9 uwmol/L of the oligo
dT primer at 65°C for 15 min; then it was reverse transcribed to
cDNA in a reaction mixture containing buffer, 1.3 mmol/L de-
oxynucleoside triphosphates (ANTP, GIBCO BRL, Grand Island,
NY), 10 mmol/L dithiothreitol (GIBCO), 20 U Rnase inhibitor
(GIBCO), 200 u Moloney murine leukemia virus RT (GIBCO) at
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FIGURE 2 Body weight (A) and food intake (B) of mice fed the
control, purple corn color (PCC), high fat (HF) or HF + PCC diets for 12
wk. Values are means *=sem, n = 6. *The HF group differed (P < 0.05)
from all other groups.**The HF group differed (P < 0.05) from the
control and PCC groups.
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37°C for 3 h, then heated at 94°C for 2 min to terminate the
reaction. The PCR were performed in a final 25 uL containing 0.5 uL
of the RT first-strand cDNA product, 1 wmol/L of each forward (F)
and reverse (R) primer, 75 mmol/L Tris-HCI (pH 8.8) containing 1
mg/L of Tween 20, 0.2 mmol/L of ANTP, 2 mmol/L of MgCl, and 1.5
U of Tag DNA polymerase (MBI Fermentas, Vilnius, Lithuania).
Preliminary experiments were carried out with various cycles to
determine the nonsaturating conditions of PCR amplification for all
of the genes studied. The primers were: leptin (F) 5'-GTTTTGGAG-
CAGTTTGGATC-3', (R) 5'-GCATATGGGAAGTTTCACAA-
3’, (522 bp); TNF-q, (F) 5'-GGGACAGTGACCTGGACTGT-3',
(R) 5'-GCAGAGGTTGAGTGATGTAG-3', (520 bp); fatty acid
synthase (FAS), (F) 5'-TACTTTGTGGCCTTCTCCTCTGTAA-
3', (R) 5'-CTTCCACACCCATGAGCGAGTCCAGGCCGA-3',
(447 bp); acyl-CoA synthasel (ACS1), (F) 5-TATCATGCT-
TCACCTATGGC-3', (R) 5'-CAAATAAGAGGAGCTCCAAC-
3’ (492 bp); glycerol-3-phosphate acyltransferase (GPAT), (F)
5'-CAGTCCTGAATAAGAGGT-3’, (R) 5-TGGACAAAGA-
TGGCAGCAGA-3', (444 bp); sterol regulatory element binding
protein-1 (SREBP-1), (F) 5-ACTTGATCAAGGCAGACTCA-
CTG-3', (R) 5'-CCTGCTTGTGCTTCTGGTGCTGT-3', (425
bp); B-actin (F) 5'-CGTGGGCCGCCCTAGGCACCA-3’, (R)
5".-CTCTTTGATGTCACGCACGATTTC-3', (541 bp).

FIGURE 3 Histology of the epi-
didymal white adipose tissue (WAT) of
mice in the control (A), purple corn
color (PCC) (B), high fat (HF) (C) or HF
+ PCC (D) groups. Each presented is
typical and representative of 6 mice.

The PCR cycle numbers were 20 cycles for leptin, 19 cycles for
FAS and B-actin, 27 cycles for ACS1, 24 cycles for GPAT and
SREBP-1, and 31 cycles for TNF-a. Each cycle consisted of denatur-
ation at 94°C for 30 s, primer annealing at 52°C for GPAT, 56°C for
leptin, FAS and ACSI, 57°C for SREBP-1 and 60°C for TNF-«, and
primer extension at 72°C for 30 s. A final 10-min primer extension
step at 72°C was performed on all of the samples. The products were
electrophoresed on 10 g/L agarose gels and stained with ethidium
bromide. The relative density of the bands was evaluated using an
ATTO Lane Analyzer 10H Software Densitograph (Atto, Tokyo,
Japan). All of the measured PCR products were normalized to the
amount of cDNA of B-actin in each sample.

Statistical analysis. All data are expressed as means * SEM. The
differences among the means were analyzed by Fisher’s protected least
significant difference test after two-way ANOVA. Differences with
P-values < 0.05 were considered significant. All of the statistical
analyses were performed using the StatView version 5.0 software for
Macintosh (SAS Institute, Cary, NC).

RESULTS

Body weight, adipose tissue weight and food and energy
intakes. The body weight of the HF group was significantly

TABLE 2
Fat pad weights in mice fed control, purple corn color (PCC), high fat (HF) or HF + PCC diets for 12 wk1

Control PCC HF HF + PCC
Subcutaneous WAT2 0.53 = 0.07b 0.45 = 0.08b 1.24 = 0.13a 0.52 + 0.08b
Epididymal WAT 0.81 + 0.08bc 0.62 = 0.07¢ 2.16 £ 0.15a 0.99 + 0.12b
Mesenteric WAT 0.34 = 0.02b 0.29 = 0.16b 0.74 = 0.11a 0.28 + 0.02b
Retroperitoneal WAT 0.25 + 0.03bc 0.20 = 0.03¢ 0.70 = 0.062 0.35 + 0.04b
Interscapular BAT 0.17 = 0.02b 0.16 = 0.02b 0.24 = 0.03a 0.13 =+ 0.01b

1 Values are means + sem, n = 6. Means in a row without a common letter differ, P < 0.05.

2 WAT, white adipose tissue; BAT, brown adipose tissue.
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TABLE 3
Liver and fecal lipids in mice fed purple corn color (PCC), high fat (HF) and HF + PCC diets for 12 wk1

Control PCC HF HF + PCC
Liver total lipids, mg/g 52.6 = 1.6b 51.9 = 4.1b 91.3 = 14.4a 59.1 = 4.3b
Liver triacylglycerol, umol/g 26.7 +2.3b 32.9 + 5.0b 71.3 = 11.2a 34.9 + 6.6b
Liver cholesterol, umol/g 3.78 £ 0.18 3.80 = 0.26 3.08 = 0.28 3.80 = 0.34
Fecal lipids, mg/g dried feces 23x0.2 23x04 46 £1.3 3.5 0.6

1 Values are means + Sem, n = 6. Means in a row without a common letter differ, P < 0.05.

greater than that of the control, PCC, and HF + PCC groups
from wk 5 to 12 (Fig. 2A). The control and HF + PCC groups
did not differ throughout the experimental period. PCC itself
did not affect food intake. Food intake was significantly lower
in the HF and HF + PCC groups compared with the control
group during wk 4 to 12 (Fig. 2B). However, food intake did
not differ between the HF and HF + PCC groups throughout
the experiment. Relative energy intakes did not differ among
the groups. Intakes were 2006.6 * 165.3, 2094.1 + 215.9,
1777.8 = 214.6 and 1999.1 = 205.4 kJ/(kg body - d) in the
control, PCC, HF and HF + PCC groups, respectively. All
adipose tissue (subcutaneous, epididymal, mesenteric, retro-
peritoneal WAT and interscapular BAT) weights were mark-
edly greater in the HF group than the control group (subcu-
taneous WAT; 130%, epididymal WAT; 170%, mesenteric
WAT; 120%, retroperitoneal WAT; 180% and interscapular
BAT; 40%) (Table 2). Dietary PCC suppressed the HF diet—
induced increase in the tissue weight depots. Adipose tissue
weights in the HF + PCC group did not differ from those in
the control group.

Epididymal WAT histology. Feeding the HF diet induced
hypertrophy of the adipocytes in the epididymal WAT (Fig.
3C) compared with that of the control and PCC groups (Fig.
3A and B). The hypertrophy did not occur in the HF + PCC
group (Fig. 3D). The results obtained from the other mice were
similar to those shown in Figure 3.

Serum, liver and fecal lipids. Serum triacylglycerol, total
cholesterol and free fatty acid concentrations did not differ
among the groups (data not shown). Liver total lipids and
triacylglycerol concentrations were 60 and 170% greater, re-
spectively, in the HF group than in the control group (Table
3). Dietary PCC significantly suppressed the HF diet—induced
increase in the liver total lipids and triacylglycerol concentra-
tions (Table 3). Fecal total lipids in the HF and HF + PCC
groups tended to be greater than in the control and PCC
groups (P < 0.10).

Serum glucose, insulin, and leptin concentrations and
leptin and epididymal WAT TNF-a mRNA. Serum glucose
and insulin concentrations were 70% greater in the HF group
than in the control group. However, these were completely
normalized in the HF + PCC group (Table 4). The serum
leptin concentration was 6.7-fold greater in the HF group than
in the control group and its mRNA level in the epididymal
WAT was 50% greater in the HF group. Dietary PCC com-
pletely normalized the serum leptin concentration and mRNA
level in the epididymal WAT (Table 4). The epididymal
WAT TNFa mRNA level was 150% greater in the HF group
than in the control group and dietary PCC normalized the
level (Table 4).

Hepatic lipogenic enzyme and SREBP-1 mRNA levels.
The FAS mRNA level was 67 and 33% lower than in controls
in the HF and PCC groups, respectively (Table 5). The level
in the HF + PCC group was 81% lower than in the control
group and 57% lower than in the HF group. The ACSI
mRNA level was 24% lower in the PCC group than in the
control group (Table 5). The GPAT mRNA level was lower in
the HF + PCC group than in all other groups, which did not
differ (Table 5). The SREBP-1 mRNA level was 38 and 41%
lower in the HF and HF + PCC groups than in the control
and PCC groups, which did not differ.

Epididymal WAT lipogenic enzyme and SREBP-1 mRNA
levels. The FAS mRNA level was 45 and 40% lower than in
the control group in the HF and PCC groups, respectively
(Table 6). The level in the HF + PCC group was 74% lower
than in the control group and 48% lower than in the HF group
(Table 6). The ACST mRNA level was 60% greater in the HF
group than in the control group. On the contrary, the level in
the HF + PCC group was 40 and 75% lower than in the
control and the HF + PCC groups, respectively (Table 6).
The GPAT mRNA level was 32% lower in the HF + PCC
group than in the HF group as well as that observed in the liver
(Table 6). The SREBP-1 mRNA level in the PCC group was

TABLE 4

Serum glucose, insulin and leptin concentrations, and leptin and tumor necrosis factor (TNF)-a mRNA level in the epididymal
white adipose tissue (WAT) of mice fed the control, purple corn color (PCC), high fat (HF) and HF + PCC diets for 12 wk1

Control PCC HF HF + PCC
Glucose, mmol/L 12.9 + 0.3b 12.2 + 0.8b 20.1 + 0.6a 14.1 = 0.8b
Insulin, mmol/L 0.31 = 0.02b 0.31 = 0.02b 0.52 + 0.04a 0.29 + 0.02b
Leptin, mg/L 15.3 + 2.4b 15.1 + 2.2b 118.1 = 10.3a 20.2 = 5.2b
mRNA level,2 %
Leptin 100 = 9b 88.9 = 8.9b 177.8 = 15.62 102.2 = 15.6b
TNF-« 100 + 5b 110.1 = 11.2b 253.5 + 41.9a 109.3 = 14.0b

1 Values are means + sem, n = 6. Means in a row without a common letter differ, P < 0.05.
2 The mRNA level was expressed by assigning 100 as the value in mice fed the control diet.
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TABLE 5

mRNA level of lipogenic enzymes and SREBP-1 in the liver of mice fed control, purple corn color (PCC),
high fat (HF) and HF + PCC diets for 12 wk1

Control PCC HF HF + PCC
mRNA level,2 %
Fatty acid synthase (FAS) 100 = 72 66.7 + 2.4b 33.3 = 4.8¢ 19.0 = 1.2d
Acyl-CoA synthase1 (ACS1) 100 + 62 76.5 + 5.9b 100.0 = 7.8a 80.4 + 5.6ab
Glycerol-3-phosphate acyltransferase (GPAT) 100 = 92 86.3 + 4.3ab 94.0 + 12.8a 69.2 + 3.4b
Sterol regulatory element binding protein (SREBP-1) 100 = 8a 105.4 = 12.4a 721 = 4.4b 58.9 + 2.7b

1 Values are means + Sem, n = 6. Means in a row without a common letter differ, P < 0.05.
2 The mRNA level was expressed by assigning 100 as the value in mice fed the control diet.

20% lower than in the control group. The level in the HF +
PCC group was 84% lower than in the control group and 63%
lower than in the HF group.

DISCUSSION

Anthocyanins, which are phenolic phytochemicals, would
not have any activity after ingestion in biological systems
because they are unstable under neutral conditions. However,
we demonstrated in in vitro and in vivo studies that C3G has
antioxidant activity (3-9). The suppression of body fat accu-
mulation was not due to inhibition of dietary fat digestion and
reduction of energy intake. Therefore, dietary PCC may have
potential in counteracting obesity.

Obesity is strongly associated with insulin resistance, and
the improvement of insulin resistance is important in prevent-
ing the development of type2 diabetes. An increase in adipose
tissue is accompanied by elevation of TNF-a expression in
WAT (13). This can inhibit insulin signaling and pancreatic
B-cell function (14). Our results suggest that dietary PCC can
ameliorate HF diet—induced insulin resistance in mice. The
normalization of hyperglycemia, hyperinsulinemia, hyperlep-
tinemia and TNF-a mRNA level after PCC consumption is
probably due to the prevention of the HF diet—induced accu-
mulation of adipose tissue. Yuan et al. (20) showed that high
doses of salicylate, one of the nonsteroidal anti-inflammatory
drugs, improve hyperglycemia, hyperinsulinemia and dyslipi-
demia in Zucker fatty rats and ob/ob mice by sensitizing insulin
signaling through inhibition of the IkB kinase B (IKKp)
activation. IKK activation initiates nuclear factor-kB (NF-
kB)— mediated transcription, which in adipocytes would en-
hance the production of TNF-a. TNFa inhibits insulin sig-
naling and disorders pancreatic B-cell function. Our previous

studies clearly demonstrated that C3G functions as a potent
antioxidant in vivo, and the administration of C3G suppresses
proinflammatory cytokines (i.e., TNF-a) in the acute inflam-
mation process (9). C3G-enriched PCC is expected to inhibit
IKK activation and suppress TNFa expression, thereby ame-
liorating insulin resistance as efficiently as the salicylates. The
effect of PCC on inhibition of IKKB activation should be
investigated.

To clarify the mechanism for the antiobesity activity of
PCC, we focused on the expression of fatty acid and triacyl-
glycerol metabolic enzymes. FAS is the key enzyme in fatty
acid synthesis. ACS catalyzes the formation of acyl-CoA from
fatty acids. Acyl-CoA is partitioned between B-oxidation and
triacylglycerol synthesis. When adequate energy is present,
acyl-CoA is utilized mainly for triacylglycerol synthesis in the
liver and adipocytes. The enzyme GPAT is the first step in the
pathway of triacylglycerol synthesis because it catalyzes acyla-
tion of the glycerol-3-phosphate. The gene expression of these
lipogenic enzymes is affected by the nutritional state. Insulin
up-regulates the enzymes, and SREBP-1 may be a major tran-
scriptional factor involved in the insulin regulation of the
lipogenic enzyme expression. Dietary PCC significantly de-
creased the FAS mRNA level even when it was added to the
control diet. Although triacylglycerol accumulation increased
in the HF diet—fed group, the FAS mRNA level was lower in
the liver and epididymal WAT of the HF group than in the
control group and there was a further significant decrease in
that of the HF + PCC group compared with the HF group.
This decrease may have contributed to the suppression of
triacylglycerol accumulation in the HF 4+ PCC group. ACS1
mRNA levels were found to be associated with triacylglycerol

levels in mice (21). Marked increases in the ACSI mRNA
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TABLE 6

mRNA level of lipogenic enzymes and SREBP-1 in the epididymal white adipose tissue (WAT) of mice fed control,
purple corn color (PCC), high fat (HF) and HF + PCC diets for 12 wk1

Control PCC HF HF + PCC

mRNA level,2 %
Fatty acid synthase (FAS) 100 + 12a 60.5 = 9.3b 54.8 + 2.4b 26.2 + 2.4¢
Acyl-CoA synthase1 (ACS1) 100 + 10b 87.8 + 8.8b 157.1 = 12.2a 55.1 = 0.1¢
Glycerol-3-phosphate acyltransferase (GPAT) 100 = 9a 97.6 = 8.9a 1119 + 9.5a 76.2 = 9.5b
Sterol regulatory element binding protein (SREBP-1) 100 + 10a 80.1 = 9.1b 43.6 = 10.5¢ 16.0 = 4.9d

1 Values are means + sem, n = 6. Means in a row without a common letter differ, P < 0.05.
2 The mRNA level was expressed by assigning 100 as the value in mice fed the control diet.
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level in the liver and mesenteric WAT were observed in obese
Zucker fatty rats and ventromedial hypothalamus-lesioned rats
(22,23). The present study showed that the ACS1 mRNA level
was markedly increased in the epididymal WAT of the HF group.
In contrast, it was remarkably down-regulated by PCC feeding.
The acylCoA synthesized by ACS1 can be used for triacylglycerol
synthesis in the WAT through consumption of a HF diet. In
addition, it is noteworthy that the GPAT mRNA level was also
significantly lower in the HF + PCC group compared with the
HF group. These results suggest that such changes also suppressed
triacylglycerol accumulation in the WAT.

SREBP (SREBP-1a, -1c and -2) are synthesized as precur-
sors bound to the endoplasmic reticulum; they regulate the
gene expression of enzymes involved in lipogenesis and cho-
lesterol biosynthesis (24). They are released from the mem-
brane by a sequential two-step proteolytic cleavage. This released
mature form enters the nucleus and promotes transcription of the
target genes. SREBP-1 plays an important role in the response to
activation of lipogenic enzyme expression. Ide et al. (15) clearly
showed that dietary sesamin decreases lipogenic enzyme gene
expression through the reduction of the SREBP-1 mRNA level
and protein content of the precursor and its mature forms. Dietary
PCC could have modulated the release of the mature form and
resulted in the reduction of FAS mRNA level without the ele-
vation of its mRNA level. Our present study demonstrated that
PCC feeding significantly reduced the SREBP-1 mRNA level in
the WAT, suggesting that dietary PCC would at least down-
regulate the gene expression of these enzymes through a reduc-
tion in the SREBP-1 mRNA level.

Minokoshi et al. (25) demonstrated that leptin activates
AMP-activated protein kinase (AMPK) and inactivated ace-
tylCoA carboxylase (ACC) in the skeletal muscle. Inactiva-
tion of ACC decreases during malonylCoA synthesis; it shifts
the balance toward fatty acid oxidation and suppresses triac-
ylglycerol accumulation. The glucose-induced FAS mRNA
level and GPAT activity were also down-regulated by AMPK
(26,27), suggesting that PCC might accelerate direct or leptin-
mediated AMPK activation. Zhou et al. (28) showed that
metformin, which is a drug used for the therapy of type2
diabetes mellitus, down-regulated the SREBP-1 expression,
thereby reducing the FAS mRNA level through AMPK acti-
vation. Therefore, there is a possibility that dietary PCC
inactivated these enzymes and/or down-regulated gene expres-
sion through AMPK activation. Studies on the activation of
AMPK and lipolysis by dietary PCC are now in progress.

In conclusion, dietary C3G-rich PCC significantly suppressed
the development of obesity and ameliorated hyperglycemia in-
duced by HF diet feeding in mice. Dietary PCC suppressed the
mRNA levels of the enzymes included in the fatty acid and
triacylglycerol synthesis accompanied by the reduction of the
SREBP-1 mRNA level in the WAT. These down-regulations
with PCC consumption may contribute to the suppression of
triacylglycerol accumulation in the WAT. Our findings provide a
biochemical and nutritional basis for the use of PCC or antho-
cyanins as a functional food factor, which may have important
implications for preventing obesity and diabetes.
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