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Dietary Factors and Heart Disease

ong-Term Caloric Restriction Ameliorates
he Decline in Diastolic Function in Humans
imothy E. Meyer, PHD,*† Sándor J. Kovács, PHD, MD,† Ali A. Ehsani, MD,*† Samuel Klein, MD,*

ohn O. Holloszy, MD,* Luigi Fontana, MD, PHD*‡
t. Louis, Missouri; and Rome, Italy

OBJECTIVES We determined whether caloric restriction (CR) has cardiac-specific effects that attenuate the
established aging-associated impairments in diastolic function (DF).

BACKGROUND Caloric restriction retards the aging process in small mammals; however, no information is
available on the effects of long-term CR on human aging. In healthy individuals, Doppler
echocardiography has established the pattern of aging-associated DF impairment, whereas
little change is observed in systolic function (SF).

METHODS Diastolic function was assessed in 25 subjects (age 53 � 12 years) practicing CR for 6.5 �
4.6 years and 25 age- and gender-matched control subjects consuming Western diets.
Diastolic function was quantified by transmitral flow, Doppler tissue imaging, and model-
based image processing (MBIP) of E waves. C-reactive protein (CRP), tumor necrosis
factor-alpha (TNF-�), and transforming growth factor-beta1 (TGF-�1) were also measured.

RESULTS No difference in SF was observed between groups; however, standard transmitral Doppler
flow DF indexes of the CR group were similar to those of younger individuals, and
MBIP-based, flow-derived DF indexes, reflecting chamber viscoelasticity and stiffness, were
significantly lower than in control subjects. Blood pressure, serum CRP, TNF-�, and
TGF-�1 levels were significantly lower in the CR group (102 � 10/61 � 7 mm Hg, 0.3 �
0.3 mg/l, 0.8 � 0.5 pg/ml, 29.4 � 6.9 ng/ml, respectively) compared with the Western diet
group (131 � 11/83 � 6 mm Hg, 1.9 � 2.8 mg/l, 1.5 � 1.0 pg/ml, 35.4 � 7.1 ng/ml,
respectively).

CONCLUSIONS Caloric restriction has cardiac-specific effects that ameliorate aging-associated changes in DF.
These beneficial effects on cardiac function might be mediated by the effect of CR on blood
pressure, systemic inflammation, and myocardial fibrosis. (J Am Coll Cardiol 2006;47:

ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.08.069
398–402) © 2006 by the American College of Cardiology Foundation
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ormal aging causes a decline in cardiac performance,
anifesting as an age-related impairment in diastolic func-

ion (DF) with little or no change in left ventricular (LV)
ystolic function (SF) (1–2). Specifically, LV relaxation
lows, and peak early, suction-initiated LV filling decreases
ith advancing age, whereas the relative contribution of the

trial component of LV filling (atrial systole) increases
1–2).

See page 403

Caloric restriction (CR) slows aging and increases max-
mal lifespan in drosophila, C. elegans, mice, and rats (3). In
umans, risk factors for atherosclerosis are markedly im-
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roved by long-term CR (4); however, the effect of CR on
ging in humans is unknown.

The purpose of the present study was to investigate
hether long-term CR with optimal nutrition is associated
ith an attenuation of the age-related decline in DF. To

ssess DF we used echocardiography and evaluated serum
-reactive protein (CRP), tumor necrosis factor-alpha

TNF-�), and transforming growth factor-beta1 (TGF-�1)
oncentrations.

ETHODS

tudy subjects. Twenty-five subjects practicing CR for 3
o 15 years (mean age 53 � 12 years; range 35 to 82 years;
1 men, 4 women) were compared with 25 age- and
ender-matched subjects eating typical Western diets (WD)
sing a cross-sectional design. None of the subjects had
vidence of chronic disease or smoked. None of the subjects
ere taking lipid-lowering or antihypertensive agents or
ther medications. All participants were weight stable (�2
g weight change in the preceding six months) and did not
erform more than 20 min of vigorous exercise twice per
eek. The Human Studies Committee of Washington
niversity School of Medicine approved the study, and all
ubjects gave informed consent before their participation.
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nthropometrics and body composition. Body weight was
btained in the morning after an overnight fast. Body fat mass
as determined by dual-energy X-ray absorptiometry (DXA)

QDR 1000/w, Hologic, Waltham, Massachusetts).
ietary assessment. Subjects recorded all food and bever-

ges consumed and portion sizes for seven consecutive days.
ood records were analyzed using the NDS-R program

version 4.03_31), which is the Nutrition Data System for
esearch from the Nutrition Coordinating Center at the
niversity of Minnesota (5).
aboratory analyses. Commercial ELISA kits were used

o measure serum TNF-� (Quantakine High Sensitive,
&D Systems, Minneapolis, Minnesota), high-sensitivity
RP and TGF-�1 (American Laboratory Products Com-
any Diagnostics, Windham, New Hampshire).
chocardiography. A standard two-dimensional Doppler

chocardiographic examination was performed with an echo-
ardiographic imaging system (Hewlett-Packard SONOS
500, Andover, Massachusetts) (6). Doppler transmitral flow
elocity images were acquired in the apical four-chamber view
ccording to American Society of Echocardiography criteria
6). Mitral annular velocities were recorded via pulsed wave
issue Doppler imaging (TDI) technique (7,8). For techni-
al reasons, Doppler flow and TDI measurements were not
ade in all subjects.
ata analysis. Left ventricular SF was determined from

ractional shortening (systolic shortening) calculated via the
onventional equation (8). Standard DF indexes were mea-
ured from the transmitral Doppler E- and A-wave con-

Abbreviations and Acronyms
BMI � body mass index
CR � caloric restriction
CRP � C-reactive protein
DF � diastolic function
LV � left ventricle/ventricular
MBIP � model-based image processing
SF � systolic function
TDI � tissue Doppler imaging
TGF-�1 � transforming growth factor-beta1

TNF-� � tumor necrosis factor-alpha
WD � Western diet
igure 1. The model-based image processing (MBIP) method of quantitative dia
quare error; MVE � maximum velocity envelope; PDF � parameterized diast
ours (8). Additional DF indexes were obtained by subject-
ng E- and A-waves to model-based image processing
MBIP) on the basis of a kinematic model of filling that was
reviously validated via simultaneous cardiac catheterization
nd echocardiography (9–11). Three mathematically inde-
endent parameters (xo, c, k) were determined from the
linical Doppler E-wave by MBIP. The parameters account
or the amplitude (load), decay rate (viscosity/relaxation),
nd width (average chamber stiffness) of the E-wave con-
our, respectively (Fig. 1) (9–11).
tatistical analysis. A Student t test was used to evaluate

he significance of differences between groups when vari-
bles were normally distributed with approximately equal
tandard deviations. For variables not normally distributed
r with unequal standard deviations, the Mann-Whitney
est was used. Statistical significance was set a priori at p �
.05 for all tests. All data were analyzed with a commercially
vailable statistical package (SPSS FOR WINDOWS ver-
ion 10.0, SPSS Inc., Chicago, Illinois). Data are expressed
s means � SD.

ESULTS

tudy participants. The characteristics of the study sub-
ects are shown in Table 1. Values for body mass index
BMI) in the WD group were similar to the mean range for
iddle-aged people in the U. S. (12). Values for body
eight, BMI, and blood pressure for 18 CR subjects before

hey began CR are shown along with their current values in
able 2.
utrient intake. The WD group ate a typical WD pro-

iding approximately 2,445 � 470 kcal/day, approximately
7% protein, approximately 52% carbohydrates, approxi-
ately 31% fat, approximately 11% saturated fat. The CR

ubjects ate a nutritionally balanced diet (4) (at least 100% of
he Recommended daily intake for each nutrient) providing
pproximately 1,671 � 294 kcal/day (p � 0.0001 vs. WD
roup), approximately 23% protein, (p � 0.0001 vs. WD
roup), approximately 49% complex carbohydrates, approx-
mately 28% fat, approximately 6% saturated fat. Daily salt
ntake was lower in the CR group compared with the WD
roup (2.6 � 1.3 g vs. 3.4 � 1.0 g; p � 0.007).
stolic function assessment using the Doppler image as input. MSE � mean
olic filling.



C
i
t
fi
w
c
E
g
i
r
w
a

l
s
(
t

B
c
g

D

N
w
h
p
l
t
a

b
c
t
S
r
s

T

C

S

R

N
p
u

d
r
p
f

T

C

R

A

T
G

S

D

T

M

N
p
u

A
E
fl
p
I
p
M
r

400 Meyer et al. JACC Vol. 47, No. 2, 2006
Caloric Restriction and Diastolic Function January 17, 2006:398–402
ardiac function. No difference in LV fractional shorten-
ng was detected between the two groups (Table 3). Al-
hough E-wave peak was not different between groups, early
lling fraction was greater in the CR group (Table 3). A
aves of the CR group had less evidence of aging-related

hanges than those of the WD group. As a result, the peak
-wave to peak A-wave (E/A) ratio was greater in the CR
roup than in the WD group. Deceleration time was
ncreased in the WD group, trending toward the “delayed
elaxation pattern” of filling. The increased E-wave duration
as solely due to increased deceleration time, because

cceleration time was not different between groups.
The velocity assessed at the mitral annulus from both the

ateral and septal aspects during early LV filling (E=) was
ignificantly higher in the CR group than in the WD group
Table 3), and c and k were lower in the CR group than in
he WD group (Table 3).

able 1. Subject Characteristics of the Study Groups

Parameter
WD (n � 25)
Mean � SD

CR (n � 25)
Mean � SD p Value

linical characteristics
Age (yrs) 53.4 � 6.5 52.7 � 11.9 NS*
Gender (M/F) 21/4 21/4
Weight (kg) 84.8 � 9.6 58.9 � 6.2 0.0001
BMI (kg/m2) 27.0 � 2.1 19.7 � 1.8 0.0001
Body fat (%) 26.0 � 7.3 9.3 � 7.4 0.0001*

erum markers of
inflammation

hsCRP (mg/l) 1.9 � 2.8 (20) 0.3 � 0.3 (22) 0.009*
TGF-�1 (ng/ml) 35.4 � 7.1 (20) 29.4 � 6.9 (22) 0.008
TNF-� (pg/ml) 1.5 � 1.0 (22) 0.8 � 0.5 0.002*

esting
hemodynamics

Systolic BP
(mm Hg)

131 � 11 102 � 10 0.0001

Diastolic BP
(mm Hg)

83 � 6 61 � 7 0.0001

MAP (mm Hg) 99 � 7 75 � 8 0.0001
HRrest (beats/min) 60 � 9 56 � 8 NS

umbers in parentheses are the actual number of data points analyzed for specific
arameter. *Mann-Whitney test was used for reported p values; otherwise t test was
sed.

BMI � body mass index; CR � caloric restriction; Diastolic BP � resting
iastolic blood pressure; hsCRP � high-sensitivity C-reactive protein; HRrest �
esting heart rate; MAP � mean arterial pressure; Systolic BP � resting systolic blood
ressure; TGF-�1 � transforming growth factor-�1; TNF-� � tumor necrosis
actor-�; WD � western diet.

able 2. Historical and Current Data of 18 CR Subjects

Parameter
Before CR

Mean � SD
CR

Mean � SD p Value

linical characteristics
Weight (kg) 71.6 � 10.2 57.9 � 6.1 0.0001
BMI (kg/m2) 23.9 � 3.2 19.7 � 2.0 0.0001

esting hemodynamics
Systolic BP (mm Hg) 131 � 17 101 � 8 0.0001
Diastolic BP (mm Hg) 83 � 10 61 � 7 0.0001
MAP (mm Hg) 99 � 11 74 � 6 0.0001
ibbreviations as in Table 1.
lood analyses. Serum CRP, TNF-�, and TGF-�1 con-
entrations were lower in the CR group than in the WD
roup (p � 0.05) (Table 1).

ISCUSSION

othing is known regarding the effects of long-term CR
ith optimal nutrition on cardiac function in non-obese
umans. In this study, we assessed heart function in subjects
racticing CR for 3 to 15 years. Our data show that

ong-term CR with optimal nutrition improves DF relative
o healthy, age- and gender-matched control subjects eating
standard WD.
It has been shown in mice that indexes of DF are

eneficially affected by CR (13). Interestingly, the DF
hanges observed in our CR subjects were very similar to
hose found by Taffet et al. (13) in lifelong CR mice.
ystolic function assessed by fractional shortening changes
elatively little with normal aging (1–2). Both groups in our
tudy had normal SF; however, DF was significantly better

able 3. Systolic and Diastolic Function Indexes of the Study
roups

Parameter
WD (n � 25)
Mean � SD

CR (n � 22)
Mean � SD p Value

ystolic function
Fractional

shortening (%)
36 � 6 34 � 6 (23) NS

iastolic function
Epeak (cm/s) 64.3 � 12.6 70.8 � 13.4 NS
Apeak (cm/s) 53.0 � 10.2 45.7 � 9.0 0.011
E/A 1.24 � 0.28 1.61 � 0.44 0.001*
AT (ms) 92.6 � 8.8 86.0 � 15.0 NS
Atrial filling

fraction
0.35 � 0.05 0.28 � 0.06 0.0001

Early filling
fraction

0.65 � 0.05 0.72 � 0.06 0.0001

DT (ms) 192.6 � 32.5 173.8 � 34.0 0.012
IVRT (ms) 81.5 � 12.6 (24) 76.5 � 11.4 NS*
Edur (ms) 287.5 � 27.4 259.9 � 34.6 0.001

DI
E=Septal (cm/s) 9.7 � 1.9 (23) 11.8 � 3.3 (12) 0.02
A=Septal (cm/s) 10.0 � 1.7 (23) 10.3 � 2.4 (12) NS
E=Lateral (cm/s) 10.2 � 2.8 (23) 14.3 � 3.0 (12) 0.001*
A=Lateral (cm/s) 10.0 � 1.7 (23) 10.1 � 2.1 (12) NS
BIP-derived

parameters
xo (m) 0.09 � 0.02 0.10 � 0.02 NS
c (g/s) 19.6 � 3.6 14.9 � 5.0 0.001
k (g/s2) 218.9 � 44.6 180.1 � 41.6 0.003
kxo (g cm/s2) 19.6 � 4.7 17.7 � 4.1 NS

umbers in parentheses are the actual number of data points analyzed for specific
arameter. *Mann-Whitney test was used for reported p values; otherwise t test was
sed.

Apeak � peak A-wave velocity; A=Lateral � peak A= on lateral wall; A=Septal � peak
= on septal wall; AT � E-wave acceleration time; c � damping constant; DT �
-wave deceleration time; E/A ratio � ratio of early transmitral flow velocity to atrial
ow velocity; Edur � duration of the E-wave; Epeak � peak E-wave velocity; E=Lateral �
eak A= on lateral wall; E=Septal � peak E= on septal wall; EF � ejection fraction;
VRT � isovolumetric relaxation time; k � left ventricular chamber stiffness
arameter; kxo � peak atrio-ventricular pressure gradient for E-wave generation;
BIP � model-based image processing; TDI � tissue Doppler imaging; xo � load,

elated to VTI of E-wave; other abbreviations as in Table 1.
n the CR than in the WD group and similar to that of
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ounger individuals (Fig. 2). The CR group had lower Apeak

elocities, higher early filling fraction, and higher E/A,
emonstrating better DF. Consequently, lower Apeak values
ould mitigate against left atrial hypertrophy. Moreover,
DI-derived E=, which normally decreases with aging, was
igher in the CR subjects, suggesting improved longitudinal
unction compared with the WD group. Importantly, E=
as also been shown to be negatively associated with both
iastolic blood pressure and BMI (14).
Further evidence of better DF in the CR subjects is

rovided by the MBIP-derived LV chamber stiffness pa-
ameter k, which was significantly lower in the CR subjects
ompared with the WD group. The viscoelastic chamber
onstant c was also lower in the CR group, demonstrating a
ecreased impediment to filling. Because Epeak was not
ifferent between groups, the WD group must expend more
nergy to achieve the same peak velocity during early filling.

Data from rat studies show that collagen content in-
reases in the aging heart and correlates with increasing
yocardial stiffness, whereas CR results in less accumula-

ion of cardiac connective tissue (15). Transforming growth
actor-�1, an anti-inflammatory cytokine, plays a major role
n regulating myocardial extracellular matrix protein deposition
nd degradation (16). A sustained increase of TGF-�1 facili-
ates the development of fibrosis (16). Brooks et al. (17)
emonstrated that TGF-�1-deficient mice survived longer
nd exhibited less myocardial fibrosis and lower myocardial
tiffness compared with age-matched control subjects. Fur-
hermore, overexpression of TNF-� leads to upregulated
xpression and release of TGF-�1, which in turn increases
yocardial collagen content (18). Our findings demonstrate

hat systemic inflammation was markedly reduced in CR
ompared with WD subjects, as reflected by low serum
oncentrations of CRP and TNF-�. These findings taken
n concert suggest that CR has a salutary effect on DF by
owering systolic blood pressure and decreasing systemic

igure 2. Doppler mitral inflow patterns in a typical young individual (le
aloric restriction (CR) subject (right panel). WD � Western diet.
nflammation and myocardial fibrosis.
tudy limitations. Because our study was not randomized,
ur cross-sectional study design does not allow us to assign
ausation, although the observed significant differences on
he basis of cross-sectional data are an important first-step
n elucidating the effects of long-term CR in humans.
nother minor limitation is that some echocardiographic
arameters were not obtained in all subjects for technical
easons.

onclusions. We conclude that CR has cardiac-specific
ffects that ameliorate aging-associated changes in DF.
hese beneficial effects on cardiac function might be medi-

ted by the effect of CR on blood pressure, systemic
nflammation, and myocardial fibrosis.

eprint requests and correspondence: Dr. Luigi Fontana, Divi-
ion of Geriatrics, Washington University School of Medicine,
566 Scott Avenue, Box 8113, St. Louis, Missouri 63110. E-mail:
fontana@im.wustl.edu.
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