Am J Physiol Endocrinol Metab 314: E396-E405, 2018.
First published December 12, 2017; doi:10.1152/ajpendo.00261.2017.

RESEARCH ARTICLE

Significant improvement in cardiometabolic health in healthy nonobese

individuals during caloric restriction-induced weight loss and weight

loss maintenance

Jasper Most, L. Anne Gilmore, Steven R. Smith, Hongmei Han, Eric Ravussin, and Leanne M. Redman

Pennington Biomedical Research Center, Baton Rouge, Louisiana

Submitted 25 July 2017; accepted in final form 4 December 2017

Most J, Gilmore LA, Smith SR, Han H, Ravussin E, Redman
LM. Significant improvement in cardiometabolic health in healthy
nonobese individuals during caloric restriction-induced weight loss
and weight loss maintenance. Am J Physiol Endocrinol Metab 314:
E396-E405, 2018. First published December 12, 2017; doi:10.1152/
ajpendo.00261.2017.—Calorie restriction (CR) triggers benefits for
healthspan including decreased risk of cardiometabolic disease
(CVD). In an ancillary study to CALERIE 2, a 24-mo 25% CR study,
we assessed the cardiometabolic effects of CR in 53 healthy, nonobese
(BMI: 22-28 kg/m?) men (n = 17) and women (n = 36). The aim of
this study was to investigate whether CR can reduce risk factors for
CVD and insulin resistance in nonobese humans and, moreover, to
assess whether improvements are exclusive to a period of weight loss
or continue during weight maintenance. According to the energy
balance method, the 25% CR intervention (n = 34) produced
16.5 = 1.5% (mean £ SE) and 14.8 = 1.5% CR after 12 and 24 mo
(M12, M24), resulting in significant weight loss (M12 —9 * 0.5 kg,
M24 —9 = 0.5 kg, P < 0.001). Weight was maintained in the group
that continued their habitual diet ad libitum (AL, n = 19). In
comparison to AL, 24 mo of CR decreased visceral (—0.5 = 0.01 kg,
P < 0.0001) and subcutaneous abdominal adipose tissue (—1.9 =
0.2kg, P < 0.001) as well as intramyocellular lipid content (—0.11 =
0.05%, P = 0.031). Furthermore, CR decreased blood pressure (SBP
—8 = 3 mmHg, P = 0.005; DBP —6 = 2 mmHg, P < 0.001), total
cholesterol (—13.6 = 5.3 mg/dl, P = 0.001), and LDL-cholesterol
(—12.9 = 4.4 mg/dl, P = 0.005), and the 10-yr risk of CVD-disease
was reduced by 30%. Homeostasis model assessment of insulin
resistance (HOMA-IR) decreased during weight loss in the CR group
(—0.46 = 0.15, P = 0.003), but this decrease was not maintained
during weight maintenance (—0.11 = 0.15, P = 0.458). In conclu-
sion, sustained CR in healthy, nonobese individuals is beneficial in
improving risk factors for cardiovascular and metabolic disease such
as visceral adipose tissue mass, ectopic lipid accumulation, blood
pressure, and lipid profile, whereas improvements in insulin sensitiv-
ity were only transient.

caloric restriction; cardiometabolic health; ectopic fat accumulation;
physical fitness; visceral adipose tissue

INTRODUCTION

As the average age of the US and worldwide population is
increasing, so, too, is the prevalence and incidence of chronic
metabolic diseases such as cardiovascular disease (CVD) and
type 2 diabetes (47a). Over the past two decades, CVD-related
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deaths in the US alone increased by more than 30%, which is
probably related to an aging population (39). The economic
burden of CVD to the society is enormous; one-half of the total
health care expenditures in the US ($610 million USD) are
devoted to CVD treatment, and current estimates project a
threefold increase in these costs by 2030 (15).

With increasing age, physical and mental functionality de-
cline, and the susceptibility to diseases increases (“primary
aging”) (18). Vice versa, CVD accelerates the aging process by
impairing metabolic health, reducing physical function, and
reducing the quality of life (“secondary aging”). The progres-
sive and detrimental interaction between aging and the devel-
opment of CVD is likely related to a set of factors including
increased abdominal adiposity, ectopic lipid accumulation,
hypertension, and hyperlipidemia. Treatments to reverse these
pathologies may thus attenuate the aging process and the
development of CVD.

The largest and longest, controlled studies of calorie restric-
tion (CR) at the National Institute of Aging (n = 121 rhesus
monkeys) and at University of Wisconsin at Madison (n = 76
rhesus monkeys) and other studies in nonhuman primates
collectively show that CR improves survival and reduces CVD
mortality (2, 5, 7, 8, 26). In a review of these studies (25), it
was concluded that CR is a promising nutritional intervention
to prevent prevalent chronic diseases such as CVD, insulin
resistance, and cancer, even in the absence of effects on
lifespan. In line with this observation, human retrospective and
observational studies have shown that moderate CR has been
associated with increased lifespan (50), reduced CVD mortal-
ity (17, 43, 50), and improvements in metabolic risk factors
(11, 12, 27, 42, 46, 47).

Indeed, numerous randomized clinical trials have supported
the potential of CR to improve the cardiometabolic profile of
overweight and obese subjects (reviewed in Ref. 14). However,
if CR interventions are advocated for lifespan and healthspan
extension in all adults, studies are also needed in normal-
weight subjects. The most comprehensive assessment of the
effects of sustained CR in humans was performed in the initial
CALERIE studies followed by a three-site, single protocol
across the US in nonobese individuals (9, 16, 33, 37). In an
ancillary study to the CALERIE 2 protocol, additional mea-
surements were obtained to evaluate whether CR sustained for
24 mo reduces ectopic fat depots and improves cardiometa-
bolic risk factors (blood pressure and plasma lipid profile). We
hypothesized that CR in nonobese subjects significantly im-
proves these outcomes during weight loss (1st year) and that
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these effects persist during CR-induced weight maintenance
throughout the 2-yr intervention.

METHODS
Design

In this multicenter trial (CALERIE 2), participants were randomly
allocated to an intervention group aimed to reduce energy intake by
25% (CR) or to a control group with instructions to maintain habitual
energy intake on an ad libitum basis (AL) for 24 mo (37). Random-
ization was in a 2:1 allocation in favor of the CR group and stratified
by study site, sex, and BMI dichotomized into normal weight (22.0 =
BMI <25.0 kg/m?) or overweight (25.0 = BMI <28.0 kg/m?). The
ancillary study is registered at clinicaltrials.gov (NCT02695511) and
was monitored by the Institutional Review Board of Pennington
Biomedical Research Center. Individuals provided informed consent
for the additional visits and procedures.

Subjects

The study was offered to the 80 healthy, nonobese individuals
enrolled in CALERIE 2 at Pennington Biomedical Research Center.
In addition to the inclusion and exclusion criteria for CALERIE 2

Enrollment

435 Individuals Screened

80 Eligible at PBRC

—

Enrolled

73 Consented
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(inclusion: age, 20—50 yr for men, 20—47 yr for women, 22.0 =
BMI < 28 kg/m?; exclusion: history or clinical manifestation of CVD
and diabetes, abnormal laboratory markers, psychological problems,
and regular use of medication except for oral contraceptives), indi-
viduals were excluded for contraindications to MRI. To study the true
effects of CR, without bias from nonadherent participants, included
subjects in the CR group were required to have =5% weight loss at
month 12 (M12) and/or month 24 (M24), and AL subjects were
required to have <5% weight loss. The CONSORT diagram
summarizing throughput of individuals in the ancillary study is
shown in Fig. 1.

Study Interventions

From day 1, the CR intervention targeted a sustained 25% restric-
tion of energy intake prescribed according to their energy require-
ments at baseline. Energy requirements and actual energy intake were
determined by the energy-intake balance method, combining mea-
sures of daily energy expenditure (doubly labeled water) and changes
in body mass, as previously described (31, 34, 36). To facilitate
adherence to 25% CR, all meals were provided for the first 27 days of
the study, and these included three diets differing in macronutrient
composition; standard American (AHA Step 1), Mediterranean, and

\
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low fat. Participants also attended regular group and individual meet-
ings with trained interventionists throughout the study (individual
meetings weekly in first month, twice monthly with additional bi-
weekly phone contact until M12, and monthly until M24; group
meetings monthly from M2 to M24) (36). The intervention was
purposely designed to achieve ~15% weight loss during the first 12
mo [commensurate with a 25% CR based on a model of the Phase 1
data (30)] and with sustained CR from baseline in the second year, to
promote weight loss maintenance. Participants randomized to the AL
group were advised to continue their current diets on a completely ad
libitum basis. No specific level of physical activity was required or
recommended for either group. All participants received a multivita-
min (Nature Made Multi Complete; Pharmavite, Mission Hills, CA)
and calcium supplement (1,000 mg/day; Douglas Laboratories, Pitts-
burgh, PA).

Anthropometrics and Vital Signs

Height was measured at screening using a wall-mounted stadiom-
eter. Weight (Scale Tronix 5200, White Plains, NY) was a metabolic
weight measured in the morning after an overnight fast and voiding
while wearing a surgical gown, which was subtracted from the total
weight. Blood pressure was measured in duplicate while the partici-
pant was sitting after a 5-min rest. Mean arterial pressure (MAP) was
calculated as follows (2XDBP+SBP)/3.

Body Composition

Body composition [fat mass (FM) and fat-free mass (FFM)] was
measured by dual-energy X-ray absorptiometry (DEXA; Hologic
QDR 4500A,Bedford, MA). Abdominal adipose tissue (AT) distribu-
tion and ectopic lipid accumulation in skeletal muscle and liver were
measured by magnetic resonance imaging (MRI) and magnetic reso-
nance spectroscopy (MRS), respectively using a 3.0 T scanner (Gen-
eral Electric, Excite HD System, Milwaukee, WI).

Adipose tissue distribution. Abdominal tissue (AT) volumes, in-
cluding total, subcutaneous (SAT), and visceral (VAT) tissues, were
quantified between the symphysis pubis and the dome of the dia-
phragm, using ~8 axial MRI images of 3.4 mm thickness with no
interslice gap (38). SliceOmatic 4.2 image analysis software (Tomo-
vision, Montreal, PQ, Canada) was used to analyze images on a PC
workstation (Gateway, PIII 500 MHz). All MRI scans were read by
the same trained observer.

Muscle and liver lipid content. Briefly, intramyocellular lipid
content (IMCL, soleus muscle) and intrahepatic lipid content (IHL)
were measured by the proton magnetic resonance spectroscopy tech-
nique ("H-MRS) on a 3-T whole body imaging and spectroscopy
system (General Electric, Excite HD System, Milwaukee, WI) using
the PRESS box (Point RESolved Spectroscopy) technique as de-
scribed previously (20, 22).

Clinical Chemistry

Fasting blood samples were obtained, and the following assays
were performed at the CALERIE central biochemistry laboratory at
University of Vermont: lipids, using a Beckman-Coulter Synchron
CX7 (Brea, CA); total cholesterol, by the cholesterol esterase/oxidase/
peroxidase method; triacylglycerols, by the GPO-Trinder method; and
HDL-cholesterol (HDL-C), by an assay from Trinity Biotech (James-
town, NY); LDL-cholesterol (LDL-C), calculated using the Friedwald
equation (13); glucose, colorimetric reflectance spectrophotometry
(Vitros, Ortho Clinical Diagnostics, Rochester, NY); insulin, chemi-
luminescent immunoassay (Elecsys 2010; Roche Diagnostics, India-
napolis, IN) concentrations, determined from fasting concentrations;
and HOMA-IR, calculated as (insulin (wU/ml) X glucose (mg/dl)/
405).

CR AND CARDIOMETABOLIC HEALTH IN HEALTHY NONOBESE HUMANS

Estimates of 10-Year CVD Risk

Ten-year CVD risk was calculated using the sex-specific equations
developed by Anderson et al. (1) that include total and HDL-choles-
terol (as ratio), systolic blood pressure, age and sex. Smoking, pres-
ence of diabetes, and abnormal ECG were set to 0 in the model, since
these variables were not evident in the present study.

Maximal Aerobic Capacity and Physical Activity

Vozpmk was measured using the Cornell incremental treadmill test
(44), with the speed and/or grade of the treadmill changing every 2
min, as previously described (32). Vo, was measured continuously
and calculated at 15-s intervals using a calibrated metabolic cart
(TrueOne 2400 or TrueMax 2400; Parvo Medics, Sandy, UT). The
single highest 15-s Vo, value during the exercise test was considered
the VOopeak, Which was expressed per kilogram of body weight.
Physical activity was assessed with the 7-day recall questionnaire
(40), in which the amount of time spent sleeping and engaging in
moderate, hard, and very hard activity was reported; light activity was
calculated by difference.

Statistical Methods

This study was powered by the ability to detect a significant
adaptation in energy expenditure (a reduction that is greater than
expected, based on the reduction in metabolic mass, the primary
outcome) from baseline and to detect differences between the two diet
groups (AL vs. CR). A random subject effect was included to account
for intraindividual correlations over time. Data are presented as least
square means (LSM) = SE that are derived from the linear mixed
model. Contrasts of the LSM were used to compare adjusted mean
change between intervention groups and to test for group differences
in adjusted mean change at M12 and M24. P values represent the
significance of the difference of LSM. All analyses were carried out
using SAS/STAT software, version 9.4 of the SAS System for
Windows (SAS Institute, Cary, NC). All tests were evaluated using
significance level o = 0.05.

RESULTS

At baseline, study groups did not significantly differ in age,
weight, BMI, or body fat [CR: n = 34 (24 women), AL: n =
19 (12 women)]. Despite randomization, fasting insulin con-
centrations and HOMA-IR tended to differ between groups at
baseline (Table 1).

Body Weight, Body Composition, and Ectopic Fat

Over the study period of 24 mo, the CR group achieved a
mean CR of 14.8 = 1.5% (16.5 = 1.5% at M12). Per study
design, changes in body weight were different between the
groups (P < 0.001). Whereas participants in the AL group
slightly increased their body weight over the course of the
study (M12: +0.6 = 0.6 kg, P = 0.30; M24: +1.8 = 3.0 kg,
P = 0.003), CR induced a significant weight loss at M12
(=94 =04 kg, P < 0.001), which was maintained at M24
(CR: —8.7*24 kg, P < 0.001). Accordingly, in the CR
group, both fat-free mass and fat mass were significantly
reduced at both time points (Fig. 2, A and B). Abdominal fat
mass in both subcutaneous and visceral depots was signifi-
cantly decreased by CR at M12 compared with AL and
remained decreased at M24 (all, P < 0.001; Fig. 2, C and D).
Additionally, ectopic lipid in the liver and skeletal muscle
(soleus) was significantly reduced by CR (Fig. 2, E and F). A
CR-induced decrease in intrahepatic lipid was significantly
different from the change in the AL group at M12, but not at
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Table 1. Subjects’ characteristics

AL CR P

N (men, women) 19 (7, 12) 34 (10, 24)

Age, yr 387 1.2 400 = 1.2 0.47
Weight, kg 71.0 £ 1.9 719 = 1.5 0.73
Body mass index, kg/m? 255*04 257 0.3 0.70
Normal weight, n 9 14

Overweight, n 10 20

Fat-free mass, kg 483*19 478 = 1.5 0.86
Fat mass, kg 234 *+09 247 =0.9 0.36
Body fat, % 329+ 13 342 * 1.1 0.47
Abdominal subcutaneous AT, kg 50+03 51+03 0.26
Abdominal visceral AT, kg 0.7*+0.2 0.7=0.1 0.29
Systolic blood pressure, mmHg 112 =2 1152 0.95
Diastolic blood pressure, mmHg 73+2 76 £ 1 0.83
Glucose, mg/dl 83+ 1 82+ 1 0.36
Insulin, mU/ml 6.5*0.5 51 %04 0.06
HOMA-IR, AU 1.33 = 0.11 1.05 = 0.09 0.06

Data are presented as LSM = SE. AT, adipose tissue; HOMA-IR, homeo-
static model assessment of insulin resistance. P value indicates statistical
significance of difference between the calorie restriction (CR) and ad libitum
diet (AL) groups.

M24 (M12: P = 0.01, M24: P = 0.12; Fig. 2E). Presenting
a different pattern, IMCL was reduced at M12, but reached
statistically significance only at M24 (M12: P = 0.07, M24:
P = 0.03; Fig. 2F).

Cardiovascular Risk Profile

CR induced a decrease in systolic blood pressure over time
compared with AL, which reached statistical significance at
M24 (Fig. 3A). Diastolic blood pressure was significantly
reduced at M12 and remained reduced during the CR-weight
maintenance period compared with AL (Fig. 3B). MAP was
therefore significantly reduced from baseline at both M12 and
M24 in CR subjects (M12: —5.8 = 2.1, P = 0.007; M24:
—7.6 £ 2.0 mmHg, P < 0.001). Plasma LDL-C concentra-
tions significantly decreased in the CR group at M12 and
remained lower at M24 compared with the AL group (P =
0.005 and P = 0.006; Fig. 3C), whereas increases of HDL-C
were not significant compared with the AL group (P = 0.12
and P = 0.18; Fig. 3D). As a result, the LDL/HDL ratio
decreased over time during CR compared with AL (P = 0.001
and P = 0.005) as well as total cholesterol (P = 0.01, P =
0.01) and triglyceride M12: —17.6 = 7.9, P = 0.03; M24:
—16.4 = 7.5 mg/dl, P = 0.03) concentrations. By use of total
cholesterol, HDL, systolic blood pressure, and age, the 10-yr
risk for CVD was significantly lowered by 30% in the CR
group at M12 and maintained throughout the 2-yr intervention
(P < 0.001 and P = 0.001 at M12 and M24, respectively; Fig.
3E). Finally, insulin resistance assessed by HOMA-IR was
significantly decreased in the CR group at M12 (—0.46 = 0.15,
P = 0.003), but the decrease in HOMA-IR was not maintained
at M24 (—0.11 = 0.15, P = 0.46; Fig. 3F).

Physical Performance

Vozpeak, expressed per body mass, was unchanged in the CR
group (M24: +0.46 + 0.75 mlkg 'min~!, P = 0.54),
whereas it declined significantly in the AL group (M24:
—4.40 = 0.98 ml'kg 'min~!, P < 0.001). In line with these
findings, no difference between the CR and AL groups was
observed for daily physical activity by 7-day recall. The hours
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spent sleeping or in activities of different intensities did not
change differently over time between groups; also daily METs
were unaffected by the intervention (M12: —0.16 £ 0.29
kcal-kg body wt™!-day~!, P = 0.57; M24: —0.24 * 0.31
kcal-kg body wt™'-day ™!, P = 0.44). Daily energy expendi-
ture, calculated as function of body mass and physical activity
ratio assessed by the 7-day recalls, decreased in the CR
compared with the AL group (M12: —182 = 51 kcal/day, P <
0.001; M24: —135 %= 63 kcal/day, P = 0.04).

DISCUSSION

In this novel study of sustained CR in healthy, nonobese
participants, we found beneficial effects of CR on body com-
position, fat distribution, and cardiometabolic risk factors over
a study period of 2 yr. We showed that CR-induced weight loss
over the first year of the intervention reduced CVD risk factors
including ectopic lipid accumulation, blood pressure, and
plasma lipids. Importantly, these improvements were sustained
between M12 and M24 of the intervention when energy intake
was still below baseline levels, and weight loss from year 1
was maintained. The present study was unique in its duration
and in its stringent level of control, which allowed us to
describe how true CR affects the cardiometabolic, cardiovas-
cular, and cardiorespiratory profile. In addition, we were able
to quantify effects of sustained CR during weight loss main-
tenance and thus independently of weight loss.

In 2015, the Global Burden of Diseases study (12a) esti-
mated that annually 10.7 million deaths are caused by high
blood pressure, 5.2 million by hyperglycemia, 4.3 million by
high total cholesterol concentrations, and 4.0 million by a high
BMI (>25 kg/m?). Amelioration of these chronic health prob-
lems is primarily directed at treatments for individuals that
present with clinically increased values for these variables.
However, an equally favorable approach would be to tackle
disease prevention and thereby delay and/or decelerate the
development of chronic disease before manifestation. CR has
been proposed as a superior nutritional intervention to attenu-
ate the age-associated decline in chronic diseases with the
potential to extend lifespan.

There are a myriad of studies in obese subjects showing the
benefits of diet-induced weight loss on improvements in car-
diometabolic risks (14). We have also previously demonstrated
in shorter-term CR studies (6 mo), that overweight individuals
experience that weight-loss induced changes ectopic fat, insu-
lin sensitivity, and reduced 10-yr risk for CVD (9, 16, 33, 34).
In the current 2-yr study in normal weight and slightly over-
weight (up to BMI 27.9 kg/m?), the CR intervention signifi-
cantly reduced the mean BMI (—3.7 = 0.3 kg/m?) and there-
fore reduced the prevalence of overweight in the CR group
(prevalence of BMI >25; M0: n = 20, M12: n = 0, M24: n =
3 in the CR group; MO: n = 10, M12: n = 11, M24: n = 11
in the AL group). Of the lost body weight, importantly the loss
of fat mass was larger than the loss of fat-free mass (70% FM
vs. 30% FEM). Neither BMI at enrollment nor sex had a
significant effect on weight change or changes in body com-
position outcomes (10), including the improvements in abdom-
inal fat distribution, ectopic lipid, insulin resistance, and the
10-yr risk for CVD. Because adipose tissue depots differ in
morphology, metabolism (24), and association with CVD (3),
we quantified abdominal VAT and SAT depots using MRI.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00261.2017 - www.ajpendo.org
Downloaded from journals.physiol ogy.org/journal/ajpendo (078.218.174.083) on May 24, 2020.


egueg
Texte surligné 


E400

CR AND CARDIOMETABOLIC HEALTH IN HEALTHY NONOBESE HUMANS

A 551 B 30+
*
o * *
§' 504 g:) 254
E g
g 454 £ 204
5 B
©
e
40+ 15+
ol . . ol . . .
Q N N RS >
Months Months
C D
Fig. 2. Changes in body composition, abdom- 26.0- * 1.5-
inal fat, and ectopic fat accumulation during =
sustained calorie restriction (CR, open sym- < _c%) *
bols, n = 34) or ad libitum diet (AL, filled © |<T: *
symbols, n = 19). Data are presented as E 4.0 < 107
LSM = SE. A-B: fat mass (FM, circles) and o £
fat-free mass (FFM, squares). C—D: abdominal 3 g
subcutaneous (circles) and visceral (squares) g ot
adipose tissue (AT, CR: n = 33, AL: n = 18). 3 2.0 © 0.51
E: intramyocellular lipid content (IMCL, CR: Q ©
n = 33, AL: n = 16). F: intrahepatic lipid & 3
content (IHL, CR: n = 33, AL: n = 14). 3 g . . 200 . . .
*Statistical significance, P < 0.05; #statistical '% Q ™ QS a9 ™
R 7} Vv N Vv
trend, P < 0.10 of the difference of LSM. Months Months
E o4- * F 20
5 = *
S 0.31 < 1.54 #
S 5
0.2 < 1.04
2 \H g
X X
i 0.11 _70.51
(&)
s =
0.0 T T 0.0 T T T
N > N NS >

VAT, the depot most strongly associated with CVD incidence,
decreased by more than 50% in the CR group after 12 mo, and
SAT by more than 30%, which is in line with the results of CR
imposed for six months (19, 35). The extent of the reductions
of VAT and SAT in the present study are, to our knowledge,
unprecedented in nonobese individuals and remarkable given
the fairly low tissue masses of these depots at baseline (<1 kg
and ~5 kg, respectively).

Next, we studied whether CR would induce changes in the
plasma profile of cardiometabolic risk factors. We (23) re-
ported previously a reduced CVD risk following 6 mo of CR,
and now in this longer study, we confirmed this reduction after
12 and 24 mo (CR: —30%, AL: +15%) but with similar
changes in weight. Interestingly, individual factors contribut-
ing to the reduced risk for CVD in the 6-mo study, including
plasma lipids and blood pressure, were not significantly im-
proved with 6 mo of CR. This finding emphasizes the unique
importance of sustained CR, beyond weight loss for benefits to
factors related to healthspan.

A central factor in the development of obesity, CVD, and
aging is insulin resistance. To investigate possible mechanisms

Months

that may relate to reported changes in insulin sensitivity after
6 and 12 mo of CR (16), we measured ectopic lipid accumu-
lation in skeletal muscle IMCL) and the liver (IHL) using
MRS. In contrast to the transient improvement of systemic
insulin resistance, there was not a CR-induced improvement in
IMCL content after 6 [CALERIE 1 (19)] or 12 mo, but after 24
mo. However the 15% reduction in IMCL that we observed is
similar to the effect size observed in obese individuals with
comparable weight loss after 4 mo (45), so, although not
significant in our study, the reduction in IMCL may be imply-
ing some health benefits to the CR subjects. Interestingly, as
for insulin resistance, the observed decrease in IHL content
after 12 mo disappeared during the weight maintenance period,
although percent body fat and abdominal VAT remained re-
duced. The parallel patterns of hepatic lipid content and sys-
temic insulin resistance support the close relationship between
hepatic and systemic metabolism and confirm earlier reports of
improved hepatic metabolism following CR (reviewed in Ref.
41). We are not able to fully explain why sustained CR and
weight loss was insufficient to maintain an improvement in
insulin sensitivity and ectopic lipid accumulation. One might
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argue that this finding is driven by a reduced compliance with
the CR intervention; however, the level of CR achieved from
baseline throughout year 2 was estimated at 13.2% CR, only a
2% change from year I. Alternatively, we acknowledge that
the effect size may have been limited by studying a healthy,
insulin-sensitive population. Therefore the individuals likely
did not have substantially elevated liver fat or insulin resistance
(HOMA-IR: 1.05 = 0.09, liver fat: 1.0 = 0.2%) as opposed to
obese or nonalcoholic fatty liver disease patients who are the
subject of most reported studies. Last, HOMA-IR is a crude
measure of systemic insulin resistance. Characterization of the
CR-induced insulin sensitivity effects on adipose tissue, liver,
and skeletal muscle by means of a hyperinsulinemic-euglyce-
mic clamp would provide a more sensitive measurement and
thereby allow more definitive conclusions on the effects of CR
on insulin sensitivity and its role in reducing cardiometabolic
risks.

Finally, we assessed whether the reduction of caloric intake
and the loss of body mass affected physical fitness. We found
no significant change in maximal oxygen consumption per
body weight (VOopeak and VOomax) in the CR-group after 12
and 24 mo. Our findings are in line with previous reports that
showed no improvement in aerobic capacity if body (fat) mass

is lost through diet, as opposed to weight loss through exercise
(21, 45, 48, 49). We conclude that CR-induced improvements
on cardiometabolic health appear to be independent of physical
fitness.

To our knowledge, this is the first study designed to assess
effects of controlled CR during and after weight loss in the
same study. In the latter part of the study, CR was maintained
from baseline, and the beneficial effects of CR on cardiometa-
bolic risk factors were preserved, but not enhanced. On the
basis of this observation, we conclude that reduced and sus-
tained calorie intake is the main driver of the improvements in
the cardiometabolic profile. The benefit of long-term CR has
been supported by data collected on individuals who self-
administer CR. These individuals, who were mostly normal
weight at CR onset, have followed a regimen of self-imposed
CR for an average of 15 yr and present a remarkably low
metabolic risk profile (reviewed in Ref. 29). For example, it
has been reported that no member of the CRON society has
developed any chronic disease so far, and no use of medication
is reported either (4).

In conclusion, we show that the classical CVD risk factors
were all improved by sustained CR in nonobese participants.
The improved CVD risk profile was associated with a signif-
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icant reduction in overall adiposity as well as reduced abdom-
inal fat and ectopic lipids, which are highly predictive for the
development of chronic metabolic diseases with human aging.
We hypothesize that sustained CR would not only prolong
average life expectancy by reducing CVD/mortality (secondary
aging) but more importantly would improve healthspan, even
in individuals who are already “healthy” and not obese. Be-
cause sustained CR reduced lipid accumulation in all measured
adipose tissue depots did not improve aerobic fitness, we
further hypothesize that improvement of cardiometabolic
health with CR is mediated through improved body composi-
tion and not physical fitness. Arguably the most striking
finding of the present study is that the subjects were not obese
or at high risk for the development of CVD but were still
responsive to the effects of CR on measures of the cardiometa-
bolic profile. Now, it has to be investigated whether such
improvements can prevent or delay the onset of metabolic
complications in later life of nonobese subjects in a comparable
manner, as it has been established for the obese and suggested
by data of the CR society members.
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