JJOURNA AL

AGRICULTURAL A0
FOOD CHEMISTRY
AR T | C_L_El

A R T

J. Agric. Food Chem. 2010, 58, 5597-5603 5597
DOI:10.1021/jf904062¢

Coffee and Caffeine Ameliorate Hyperglycemia, Fatty Liver,
and Inflammatory Adipocytokine Expression in Spontaneously
Diabetic KK-A” Mice
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Epidemiological surveys have demonstrated that habitual coffee consumption reduces the risk of type 2
diabetes. The aim of this work was to study the antidiabetic effect of coffee and caffeine in
spontaneously diabetic KK-A” mice. KK-A” mice were given regular drinking water (controls) or 2-fold
diluted coffee for 5 weeks. Coffee ingestion ameliorated the development of hyperglycemia and
improved insulin sensitivity. White adipose tissue mRNA levels of inflammatory cytokines (MCP-1,
IL-6, and TNF ), adipose tissue MCP-1 concentration, and serum IL-6 concentration in the coffee group
were lower than the control group. Moreover, coffee ingestion improved the fatty liver. Caffeine ingestion
as drinking water also caused an amelioration of hyperglycemia and an improvement of fatty liver.
These results suggest that coffee exerts a suppressive effect on hyperglycemia by improving insulin
sensitivity, partly due to reducing inflammatory cytokine expression and improving fatty liver. Moreover,
caffeine may be one of the effective antidiabetic compounds in coffee.
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INTRODUCTION

Type 2 diabetes is a chronic disease associated with high rates
of morbidity and premature mortality. An alarming increase in
the prevalence of type 2 diabetes is expected, and the need for
preventive action is widely acknowledged. While increased physi-
cal activity and restriction of energy intake can substantially
reduce the incidence of type 2 diabetes, insight into the role of
other lifestyle factors may contribute to additional prevention
strategies for type 2 diabetes.

Coffee is among the most widely consumed beverages in the
world. In 2002, results from a Dutch cohort study (/) demon-
strated that higher coffee consumption was associated with a
lower risk of type 2 diabetes. This finding was confirmed in
subsequent studies (2, 3). Recently, much attention has been
focused on this topic, and it has been hotly discussed (4).

Coffee contains numerous substances; among them, caffeine,
chlorogenic acid, quinides, trigonelline, and lignan have been
shown to affect glucose metabolism in animals or metabolic
studies (9 —11). Nonetheless, it has not been determined which
of these substances is the main antidiabetic compound in coffee.
The physiological effects of caffeine have been widely studied (12).
It is well-known that caffeine acts as an antagonist of adenosine
receptors. Adenosine is an inhibitory neuromodulator involved in
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sleep—wake regulation, and caffeine promotes wakefulness by
acting as an antagonist of adenosine A, receptors (/3). More-
over, some studies have reported that caffeine induces energy
expenditure by increasing thermogenesis (5, /4). From this point
of view, it is expected that caffeine prevents the development of
obesity and, thereby, has an antidiabetic effect. On the other hand,
some compounds other than caffeine in coffee might have an
antidiabetic effect; several cohort studies have reported that
decaffeinated coffee consumption reduces the risk of type 2 dia-
betes as well (15—17).

The potential for suppression of hyperglycemia through a
common beverage such as coffee could be exploited as a strategy
to prevent type 2 diabetes. Thus, an experimental study using a
spontaneously diabetic animal model would be invaluable for
examining the antidiabetic potency of coffee. Nonetheless, few
such studies have been performed. In this study, we used KK-4"
mice that spontaneously develop type 2 diabetes to investigate the
preventive effect of coffee on the development of hyperglycemia.
The KK-4” mouse is a polygenic model for type 2 diabetes; it
shows obesity due to hyperphagia and develops hyperglycemia at 6
weeks of age. Hyperinsulinemia, hypertriglyceridemia, and fatty
liver are also observed. Hence, the hyperglycemia of KK-4" mice
is mainly due to the insulin resistance in peripheral tissues. In
addition, KK-4" mice have been reported to show altered produc-
tion of adipocytokines in adipose tissue compared to nondiabetic
control mice. For example, the production of adiponectin, which is
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an adipocytokine improving insulin sensitivity in peripheral tis-
sues, is decreased in KK-A4” mice (/8). The production of monocyte
chemoattractant protein 1 (MCP-1) and tumor necrosis factor a
(TNF-a), which are adipocytokines inducing insulin resistance in
peripheral tissues, is elevated in KK-4" mice. These alterations in
adipocytokine production could contribute to the incidence of
insulin resistance in KK-4" mice.

In this study, we first examined whether the ingestion of coffee
would prevent the development of hyperglycemia in KK-4" mice.
Second, we investigated the mechanism of action of coffee on the
pathogenesis of type 2 diabetes in KK-A4" mice. Subsequently, to
identify the compound contributing the antihyperglycemic effect,
we attempted to clarify the preventive effect of caffeine on the
development of hyperglycemia. The results show that coffee and
caffeine have antidiabetic effects and suggest that coffee and
caffeine ameliorate insulin resistance in KK-4” mice.

MATERIALS AND METHODS

Chemicals. Black regular canned coffee was a gift from Pokka Corp.
(Aichi, Japan). Coffee was used after 2-fold dilution with water. The
concentrations of caffeine, chlorogenic acid, and trigonelline in the diluted
coffee used in this experiment were 290, 190, and 230 mg/L, respectively.
The caffeine used in experiment 2 was purchased from Wako Pure
Chemical (Tokyo, Japan).

Animals. Four-week-old male KK-4" mice (CLEA, Tokyo, Japan)
were used for all experiments and were maintained at a controlled
temperature of 23 + 3 °C and 55 £ 5% humidity on a 12 h light/dark
cycle. The mice were allowed free access to water and a standard
laboratory diet (CE-2; CLEA Japan, Inc.) for 3 days before the experi-
ments were begun. The composition of the diet was as follows: protein,
254 g/kg; fat, 51 g/kg; non-nitrogenous substances, 506 g/kg; crude fiber,
35 g/kg; crude ash, 67 g/kg; energy, 15.2 MJ/kg; sufficient minerals and
vitamins to maintain the health of mice.

In experiment 1, mice were divided into two groups and given water
(control group, 11 mice) or diluted black coffee (black coffee/water=1:1)
(coffee group, 10 mice) as drinking water. Coffee solutions was prepared
every second day. Nondiluted coffee was stored at —20 °C until the
dilution. Mice were allowed free access to drinking water and diet (CE-2;
CLEA) for 5 weeks. During the course of the experiment, blood samples
were collected from the tail vein once a week for measurement of the serum
glucose concentration. The blood samples were collected from mice at
10:00 a.m., 1 h after the removal of diet. At the end of the experiment, the
mice were killed by decapitation (between 10:00 a.m. and 12:00 p.m.), and
the blood was collected. Using these blood samples, serum insulin,
triglyceride (TG), and total cholesterol (TC) were measured. The liver,
white adipose tissues (WAT) (subcutaneous, epididymal, mesenteric, and
retroperitoneal fat tissues), and interscapular brown adipose tissue (BAT)
were removed. Subcutaneous fat tissue was defined as fat pads below the
root of the forefoot on the side of the body. They were then immediately
frozen using liquid nitrogen and kept at —80 °C until use. The collected
blood was kept at room temperature for 15 min for coagulation. Then, the
serum was obtained from the coagulated blood by centrifugation at 2430g
for 10 min at 4 °C. The serum was kept at —30 °C prior to use. We con-
ducted the same experiment using KK-4" mice twice. In the second
experiment, we performed only the measurement of nonfasting blood
glucose concentration and the insulin tolerance test.

In experiment 2, 10 mice were divided into two groups and given water
(control group, 5 mice) or caffeine solution (250 mg of caffeine/L) (250CA
group, 5 mice) as drinking water. Caffeine solution was prepared every
second day. The other experimental procedures were the same as in
experiment 1.

The animal care and experimental procedures were approved by the
Animal Research Committee of Nagoya University and were conducted
according to the Regulations for Animal Experiments at Nagoya University.

Analysis of Metabolic Parameters. Serum glucose was measured by
the assay kit using glucose oxidase method, Glucose Cll-test (Wako Pure
Chemical). Serum triglycerides and cholesterol concentrations were mea-
sured by the assay kit using the glycerol-3-phosphate oxidase method,
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Triglyceride-E test (WAKO Pure Chemical), and the cholesterol oxidase
method, Cholesterol-E test (Wako Pure Chemical), respectively.

Commercially available ELISA kits were used for determining
the serum concentrations of insulin (Morinaga Seikagaku, Kanagawa,
Japan), MCP-1 (R&D Systems, Minneapolis, MN), and interleukin-6
(Millipore, Bedford, MA).

For determination of the MCP-1 concentration in epididymal WAT,
tissue (0.4 g) was homogenized with PBS that contained protease inhibitor
(Complete Mini; Roche Diagnostics, Tokyo, Japan). After centrifugation
at 2000g for 10 min at 4 °C, the clear aqueous phase under the top lipid
layer were carefully collected into another tube. This aqueous phase were
centrifuged again at 2000g for 10 min at 4 °C. The clear supernatant was
assayed for the presence of MCP-1 by using an ELISA kit (Pierce
Biotechnology, Rockford, IL).

Insulin Tolerance Test (ITT). An ITT was performed at 5 weeks after
the start of the experiment with the following protocol. After a 15 h fast,
blood samples were collected from the tail vein (fasting blood sample,
0 min sample in ITT). Then, human insulin (Humulin; 0.67 unit/kg of BW;
Eli Lilly, Kobe, Japan) solution was injected intraperitoneally. Blood
samples were collected from the tail vein at 30, 60, 120, and 150 min after
the injection, and the serum glucose concentration was measured.

Hepatic Lipid Analysis. Frozen livers were homogenized with chloro-
form/methanol (2:1), and liver lipids were extracted into organic solvents.
A portion of this extract was dried, and the hepatic contents of TG, TC,
and phospholipids (PL) were measured by means of a Triglyceride E-Test,
Cholesterol E-Test, and phospholipid C-Test (Wako Pure Chemical),
respectively. This extract was also used to measure the total lipids content
according to the method of Folch et al. (19).

RNA Preparation and Expression Level Analysis. Total RNA was
extracted from frozen tissues using TRIzol reagent (Invitrogen, Carlsbad,
CA). Then, it was treated with DNase using a Turbo DNA-free kit
(Ambion, Austin, TX). cDNA was synthesized using a High-Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantification of gene expression was measured by real-time PCR that
was performed with an ABI 7300 real-time PCR System using the PCR
Master Mix Reagent and probes (TagMan Gene Expression Assays;
Applied Biosystems). The level of each mRNA was normalized to that of
the corresponding 18S rRNA.

Statistical Analysis. All results are expressed as the means & SEM.
Phenotypic data were statistically analyzed by either Student’s ¢ test or
Welch’s test. When the variances of each group were equal, mean values
were compared using the former test. When the variances of each group
were unequal, significance of differences was determined using the latter
test. Values of p < 0.05 were considered to be statistically significant (Stat
View; SAS Institute, Cary, NC).

RESULTS

Effects of Coffee Ingestion on Blood Glucose Concentration and
Lipid Metabolism in KK-4" Mice (Experiment 1). In experiment 1,
4-week-old KK-4" mice ingested coffee or water as their drinking
water for 5 weeks. The body weight, food intake, and tissue
weights are shown in Table 1. The final body weight did not differ
between the control and coffee groups. The food intake (on days
11—13 and 25—27) was also not different between these two
groups. Coffee ingestion reduced subcutaneous or retroperitoneal
fat tissue weight, but did not affect epididymal or mesenteric fat
tissue or interscapular BAT weights. The liver weight in the coffee
group was significantly lower than that in the control group.
As shown in Figure 1A, the blood glucose concentration in the
control group gradually increased during the course of the
experiment, reaching a maximum of 30.2 £ 1.5 mmol/L. After
the second week, the blood glucose concentrations in the coffee
groups were significantly lower than the respective values in the
control group. Finally, blood glucose concentration in the coffee
group (19.6 £ 1.7 mM) exhibited a 30% decrease compared with
that in the control group (28.1 £ 1.5 mM) (Figure 1A).

The nonfasting serum insulin concentrations at the end of the
experiment in the coffee and control groups were not significantly
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Table 1. Initial and Final Body Weights, Tissue Weights, Serum Components, Inflammatory Markers, and Liver Lipid Contents of KK-A” Mice Treated with Water or

Coffee for 5 Weeks (Experiment 1)?

parameter control (n=11) coffee (n=10) p value

body weight (g)

initial 192 £0.3 19.0+£04 >0.1

final 40.4 +1.0 385+ 0.6 >0.1
food intake (g/100 g of BW/day)

days 11—13 18.6 £ 0.4 18.6 £ 0.3 >0.1

days 25—27 16.8 £ 0.4 158 £ 04 0.0658
tissue weights (g/100 g of BW)

liver 6.40 £ 0.13 5.57 + 0.10 <0.0001

subcutaneous fat 1.80 £ 0.11 1.46 £ 0.09* 0.0259

epididymal fat 352 +£0.10 3.25 £ 0.1 0.0768

retroperitoneal fat 0.90 + 0.04 0.75 £ 0.02 0.0025

mesenteric fat 1.84 £0.09 1.70 £ 0.06 >0.1

interscapular BAT 0.35 +0.03 0.38 + 0.02 >0.1
serum components

nonfasting insulin (final; ng/mL) 12.89 + 2.61 9.51 +1.64 >0.1

nonfasting TG (mmol/L) 4.20 + 0.31 3.39 + 0.16* 0.0346

nonfasting TC (mmol/L) 3.50 +0.24 4.05+0.19 >0.1
inflammatory markers

serum MCP-1 (pmol/L) 3.35+0.28 257 +£0.22 0.0726

serum IL-6 (pg/mL) 534 +1.21 2.54 + 0.50" 0.0478

MCP-1, epididymal fat (pmol/g of tissue) 0.053 + 0.005 0.039 £ 0.002" 0.0163
liver lipids

total lipids (mg/100 g of BW) 437 £33 320 + 15° 0.0059

TG («mol/100 g of BW) 179 £ 15 117 £ 10" 0.0035

TC (umol/100 g of BW) 477 +15 435 £ 1.0 0.0393

PL (umol/100 g of BW) 141+£5 130 £3 >0.1

#Data are expressed as means + SE; *, p < 0.05 versus the control group. BAT, brown adipose tissue; TG, triglyceride; TC, total cholesterol; PL, phospholipid; BW,

body weight.

different (Table 1). To confirm the effect of coffee ingestion on
insulin sensitivity, an ITT was performed 5 weeks after the start of
the experiment. The glucose-lowering effect of insulin was greater
in the coffee group compared to the control group, and the blood
glucose concentration at 60 or 150 min after the injection in the
coffee group was significantly lower than the respective value in
the control group (Figure 1B).

The serum TG and TC concentrations, liver total lipids
content, liver TG content, liver TC content, and liver PL content
in experiment 1 are shown in Table 1. The serum TG concentra-
tion was lower in the coffee group than the control group. On the
other hand, the serum TC concentration did not differ between
the control and coffee groups. The liver total lipids content, TG
content, and TC content were significantly lower in the coffee
group than in the control group. Liver PL content did not differ
between these two groups.

Alteration of Aipocytokine mRNA Levels in the Epididymal Fat
Tissue by Coffee Ingestion (Experiment 1). To investigate the
mechanism by which coffee improves insulin sensitivity, we
measured epididymal fat tissue mRNA levels of adipocytokines
that are known to influence insulin sensitivity. The results are
shown in Figure 2A. MCP-1, TNF-q, and IL-6 are adipocyto-
kines that cause insulin resistance in peripheral tissues. MCP-1,
TNF-a, and IL-6 mRNA levels in the coffee group were
significantly lower than the respective levels in control group.
The mRNA level of F4/80, one of the marker molecules of
macrophages, was lower in the coffee group than in the control
group. Adiponectin and leptin are adipocytokines that improve
insulin sensitivity. Adiponectin and leptin mRNA levels did not
differ between the control and coffee groups. The serum
concentration of MCP-1 in the coffee group tended to be lower
than that in the control group (Tablel), but not significantly
so. The MCP-1 concentration in epididymal fat tissue and
serum IL-6 concentration were significantly lower in the coffee

group compared with the respective values in the control group
(Table 1).

Alteration of Gene Expression in the Liver by Coffee Ingestion
(Experiment 1). Coffee ingestion decreased the liver TG content
compared with that in the control group (Table 1). We measured
the hepatic levels of the mRNA of genes relating to fatty acid
synthesis, fatty acid oxidation, and insulin signaling, and the
results are shown in Figure 2B. Sterol regulatory element binding
protein-1 (SREBP-1) is indicated to up-regulate the expression of
fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC),
which are regulatory enzymes of fatty acid synthesis (20). Con-
versely, SREBP-1 down-regulates the expression of insulin recep-
tor substrate-2 (IRS-2), that is, the intracellular substrate of
phosphorylation by insulin action (27). As shown in Figure 2B,
the SREBP-1 and FAS mRNA levels in the coffee group were
lower than those in the control group. The hepatic mRNA level of
ACC was not different between the control and coffee groups.
The hepatic IRS-2 mRNA level in the coffee group was higher
than that in the control group. On the other hand, peroxisome
proliferator activator receptor oo (PPAR-q) is a transcriptional
factor that up-regulates the expression of carnitine palmitoyl-
transferase-1 (CPT-1), the regulatory enzyme in fatty acid
p-oxidation. Hepatic PPAR-ot and CPT-1 mRNA levels did not
differ between the control and coffee groups.

Antidiabetic Action of Caffeine as an Effective Compound in
Coffee (Experiment 2). To investigate the antidiabetic action of
caffeine in coffee, we treated KK-4" mice with caffeine solution
(250 mg/L) as drinking water in experiment 2. The caffeine
concentration (250 mg/L) was comparable to the concentration
in the diluted coffee solution used in experiment 1.

The final body weight and food intake (on days 11—13 and
25—27) did not differ between the control and caffeine groups
(Table 2). However, the liver, subcutaneous fat, epididymal fat, or
retroperitoneal fat weights in the 250 mg of caffeine/L (250CA)
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Figure 1. Time course of blood glucose concentration and insulin sensi-
tivity in the control and coffee groups (experiment 1): (A) time course of
blood glucose concentration of KK-A” mice in the control (n = 11) or coffee
(n=10) group; (B) glucose-lowering effect of insulin in the insulin tolerance
testin KK-A” mice after 5 weeks of treatment with water or coffee. Data are
the means + SE; %, p < 0.05 versus the control group.

group were significantly lower than the respective values in the
control group. The blood glucose concentration during the course
of the experiment is shown in Figure 3. Hyperglycemia developed
in the control group. In the 250CA group, the blood glucose
concentration tended to be lower than the control group at all
time points after the second week of the experiment. The blood
glucose concentration in the 250CA group on day 21 was
significantly lower than the respective value in the control group.
At 5 weeks, blood glucose concentration in the 250CA group
(15.7 £ 2.6 mM) exhibited a 25% decrease compared with that in
the control group (21.7 £ 2.3 mM) (Figure 3). The nonfasting
serum insulin concentration was not significantly different bet-
ween two groups at the end of the experiment (Table 2). These
results show that caffeine ingestion, like coffee ingestion, amelio-
rates the development of hyperglycemia.

The serum TG and TC concentrations in the 250CA group
were significantly lower than those in the control group (Table 2).
The hepatic total lipids and TG contents were significantly
decreased in the 250CA group compared with the control group.
Thus, caffeine ingestion seems to ameliorate the development of
hypertriglyceridemia and fatty liver.

The adipocytokine mRNA levels in epididymal fat tissue in the
control and 250CA groups are shown in Figure 4A. MCP-1 and
F4/80 mRNA levels in the 250CA group were lower than those in
the control group. The TNF-a, IL-6, and adiponectin mRNA
levels were not different between the two groups. The leptin
mRNA level was significantly lower in the 250CA group than in
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Figure 2. Epididymal fat tissue and hepatic mRNA levels: (A) epididymal
fat tissue mRNA levels of the indicated genes determined by real-time RT-
PCR (results were expressed as fold change versus the control group set
to 1 unit); (B) hepatic mRNA levels of the indicated genes determined by
real-time RT-PCR (results were expressed as fold change versus the
control group set to 1 unit). Mice in the control (n = 11) or coffee (n=10)
group were treated with water or coffee, respectively, for 5 weeks. Data are
the means + SE; *, p < 0.05 versus the control group.

Table 2. Initial and Final Body Weights, Tissue Weights, Serum Components,
Inflammatory Markers, and Liver Lipid Contents of KK-A” Mice Treated with
Water or 250 mg/L (250CA) Caffeine Solution for 5 Weeks (Experiment 2) *

parameter control (n=5) 250CA (n=5) pvalue

body weight (g)

initial 19.8 +0.3 19.9 £ 0.3 >0.1

final 40.0 £0.7 38612 >0.1
food intake (g/100 g of BW/day)

days 11—13 18.3+0.8 18.0 £ 04 >0.1

days 25—27 16.0 + 1.1 13.1+1.2 >0.1
tissue weights (g/100 g of BW)

liver 6.09+0.14 538+ 0.22° 0.0253

subcutaneous fat 174+ 006  1.38+£0.10* 0.0141

epididymal fat 379+014 334 +0.13° 0.0447

retroperitoneal fat 091 4+0.03 0754 0.03° 0.0049

mesenteric fat 153 +£0.09 145+£0.07 >0.1

interscapular BAT 041+003 0444003 >01
serum components

nonfasting insulin (ng/mL) 8.42 £+ 2.01 5.62 + 1.53 >0.1

nonfasting TG (mmol/L) 498 +0.34  3.07 + 043 0.0083

nonfasting TC (mmol/L) 495+0.18  3.81+0.34* 0.0214
inflammatory markers

serum MCP-1 (pmol/L) 375+041 299+040 >0.1

MCP-1, epididymal fat (pmol/g of tissue) 0.046 + 0.004 0.031 &+ 0.003 0.0101
liver lipids

total lipid (mg/100 g of BW) 448 + 28 343 419" 00144
TG (umol/100 g of BW) 114+9 81+ 8* 0.0251
TC (umol/100 g of BW) 495+13  453+23 >0
PL (umol/100 g of BW) 147 £ 6 143 £ 6 >0.1

*Data are expressed as means + SE; *, p < 0.05 versus the control group. BAT,
brown adipose tissue; TG, triglyceride; TC, total cholesterol; PL, phospholipid; BW,
body weight.

the control group. Caffeine ingestion did not significantly de-
crease the serum concentration of MCP-1. However, the MCP-1
concentration in epididymal fat tissue in the 250CA group was
significantly lower than that in the control group (Table 2). The
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Figure 3. Time course of blood glucose concentration in the control and
250CA groups (experiment 2). Data are the means + SE; %, p < 0.05
versus the control group.
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Figure 4. Epididymal fat tissue and hepatic mRNA levels.: (A) epididymal
fat tissue mRNA levels of the indicated genes determined by real-time
RT-PCR (results were expressed as the fold change versus the control
group set to 1 unit); (B) hepatic mRNA levels of the indicated genes
determined by real-time RT-PCR (results were expressed as fold change
versus the control group set to 1 unit). Mice in the control (n=5) or 250CA
(n = 5) groups were treated with water or 250 mg/L caffeine solution,
respectively, for 5 weeks. Data are the means + SE; %, p< 0.05 versus the
control group.

change in epididymal fat tissue MCP-1 concentration paralleled
the change in the MCP-1 mRNA level in epididymal fat tissue by
caffeine ingestion.

As shown in Figure 4B, in the liver, SREBP-1 and FAS
mRNA levels were significantly lower in the 250CA group
compared with the control group. The ACC, PPAR-a and
CPT-1 mRNA levels were not different between these two
groups. The TRS-2 mRNA level tended to be increased by
caffeine treatment, but not significantly. Thus, the alterations
of mRNA levels observed in the livers of mice treated with
caffeine were almost similar to those observed in the mice
treated with coffee.
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DISCUSSION

In this study, we demonstrated that coffee ingestion amelio-
rated the development of hyperglycemia in KK-4" mice, which
spontaneously develop type 2 diabetes. KK-4" mice develop
hyperglycemia and hyperinsulinemia mainly due to insulin resis-
tance in peripheral tissues. The antidiabetic effect of coffee
observed in this study was not due to the reduction of food intake
or body weight loss of KK-4" mice. From the results in the ITT,
coffee ingestion enhanced the insulin sensitivity in KK-4” mice. It
is considered that the improvement of insulin resistance by coffee
ingestion contributes to its suppressive effect on hyperglycemia.

The expression of inflammatory cytokines, such as TNF-a,
MCP-1, and IL-6, in adipose tissue is up-regulated in obesity and
type 2 diabetes, suggesting that these adipocytokines contribute
toinsulin resistance (22,23). TNF-ais indicated to phosphorylate
serine/threonine residue of IRS-1 through the activation of JINK
(c-jun N-terminal kinase), IKKf (inhibitor of NF-«B kinase f3),
PKC (protein kinase C), or ERK (extracellular signal-related
kinase) (24). Phosphorylation of IRS-1 by TNF-a interferes with
the subsequent insulin-stimulated tyrosine phosphorylation of
IRS-1, leading to insulin resistance. MCP-1 is a significant signal
that triggers macrophage infiltration into adipose tissues and that
leads to inflammation (25, 26). The expression of MCP-1 in
adipocytes is up-regulated by TNF-o or the mitogen-activated
protein kinase (MAPK) pathways (27). In addition, MCP-1 has
been reported to play a crucial role in the development of insulin
resistance in various tissues by acting through its receptor,
chemokine C—C motif receptor 2 (CCR2) (28). IL-6 up-regulates
suppressor of cytokine signaling (SOCS) expression through
activation of the Janus kinase-signal transduction and activator
of transcription (JAK-STAT) pathway in liver and adipose
tissues and inhibits insulin signaling (29, 30). The expression of
IL-6 is also induced by TNF-o. In this study, coffee ingestion
significantly decreased MCP-1, TNF-a, and IL-6 mRNA levelsin
adipose tissue. A significant decrease of MCP-1 concentration in
the adipose tissue, a nonsignificant tendency of decrease in serum
MCP-1 concentration, and a significant decrease in serum IL-6
concentration were observed in the coffee group compared to the
control group. Moreover, coffee ingestion decreased the adipose
tissue mRNA level of F4/80, which is a macrophage marker.
From these results, coffee ingestion lowers the production of the
inflammatory adipocytokines and restrains adipose tissue inflam-
mation, leading to the amelioration of insulin resistance in
various tissues.

It has been elucidated that fatty liver causes insulin resistance in
liver (37). Interestingly, in this study, coffee ingestion caused an
improvement of dyslipidemia, which is one of the characteristic
conditions of KK-4" mice; that is, coffee ingestion improved fatty
liver and reduced the serum TG concentration. Then, we exami-
ned alterations in the hepatic expression of genes involved in fatty
acid synthesis and oxidation. Our results showed that the expression
of genes related to fatty acid synthesis was decreased in the mice
administered coffee. Expressions of the FAS and ACC genes are
known to be up-regulated by the transcription factor SREBP-
1 (20). In this study, the hepatic expression of the SREBP-1 and
FAS genes was lowered by coffee ingestion. Although the expres-
sion of ACC was not changed by coffee ingestion, the reason for this
insensitivity of ACC to coffee ingestion is not clear. On the other
hand, coffee ingestion did not affect the hepatic expression of genes
related to fatty acid oxidation. Thus, it is supposed that fatty acid
synthesis was decreased by coffee ingestion, leading to the improve-
ment of fatty liver. In addition, it has been reported that the
expression of IRS-2 is down-regulated by SREBP-1 (27). In this
study, we observed that the hepatic expression of the IRS-2 gene
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was increased by coffee ingestion. Thus, it was considered that this
increase in IRS-2 expression contributed to the improvement of
hepatic insulin resistance in the coffee group. Ueki et al. (32)
reported that SREBP-1 expression is increased by SOCS1 and
SOCSS3, the expressions of which are stimulated by inflammatory
cytokines, especially by IL-6 (33). The result of Ueki et al. (32) and
the present findings suggest that the decreased production of
inflammatory cytokines in the adipose tissue by coffee ingestion
causes the reduction of SREBP-1 expression in the liver via a
reduction in SOCS expression.

Among the components included in coffee, we chose to test the
efficacy of caffeine in reducing hyperglycemia. We found that
caffeine was effective at ameliorating the development of hyper-
glycemia. It has been reported that caffeine induces thermogene-
sis and energy expenditure in humans (5). In animal experiments,
some reports have shown that long-term consumption of caffeine
decreases subcutaneous adipose tissue weight, blood TG concen-
tration, and hepatic TG concentration (34, 35). In this study,
coffee and caffeine ingestion decreased subcutaneous, epididy-
mal, and retroperitoneal fat tissue weights. Other studies have
reported that intraperitoneal injection of caffeine increased un-
coupling protein-1 (UCP-1) expression in brown adipose tissue,
which provoke energy expenditure (/4). However, in this study,
coffee ingestion did not alter UCP-1 expression in interscapular
BAT (data not shown). On the other hand, we observed that
caffeine ingestion, as well as coffee ingestion, reduced the expres-
sions of inflammatory cytokine genes in WAT and the hepatic
expression of genes relating to fatty acid synthesis. Our results are
supported by a previous study in which caffeine decreased TNF-o.
expression in a primary culture of human adipocytes (36). On the
other hand, caffeine ingestion significantly decreased leptin
expression in adipose tissue, but coffee ingestion did not. At
present, we did not address the explanation of this difference in
the action on leptin expression between caffeine and coffee. We
are planning to clarify the action of caffeine on adipocytokine
expression by using cultured adipocytes.

Previous epidemiological studies have demonstrated that not
only coffee ingestion but also decaffeinated coffee ingestion
correlates with a reduction in diabetes incidence (/15—17). It has
been reported that decaffeinated coffee ingestion might improve
insulin sensitivity of skeletal muscle in rats (37). In the present
study, the caffeine concentration in the drinking water used in
experiment 2 was the same as that in the diluted coffee used
in experiment 1. However, the effectiveness of the caffeine in
experiment 2 was a little less than that of the diluted coffee. In
addition, previous studies have reported that the coffee compo-
nents except for caffeine have a beneficial effect on glucose
metabolism in rats (6 —11). Shearer et al. (9) reported the unique
action of 3,4-diferuloyl-1,5-quinide, which is involved in roasted
coffee at small concentration. In their study, the administration of
this compound improved insulin action during hyperinsulinemic-
euglycemic clamps in rats. In addition, in coffee there might exist
compounds having synergistic or antagonistic action with caf-
feine action. Taken together, these results lead us to speculate that
there are antidiabetic compounds in coffee other than caffeine.
We are currently searching for these unidentified compounds.

In conclusion, we have demonstrated that coffee had an
antidiabetic effect in spontaneously diabetic KK-4" mice. It
was suggested that this effect emerged partly via the reduced
expression of inflammatory cytokines in white adipose tissue and
partly via the amelioration of fatty liver. Moreover, our results
indicated that caffeine is one of the most effective antidiabetic
compounds in coffee. We hope to identify the target tissues upon
which coffee or caffeine acts directly, as well as effective anti-
diabetic compounds other than caffeine. However, the present
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results suggest that coffee consumption may help to prevent type
2 diabetes and metabolic syndrome.

ABBREVIATIONS USED

ACC, acetyl-CoA carboxylase; BAT, interscapular brown adi-
pose tissue; CCR2, chemokine C—C motif receptor 2; CPT-1,
carnitine palmitoyltransferase-1; FAS, fatty acid synthase; IL-6,
interleukin-6; TRS2, insulin receptor substrate-2; ITT, insulin
tolerance test; MCP-1, monocyte chemoattractant protein 1; PL,
phospholipids; PPAR-a, peroxisome proliferator activator recep-
tor-a; SOCS, suppressor of cytokine signaling; SREBP-1, sterol
regulatory element binding protein-1; TC, total cholesterol; TG,
triglyceride; TNF-a, tumor necrosis factor o; UCP-1, uncoupl-
ing protein-1; WAT, white adipose tissues; 250CA, 250 mg of
caffeine/L.
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