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Abstract

The lifespan of diabetic patients is 7–8 y shorter than that of the general population because of hyperglycemia-induced

vascular complications and damage to other organs such as the liver and skeletal muscle. Here, we investigated the

effects of epicatechin, one of the major flavonoids in cocoa, on health-promoting effects in obese diabetic (db/db) mice

(0.25% in drinking water for 15 wk) and Drosophila melanogaster (0.01–8 mmol/L in diet). Dietary intake of epicatechin

promoted survival in the diabetic mice (50%mortality in diabetic control group vs. 8.4% in epicatechin group after 15 wk of

treatment), whereas blood pressure, blood glucose, food intake, and body weight gain were not significantly altered.

Pathological analysis showed that epicatechin administration reduced the degeneration of aortic vessels and blunted fat

deposition and hydropic degeneration in the liver caused by diabetes. Epicatechin treatment caused changes in diabetic

mice that are associated with a healthier and longer lifespan, including improved skeletal muscle stress output, reduced

systematic inflammation markers and serum LDL cholesterol, increased hepatic antioxidant glutathione concentration and

total superoxide dismutase activity, decreased circulating insulin-like growth factor-1 (from 303 6 21 mg/L in the diabetic

control group to 1896 21mg/L in the epicatechin-treated group), and improved AMP-activated protein kinase-a activity in the

liver and skeletal muscle. Consistently, epicatechin (0.1–8 mmol/L) also promoted survival and increased mean lifespan of

Drosophila. Therefore, epicatechin may be a novel food-derived, antiaging compound. J. Nutr. 141: 1095–1100, 2011.

Introduction

It is estimated that at least 23.6 million, or ;8%, of Americans
presently suffer from diabetes, and 57 million people are
prediabetic in the US (1). The life expectancy of diabetic
individuals is reduced by 7.5–8.2 y compared with that of
nondiabetics (2), which is primarily due to diabetes-caused
complications. Previous studies indicate that hyperglycemia,
dyslipidemia, and hyperinsulinemia cause vascular complica-
tions and subsequent damage to multiple organs, including the
liver, skeletal muscle, and the nervous system (3,4). Therefore,
ameliorating these complications can promote health and
survival of diabetic patients.

Recent epidemiological studies indicate that people living on
San Blas island, who are known to consume a large quantity of
flavanol-rich cocoa beverage daily, have a considerably lower
incidence of ischemic heart disease, stroke, and diabetes, and a
remarkably longer lifespan compared with those who live on the
mainland of Panama (5). Interestingly, these differences dis-
appeared when people from San Blas island migrated to Panama
City, where the quantity of cocoa consumption was considerably
reduced (6). Consistently, recent human studies demonstrated
that dietary intake of cocoaor chocolate can improve bloodvessel
function, insulin sensitivity, blood pressure, and inflammation
(7). These data suggest that cocoa may exert health-promoting
effects, although the specific cocoa components primarily
responsible for these actions are not known.

It was recently reported that consumption of a flavanol-rich
cocoa beverage increased flow-mediated vasodilation in humans
that was associated with an increased plasma level of NO, the
major vasodilator in the circulation (8). In line with this finding,
another study found that intake of cocoa flavanols improved
flow-mediated dilatation in type 2 diabetic patients (9), suggest-
ing that thebeneficial effects of cocoaonhumanvascular function
may be at least partially attributable to flavanols. Although the
various beneficial effects of cocoa were primarily investigated
using healthy humans or animals (5), there are very few studies, to
our knowledge, that have examined if cocoa flavanols have
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health-promoting effects in diabetic individuals. In the present
study, we investigated whether and how dietary consumption of
epicatechin improves health and promotes survival of obese
diabetic mice.

Methods and Materials

Experimental animals
Obese diabetic mice. Five-week-old male, obese, diabetic (BKS.Cg-m
+/+Lepr db/J, db/db) mice and their lean littermates [C57BLKS/J, used as

normal control (Con)] were purchased from Jackson Laboratory. Mice

were housed in an environmentally controlled (23 6 28C; 12-h-light/-
dark cycle) animal facility and were provided free access to a rodent diet
(AIN 93G diet; Dyet) (10). Diabetic mice were randomly divided into 2

groups (n = 12) and given either 0% [diabetic control (db)] or 0.25%

epicatechin (db+EC) in drinking water for 15 wk. This dose of

epicatechin [;150 mg/kg body weight (BW)8 equivalent] was calculated
based on previous experiments using cocoa products in humans (100–

400 mg/kg BW) and the mean concentration of flavanols in cocoa (11).

To ensure its stability, stock epicatechin was stored at 2808C and its
water solution kept away from light. Fresh epicatechin solution was

made and provided to mice every other day. BW and food and water

intake were monitored weekly. The general clinical condition and

mortality of the mice were monitored daily. The criteria for euthanasia
of mice were independently assessed by a veterinarian according to

Association for Assessment and Accreditation of Laboratory Animal

Care guidelines. Mice with a BW , 30% of original BW were eu-

thanized by inhalation of CO2 and censused. Before and at the end of the
experiment, blood pressure was measured using a computerized nonin-

vasive blood pressure system (Kent Scientific) as previously described

(12) and blood glucose levels in tail vein blood samples were determined
by using a glucometer (Roche). At 20 wk of age, the remaining mice

were euthanized using CO2 and their blood and tissues were collected

for biochemical and physiological analyses. The animal protocol was

approved by the Institutional Animal Care and Use Committee at
Virginia Tech.

Drosophila melanogaster. Wild-typeDrosophila strain Canton-S was

purchased from Bloomington Drosophila Stock Center at Indiana
University. Fruit flies were incubated in the refrigerator incubator at

258C with a 12-h–light/-dark cycle, a standard condition for this type of

research. Newly eclosed male adults were divided into 5 groups (30 flies/

group) and provided a standard diet (2% agar, 10% yeast, 10% sucrose;
Carolina Biological Supply) containing 0, 0.01, 0.1, 1, or 8 mmol/L

epicatechin (Sigma-Aldrich), which are equivalent to a range of daily

intake of 41.76 mg–41.76 mg/kg BW. We used this dose range, because it
overlaps that humans consumed through the intake of cocoa products or

flavanol supplements [14–42 mg flavanols/(kg BW×d)] (13). Flies were

transferred to fresh food vials every 3 d and themortalitywas scored after

each transfer.

Measurements of serum biological markers
and hepatic antioxidants
Serum total cholesterol, HDL-cholesterol, and TG in feed-deprived mice
were measured using a PTS CardioChek Blood Analysis Meter (Maria

Stein) according to the manufacturer’s instructions. LDL-cholesterol was

calculated using the formula from the manual of the analysis meter:
LDL-cholesterol = total cholesterol – HDL-cholesterol 2 TG/5. Serum

C-reactive protein (CRP) was measured using a highly sensitive 2-site

ELISA kit (Immunology Consultants Laboratory). Cytokines and

chemokines from serum, including IL-5, IL-1b, and TNFa, were tested
by using a Luminex mouse cytokine array assay (Capital Biosciences) as

previously described (14). The level of glutathione (GSH) and total

activity of superoxide dismutase (SOD) in the liver were measured as we

previously described (15). The serum insulin-like growth factor-1 (IGF-
1) concentration was measured using an ELISA kit (R&D Systems).

Pathological analysis
Fresh aorta and livers were fixed in 10% phosphate buffered neutral
formalin, embedded in paraffin, cut at thicknesses of 5 mm, and then

stained with hematoxylin and eosin for histological examination of

atherosclerotic and hepatic lesions. Three sections from eachmouse were

examined. The pathological alterations in the aortawere graded based on
the presenceof vacuoles, subendothelial deposits, loss of elastic fibers, and

plaques (0 = normal, 1 = smooth muscle vacuoles, 2 = smooth muscle

vacuoles and subendothelial deposits, 3 = vacuoles, subendothelial
deposits, loss of elastic fibers, and 4 = vacuoles, subendothelial deposits,

loss of elastic fibers, plaques). The liver lesions were scored according to

the levels of vacuolar change (hydropic degeneration or lipidosis) in

hepatocytes (1 = 0–10%, 2 = 10–30%, 3 = 30–50%, and 4 = .50% of
hepatocytes affected).

Skeletal muscle function assays
Extensor digitorum longus (EDL) muscles were surgically excised from
dead mice and secured via a 4–0 suture to a dual-mode servomotor

(Aurora Scientific) to determine contractile function as we described (16).

Stress output (g/mm2) was calculated as the force output (g) for a given
stimulation normalized to the estimated cross-sectional area (mm2) of

themuscle. The cross-sectional area of eachmuscle was determined using

the following equation: muscle cross-sectional area = muscle mass in

g/(1.056 g/cm3 3muscle length in cm).

Immunoblot analysis
Equal amounts of proteins from the liver or skeletal muscle lysates were

subjected to immunoblot analysis as previously described (12). Mem-
branes were probed with an antibody against phospho-AMP-activated

protein kinase-a (AMPKa) (Cell Signaling Technology). The protein

bands were digitally imaged for densitometric quantitation with a

software program Genetools (Synoptics Limited). The expression of
phospho-AMPKa was normalized to the total AMPKa level from the

same sample.

Statistical analysis
Survival curveswere plotted using theKaplan-Meiermethod including all

availablemice at each time point (17), and the Logrank testwas applied to

compare the survival distributions of control and epicatechin-treated
groups. We used a mixed-model ANOVA with repeated measures for

comparison of stress-frequency (factors: genotype and stimulation

frequency) and fatigue (factors: genotype and time) profiles of skeletal

muscle, and Tukey’s test was used for post hoc analyses. The results from
pathological analysis of the liver and aorta were analyzed using Kruskal-

Wallis test and significant differences between treatment groups were

further analyzed using the Mann-Whitney U test. All other data were
analyzed with 1-way ANOVA and significant differences between

treatment groups were further analyzed using t test. P , 0.05 was

considered significant.

Results

Dietary supplementation of epicatechin promotes survival
of diabetic mice. At 20 wk of age, 50% of the mice in the db
group had died, whereas the mortality rate was only 8.3% in the
db+EC group (P = 0.02) (Fig. 1). Although the sample size (n =
12/group) was relatively small for a typical survival study, we
think that the observed effect of epicatechin on the survival of
diabetic mice is a real effect of this compound, because such a
large difference between the 2 groups was unlikely due to
random variation. In addition, the statistical power from this
sample size and obtained data was 0.88, which exceeds the
minimal statistical power of 0.80 required for the adequacy of

8 Abbreviations used: AMPK, AMP-activated protein kinase; BW, body weight;

Con, normal control; CRP, C-reactive protein; db, diabetic control; db+EC,

diabetic mice treated with epicatechin; EC, epicatechin; EDL, extensor digitorum

longus; GSH, glutathione; IGF-1, insulin-like growth factor-1; SOD, superoxide

dismutase.
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sample sizes at a = 0.05. The BW of db+EC mice tended to be
lower (9.4%) than that of db mice (P = 0.10) (Table 1). Notably,
epicatechin did not alter food intake, blood glucose levels, or
blood pressure, except that db+EC mice drank less water than
db mice (P = 0.01) (Table 1). These results suggest that the effect
of epicatechin on lifespan is not secondary to changes in these
variables.

Epicatechin ameliorates pathological alterations in the
aorta and liver. Ingestion of epicatechin for 15 wk prevented
the development of aortic lesions caused by diabetes (P , 0.01)
(Supplemental Fig. 1; Table 1), which was evaluated according
to the levels of vacuoles, subendothelial deposits, loss of elastic
fibers, and plaques in the aorta. In the liver, histopathological
examination indicated severe fat deposition and hydropic
degeneration in hepatocytes of db mice, which was prevented
in the db+EC group (P , 0.05) (Supplemental Fig. 1; Table 1).
These protective effects in the aorta and liver may contribute to
the increased survival rate of diabetic mice by dietary intake of
epicatechin.

Epicatechin improves age-related biomarkers in diabetic
mice. Consistent with observations of the pathological altera-
tions in vital organs and remarkably shortened lifespan ofmice in
the db group, circulating levels of CRP and IL-1b were signifi-
cantly elevated in the db group compared with those in the Con
group (Table 2). However, dietary intake of epicatechin signif-
icantly reduced these inflammatory markers, indicating that
epicatechin may suppress chronic inflammation caused by
diabetes. In addition, the GSH concentration and total SOD
activity in the livers of the db+ECgroupwere significantly greater,
whereas these antioxidants were not altered in the db group

compared with the Con group (Table 2). Furthermore, serum
total and LDL-cholesterol levels were significantly greater in the
db group than those in the Con group, but these increases were
prevented in the db+EC group, which did not differ from the Con
group (Table 2). Moreover, serum IGF-1 levels were significantly
lower in the db+EC group than in the db and Con groups (Table
2). Low serum IGF-1 levels have been shown to play an important
role in lifespan regulation and aging in several animal models
(18).

Epicatechin improves skeletal muscle function in diabetic
mice. Absolute EDL stress output at all stimulation frequencies
tested was significantly improved in the db+EC group compared
with the db and Con groups (Fig. 2A). Consistently, EDL from
the db+EC mice generated more stress than that from db and
Con mice throughout a fatigue protocol (Fig. 2B). These data
suggest that epicatechin improved skeletal muscle function.

Epicatechin improves AMPKa activity in the liver and
skeletal muscle of diabetic mice. AMPKa activity was
reduced in the liver of diabetic mice. However, epicatechin
restored AMPKa activity to the level comparable to that in Con
mice, whereas protein expression of AMPKa was not altered
(Fig. 3A). In addition, the levels of AMPKa phosphorylation in
skeletal muscle from the db+EC group were significantly higher
than those from the db group (Fig. 3B). This result suggests that
epicatechin may be a novel lifespan extension molecule through
regulation of AMPK activity.

Epicatechin increase lifespan of Drosophila. To confirm
whether epicatechin is a novel lifespan extension agent, we
treatedDrosophilawith various doses of epicatechin throughout
their lifespan. We found that mean lifespan was greater in the
groups receiving 0.1–8 mmol/L epicatechin than in those receiv-
ing no or less epicatechin (Fig. 4A). Consistently, epicatechin (0.1
mmol/L) significantly promoted survival of the fruit flies (Fig.
4B), further indicating that epicatechin is a food-derived,
antiaging compound.

Discussion

Individuals with diabetes live 7.5–8.2 y less than their nondia-
betic equivalents (2), and diabetes-triggered complications,
particularly cardiovascular and liver diseases (1), are the primary
causes of death in diabetic patients. In the present study,we found
that epicatechin treatment promoted survival of obese diabetic
mice. Notably, epicatechin treatment had no effect on hypergly-
cemia, food intake, and BWgain of diabetic mice, suggesting that
a lifespan extension effect of epicatechin is not a secondary action

TABLE 1 Physiological variables of mice at baseline and 15 wk of epicatechin treatment1

Baseline 15 wk

Con db db+EC Con db db+EC

BW, g 19.0 6 0.4b 31.5 6 0.6a 31.1 6 0.6a 24.2 6 0.3a* 28.4 6 3.4a* 25.8 6 1.8a*

Food intake, g/d 2.4 6 0.5b 4.9 6 0.8a 5.2 6 0.7a 2.3 6 0.6b 5.2 6 1.0a 5.3 6 0.9a

Water intake, g/d 5.6 6 1.2b 18.2 6 2.7a 16.7 6 2.3a 7.8 6 1.3c 44.4 6 1.4a* 35.5 6 1.4b*

Blood glucose, mmol/L 181 6 18.2b 312 6 28.4a 376 6 30.4a 179 6 5.3b 512 6 24.2a* 569 6 16.8a*

Systolic blood pressure, mm Hg 159 6 4.8 154 6 5.0 162 6 5.4 169 6 8.5 148 6 8.0 146 6 3.5

Mice, n 12 12 12 12 6 11

1 Values are means 6 SEM. Means at a time with superscripts without a common letter differ, P , 0.05. *Different from baseline,

P , 0.05.

FIGURE 1 Lifespan in normal Con, db, and db+EC mice treated for

15 wk. n = 12. Curves without a common letter differ, P , 0.01.
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whereby it modulates these variables in diabetic mice. However,
epicatechin attenuated diabetes-induced aortic and hepatic
pathogenesis and improved various biomarkers that are associ-
ated with a longer and healthy lifespan, including improved
skeletal muscle function, reduced systematic inflammation and
blood cholesterol, increased hepatic antioxidant status, de-
creased circulating IGF-I, and improved AMPKa activity in the
liver and skeletal muscle. These findings suggest that epicatechin
may be a food-derived, antiaging agent that directly exerts
protective effects on the tissues such as the liver, skeletal muscle,
and vasculature.

Progressive rises of systemic inflammation, oxidative stress,
and circulating lipid abnormalities are increasingly recognized
to play an important role in the aging process and age-related
disorders such as diabetes and vascular dysfunction (19). Indeed,
CRP is an independent vascular inflammation maker (20), and
inflammatory cytokine IL-1b, which participates in fundamental

inflammatory processes, is a predictor of mortality associated
with age-related chronic diseases (21). Thus, agents that can
lower inflammation and oxidative stress and improve lipid
metabolism potentially prevent or delay various age-associated
degenerative diseases. Indeed, epicatechin intake decreased
serum proinflammatory markers such as CRP and IL-1b and
reduced serum LDL cholesterol in db/db mice. Impairment of
the antioxidant defense system, including reduced GSH content
and SOD activity and subsequent elevation in oxidative stress,
often occurs in obesity and diabetes (22,23). In line with
previous studies showing that tea catechins can upregulate
hepatic or GSH content, thereby protecting the liver from injury
(24), we found that epicatechin increased hepatic the GSH level
and total SOD activity in diabetic mice. A limitation of this study
is that we did not separately measure mitochondrial and
cytosolic SOD activity, given that mitochondrial dysfunction is
increasingly recognized to play an important role in the aging
process. However, changes in these antioxidants by epicatechin
may not make a major contribution to its beneficial effects on
health and survival of diabetic mice, because neither GSH nor
SOD were significantly altered in db/db mice compared with
those in the Con group. Although epicatechin reportedly can
scavenge free radicals at pharmacological doses (25), it is
unclear from the present study whether oxidative stress in
diabetic mice was reduced by epicatechin treatment. Collec-
tively, our data suggest that epicatechin may protect vasculature
and the liver and thereby extend lifespan of diabetic mice at least
in part through modulating inflammation and lipid metabolism.

Although epicatechin increased the survival of diabetic mice,
it is more important to see whether health-related quality of life
was improved by this treatment. One of the biomarkers for this
assessment was to measure skeletal muscle strength, which is
progressively reduced in the elderly and patients with diabetes
(26). Interestingly, dietary intake of epicatechin significantly
improved muscular strength and fatigability compared with
diabetic control mice. Although the exact mechanism underlying
this effect of epicatechin is not clear, epicatechin may improve
skeletal muscle strength partially through suppression of inflam-
mation, whichwas shown to impairmuscle strength and physical
performance in diabetic patients (27). There is also a possibility
that these changes could be a result of alterations inCa2+ handling
(28), evidenced by treatment-induced changes in fatigability,
twitch, and tetanus temporal properties.

AMPK, an energy-sensing molecule that is highly conserved
from yeast to animals, is increasingly recognized as a master
regulator of whole body energy homeostasis (29). Activated
AMPK promotes fatty acid oxidation and regulates mitochon-
drial biogenesis (29). To do so, AMPKa directly regulates the
activity of acetyl-CoAcarboxylase and the PPARg coactivator-1a
(30), 2 of the most important metabolic regulators. In addition,
activated AMPK directly phosphorylates and inactivates 3-
hydroxy-3-methylglutaryl-CoA reductase in the liver, the rate-

TABLE 2 Serum lipids, inflammatory markers, IGF-1, and hepatic antioxidants levels in Con, db, and
db+EC mice treated for 15 wk1

Group n IGF-1
LDL

cholesterol
Total

cholesterol CRP-1 IL-1b GSH SOD

mg/L mmol/L mmol/L mg/L mg/L nmol/mg protein Units/mg protein

Con 12 307 6 17.0a 1.5 6 0.2a 4.4 6 0.2a 28.9 6 2.9a 61 6 11.0a 28.2 6 0.8b 15.7 6 2.3a

db 6 303 6 21.0a 2.6 6 0.4b 7.0 6 0.5b 41.0 6 6.1b 815 6 23.0b 25.9 6 0.7a 14.2 6 4.5a

db+EC 11 189 6 21.0b 1.4 6 0.3a 5.3 6 0.5a 31.1 6 1.7a 351 6 17.0c 28.5 6 0.4b 25.8 6 3.2b

1 Values are means 6 SEM. Means in a column without a common letter differ, P , 0.05.

FIGURE 2 Stress output (A) and fatigue protocol (B) of EDL skeletal

muscle in Con, db, and db+EC mice treated for 15 wk. Data are means

6 SE, n = 12 (Con), 6 (db), and 11 (db+EC). Means at each frequency

(A) and time (B) without a common letter differ, P , 0.05.
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limiting enzyme in cholesterol synthesis (31). Therefore, epicatechin
might improve plasma and hepatic lipids through AMPK-mediated
inhibition of their synthetic enzymes in the liver. Recently, several
lines of evidence demonstrate that activation of AMPK increases
lifespan and delays age-associated functional decline in various
species (32). Conversely, reduction of AMPK activity leads to age-
associated dysfunction of skeletal muscle (33), vessel (34), and the
liver (35). In addition, emerging studies showed that AMPK also
plays an essential role in the control of inflammation (36) and
oxidative stress (37). Given these versatile roles of AMPK, it is
conceivable that activation of the AMPK pathway by epicatechin
may represent a central mechanism that mediates its various health-
beneficial effects.

It is well recognized that circulating IGF-1 levels are inversely
associated with lifespan in mammals (38). Our results indicated
that IGF-1 serum levels were reduced by epicatechin in diabetic

mice without alteration in hepatic IGF-1mRNA expression (data
not shown). One possible interpretation is that epicatechin may
affect the binding of IGF-1 and its carrier IGF binding proteins
and therefore extend its half-life (39). Another possibility is that
epicatechin reduces the IGF-1 level through activation of
AMPK, which inhibits IGF-1 signaling and its protein synthesis
through the phosphorylation of insulin receptor substrate-
1 (40). Nevertheless, this result further suggests that epicatechin
may be a food-derived, antiaging compound given the important
role of IGF-1 in regulating the lifespan of organisms. Indeed, we
confirmed this possibility by showing that epicatechin treatment
significantly extended the mean lifespan of Drosophila, one of
the widely used model organisms for longevity research.
However, it is still unknown whether epicatechin extends
lifespan through the same mechanisms in fruit flies and mice,
although AMPK is highly conserved from yeast to all animal
species (29).

Although our finding that epicatechin improved the lifespan of
db/dbmice is striking, it should be noted that there are limitations
on the use of this animal model for longevity studies, because
db/dbmice have amuch shorter lifespan than that of normalmice
due to the development of obesity and hyperglycemia at a
relatively young age, conditions that trigger various complica-
tions. To address this issue, a follow-up study using middle-aged
normal mice is currently planned to confirm the antiaging effect
of epicatechin.

In summary, the findings in this study demonstrate that
epicatechin may be an antiaging compound, as evidenced by the
improved db/db mouse survival and the favorable changes in a
variety of age-related biomarkers. However, more preclinical
studies are needed to further characterize the potential antiaging
effects of this compound and to define the exact molecular
mechanism(s) by which it may act.

FIGURE 3 AMPK activity in the liver (A) and skeletal muscle (B) in

normal Con, db, and db+EC mice treated for 15 wk. The level of

p-AMPKa was normalized to that of total AMPKa, and total AMPKa

expression was normalized to b-actin content in each sample. Values

are means 6 SEM, n = 12 (Con), 6 (db), and 11 (db+EC). Columns

without a common letter differ, P , 0.05.

FIGURE 4 Mean lifespan (A) and up-shifts survival curve (B) of

Drosophila treated with epicatechin. Values are means 6 SEM from

3 independent experiments, n = 3, with 40 fruit flies/treatment each.

Columns without a common letter differ, P , 0.05.

Epicatechin and lifespan 1099

 by guest on June 12, 2012
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


Acknowledgments
D.L., H.S., and Z.F. designed research; H.S., Z.F., Z.J., P.V.A.B.,
T.L., M.P.M., K.A.V., and W.Z. conducted research; H.S., D.L.,
and R.W.G. analyzed data and wrote the paper; and D.L. and
H.S. had primary responsibility for final content. All authors read
and approved the final manuscript.

Literature Cited

1. American Diabetes Association. Diabetes statistics; 2010 [cited 2010 May
1]. Available from: http://www.diabetes.org/diabetes-basics/diabetes-statis-
tics/.

2. Franco OH, Steyerberg EW, Hu FB, Mackenbach J, Nusselder W.
Associations of diabetes mellitus with total life expectancy and life
expectancy with and without cardiovascular disease. Arch Intern Med.
2007;167:1145–51.

3. Reusch JE, Draznin BB. Atherosclerosis in diabetes and insulin
resistance. Diabetes Obes Metab. 2007;9:455–63.

4. Andersen H, Nielsen S, Mogensen CE, Jakobsen J. Muscle strength in
type 2 diabetes. Diabetes. 2004;53:1543–8.

5. Bayard V, Chamorro F, Motta J, Hollenberg NK. Does flavanol intake
influence mortality from nitric oxide-dependent processes? Ischemic
heart disease, stroke, diabetes mellitus, and cancer in Panama. Int J Med
Sci. 2007;4:53–8.

6. Hollenberg NK, Naomi F. Is it the dark in dark chocolate? Circulation.
2007;116:2360–2.

7. Ding EL, Hutfless SM, Ding X, Girotra S. Chocolate and prevention of
cardiovascular disease: a systematic review. Nutr Metab (Lond).
2006;3:2.

8. Heiss C, Dejam A, Kleinbongard P, Schewe T, Sies H, Kelm M. Vascular
effects of cocoa rich in flavan-3-ols. JAMA. 2003;290:1030–1.

9. Balzer J, Rassaf T, Heiss C, Kleinbongard P, Lauer T, Merx M, Heussen
N, Gross HB, Keen CL, et al. Sustained benefits in vascular function
through flavanol-containing cocoa in medicated diabetic patients a
double-masked, randomized, controlled trial. J Am Coll Cardiol.
2008;51:2141–9.

10. Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition
ad hoc writing committee on the reformulation of the AIN-76A rodent
diet. J Nutr. 1993;123:1939–51.

11. McKim SE, Konno A, Gabele E, Uesugi T, Froh M, Sies H, Thurman
RG, Arteel GE. Cocoa extract protects against early alcohol-induced
liver injury in the rat. Arch Biochem Biophys. 2002;406:40–6.1.

12. Si H, Liu D. Genistein, a soy phytoestrogen, upregulates the expression
of human endothelial nitric oxide synthase and lowers blood pressure in
spontaneously hypertensive rats. J Nutr. 2008;138:297–304.

13. Schroeter H, Heiss C, Balzer J, Kleinbongard P, Keen CL, Hollenberg
NK, Sies H, Kwik-Uribe C, Schmitz HH, et al. (-)-Epicatechin mediates
beneficial effects of flavanol-rich cocoa on vascular function in humans.
Proc Natl Acad Sci USA. 2006;103:1024–9.

14. Veenbergen S, Smeets RL, Bennink MB, Arntz OJ, Joosten LA, van den
Berg WB, van de Loo FA. The natural soluble form of IL-18 receptor
{beta} exacerbates collagen-induced arthritis via modulation of T cell
immune responses. Ann Rheum Dis. 2010;69:276–83.

15. Jia Z, Hallur S, Zhu H, Li Y, Misra HP. Potent upregulation of
glutathione and NAD(P)H:quinone oxidoreductase 1 by alpha-lipoic
acid in human neuroblastoma SH-SY5Y cells: protection against
neurotoxicant-elicited cytotoxicity. Neurochem Res. 2008;33:790–800.

16. Wolff AV, Niday AK, Voelker KA, Call JA, Evans NP, Granata KP,
Grange RW. Passive mechanical properties of maturing extensor
digitorum longus are not affected by lack of dystrophin. Muscle Nerve.
2006;34:304–12.

17. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu
VV, Allard JS, Lopez-Lluch G, et al. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature. 2006;444:337–42.

18. Selman C, Lingard S, Choudhury AI, Batterham RL, Claret M,
Clements M, Ramadani F, Okkenhaug K, Schuster E, et al. Evidence
for lifespan extension and delayed age-related biomarkers in insulin
receptor substrate 1 null mice. FASEB J. 2008;22:807–18.

19. Labinskyy N, Csiszar A, Veress G, Stef G, Pacher P, Oroszi G, Wu J,
Ungvari Z. Vascular dysfunction in aging: potential effects of
resveratrol, an anti-inflammatory phytoestrogen. Curr Med Chem.
2006;13:989–96.

20. Rutter MK, Meigs JB, Sullivan LM, D’Agostino RB Sr, Wilson PW. C-
reactive protein, the metabolic syndrome, and prediction of cardiovas-
cular events in the Framingham Offspring Study. Circulation. 2004;
110:380–5.

21. Kleemann R, Zadelaar S, Kooistra T. Cytokines and atherosclerosis: a
comprehensive review of studies in mice. Cardiovasc Res. 2008;79:360–76.

22. Nishikawa T, Araki E. Impact of0 mitochondrial ROS production in the
pathogenesis of diabetes mellitus and its complications. Antioxid Redox
Signal. 2007;9:343–53.

23. Tinahones FJ, Murri-Pierri M, Garrido-Sanchez L, Garcia-Almeida JM,
Garcia-Serrano S, Garcia-Arnes J, Garcia-Fuentes E. Oxidative stress in
severely obese persons is greater in those with insulin resistance. Obesity
(Silver Spring). 2009;17:240–6.

24. El-Beshbishy HA. Hepatoprotective effect of green tea (Camellia
sinensis) extract against tamoxifen-induced liver injury in rats.
J Biochem Mol Biol. 2005;38:563–70.

25. Lu Y, Foo LY. Antioxidant and radical scavenging activities of
polyphenols from apple pomace. Food Chem. 2000;68:81–5.

26. Yankner BA, Lu T, Loerch P. The aging brain. Annu Rev Pathol.
2008;3:41–66.

27. Hamer M, Molloy GJ. Association of C-reactive protein and muscle
strength in the English Longitudinal Study of Ageing. Age (Dordr).
2009;31:171–7.

28. Chin ER, Balnave CD, Allen DG. Role of intracellular calcium and
metabolites in low-frequency fatigue of mouse skeletal muscle. Am J
Physiol. 1997;272:C550–9.

29. Steinberg GR, Kemp BE. AMPK in health and disease. Physiol Rev.
2009;89:1025–78.

30. Carling D, Sanders MJ, Woods A. The regulation of AMP-activated
protein kinase by upstream kinases. Int J Obes (Lond). 2008;32 Suppl
4:S55–9.

31. Samari HR, Seglen PO. Inhibition of hepatocytic autophagy by
adenosine, aminoimidazole-4-carboxamide riboside, and N6-mercap-
topurine riboside. Evidence for involvement of amp-activated protein
kinase. J Biol Chem. 1998;273:23758–63.

32. Nagata D, Hirata Y. The role of AMP-activated protein kinase in the
cardiovascular system. Hypertens Res. 2010;33:22–8.

33. Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu HJ, Liu ZX, Dong
J, Mustard KJ, et al. Aging-associated reductions in AMP-activated
protein kinase activity and mitochondrial biogenesis. Cell Metab.
2007;5:151–6.

34. Dong Y, Zhang M, Liang B, Xie Z, Zhao Z, Asfa S, Choi HC, Zou MH.
Reduction of AMP-activated protein kinase alpha2 increases endoplas-
mic reticulum stress and atherosclerosis in vivo. Circulation.
2010;121:792–803.

35. Ajmo JM, Liang X, Rogers CQ, Pennock B, You M. Resveratrol
alleviates alcoholic fatty liver in mice. Am J Physiol Gastrointest Liver
Physiol. 2008;295:G833–42.

36. Ko HJ, Zhang Z, Jung DY, Jun JY, Ma Z, Jones KE, Chan SY, Kim JK.
Nutrient stress activates inflammation and reduces glucose metabolism
by suppressing AMP-activated protein kinase in the heart. Diabetes.
2009;58:2536–46.

37. Wang S, Dale GL, Song P, Viollet B, Zou MH. AMPKalpha1 deletion
shortens erythrocyte life span in mice: role of oxidative stress. J Biol
Chem. 2010;285:19976–85.

38. Bartke A, Peluso MR, Moretz N, Wright C, Bonkowski M, Winters TA,
Shanahan MF, Kopchick JJ, Banz WJ. Effects of soy-derived diets on
plasma and liver lipids, glucose tolerance, and longevity in normal,
long-lived and short-lived mice. Horm Metab Res. 2004;36:550–8.

39. Janssen JA, Lamberts SW. Is the measurement of free IGF-I more
indicative than that of total IGF-I in the evaluation of the biological
activity of the GH/IGF-I axis? J Endocrinol Invest. 1999;22:313–5.

40. Ning J, Clemmons DR. AMP-activated protein kinase inhibits IGF-I
signaling and protein synthesis in vascular smooth muscle cells via
stimulation of insulin receptor substrate 1 S794 and tuberous sclerosis 2
S1345 phosphorylation. Mol Endocrinol. 2010;24:1218–29.

1100 Si et al.

 by guest on June 12, 2012
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/

