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Metabolic Slowing and Reduced Oxidative Damage
with Sustained Caloric Restriction Support the Rate
of Living and Oxidative Damage Theories of Aging
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SUMMARY

Calorie restriction (CR) is a dietary inter-
vention with potential benefits for
healthspan improvement and lifespan
extension. In 53 (34 CR and 19 control)
non-obese adults, we tested the hypoth-
esis that energy expenditure (EE) and its
endocrine mediators are reduced with a
CR diet over 2 years. Approxi-mately 15%
CR was achieved over 2 years, resulting in
an average 8.7 kg weight loss, whereas
controls gained 1.8 kg. In the CR group,
EE measured over 24 hr or during sleep

was approximately 80-120 kcal/day low-

er than expected on the basis of weight
loss, indicating sustained metabolic adap
-tation over 2 years. This metabolic adap-
tation was accompanied by significantly
reduced thyroid axis activity and reactive
oxygen species (F2-isopros-tane) produc-
tion. Findings from this 2-year CR trial in
healthy, non-obese humans provide new
evidence of persistent metabolic slowing
accompanied by reduced oxidative
stress, which supports the rate of living
and oxidative damage theories of mam-

ma-lian aging.
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Figure 3. Metabolic Adaptation in Energy Expenditure after 1 and 2 Years of Calorie Re-

striction

A comparison of metabolic adaptation in sleep energy expenditure (A) and 24-hr energy expenditure
(B) between the AL (control, n = 19, -) and CR (n = 34, ,) groups, after 1 and 2 years of calorie re-
striction. Metabolic adaptation was considered to represent the change in energy expenditure after
adjusting for the changes in fat-free mass, fat mass, age, and sex, and the metabolic adaptation at
baseline (see STAR Methods, sedentary 24-hr energy expenditure, for calculation). The p values for
statistically significant treatment group effects, adjusted for multiple comparisons, are shown.
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Figure 4. Comparison of Changes in Leptin and Thyroxine and the Association
between Metabolic Adaptation in SleepEE

A comparison of changes in the potential mediators of metabolic adaptation, leptin (A) and
thyroxine (T4) (B), and the association between metabolic adaptation in SleepEE with percent
change from baseline in leptin concentrations at year 1 (Y1) (C) and percent change from
baseline in thyroxine concentrations (T4) at year 2 (Y2) (D). AL (control, -) and CR groups (,).
The p values for statistically significant treatment group effects, adjusted for multiple com-
parisons, are shown. Scatterplots show the linear regression model with 95% confidence in-
terval. N =53; 34 CR, 19 controls.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

Thyroid Stimulating Hormone (TSH) ADVIA Centaur 06491080
Triiodthyronine (T3) ADVIA Centaur 04779663
Thyroxine (T4) Siemens L2KT42
Reverse T3 Adaltis 10834U
Leptin Bio—Rad HADK2-61K—-B
Insulin Elecsys 12017547122
Urine Nitrogen Antek No Kit

Urine Creatinine Beckman—Coulter A40920

Urine Norepinephrine Bio—Rad 1956071
Urine Epinephrine Bio—Rad 195—-6071
Software and Algorithms

Weight change nomogram for 25%CR Pieper et al., 2011 N/A

CONTACT FOR REAGENT
AND RESOURCE SHARING

The dataset pertaining to the
current study is available upon
written request. Resources will
be shared in accordance with
appropriate data use agree-
ments and IRB approvals for
Further
information and requests for

secondary analyses.

resources and reagents should
be directed to and will be
fulfilled by the Lead Contact,
Leanne Redman

(leanne.redman@pbrc.edu).

EXPERIMENTAL MODEL
AND SUBIJECT DETAILS

Study Design

CALERIE 2 (Rochon et al., 2011)
was a two year multi-center,
parallel-group, randomized
controlled trial that recruited
healthy in-dividuals to receive

an intervention aimed at re-

ducing energy intake by 25%
(CR group) or to maintain ha-
bitual energy intake on an ad
libitum basis (control group).
Two hundred and twenty indi-
viduals from Pennington Bio-
medical Research  Center
(Baton Rouge, LA), Washington
University (St. Louis, MO) and
Tufts University (Boston, MA)
were randomized in this multi-
center study (NCT00427193)
for which Duke University,
(Durham, NC) was the coordi-
nating center (Rochon et al.,,
2011). The present ancillary
study (NCT02695511) was ap-
proved by the IRB of the Pen-
nington Biomedical Research
Center and offered only to the
80 individuals enrolled in the
parent study at this site. Inter-
ested individuals provided
written informed consent for
the additional visits and pro-

ced-ures. Following baseline

assessments, participants were
randomized to adhere for two
years to a diet that targeted
25% calorie restriction (CR
group) or calorie intake ad libi-
tum (AL; Control group) ac-
cording to a 2:1 allocation in
favor of the CR group. Random
-ization was stratified by study
site, sex and BMI dichotomized
into normal weight (22.0%
BMI<25.0 kg/m2) and over-
(25.0%BMI1<28.0 kg/

m2). Ancillary testing included

weight

an additional outpatient visit
and a 24-hour stay in a meta-
bolic chamber at baseline, and
after 1 year (Y1; 12 months)
and 2 years (Y2; 24 months) of
intervention. The Clinic staff
involved in the collection of
study outcomes was blinded to
the treatment group assign-
ments.
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Participants

Men and women were aged 20
to 50 years and 20 and 47
years, respectively, and had
body mass index (BMI) be-
tween 22.0 to 27.9 kg/m2 at
the initial screening visit. Po-
tential participants in the ancil-
lary study were excluded for
claustrophobia, contraindica-
tions to MRI and history of
blood clotting disorders. The
CONSORT diagram summariz-
ing throughput of participants
in the study is provided in Fig-
ure 1 and the characteristics of
the participants at baseline is
summarized in Table 1.

METHOD DETAILS

Study Interventions

From day 1, the CR interven-
tion targeted a sustained 25%
restriction of energy intake
prescribed on the basis of the
energy require-ments deter-
mined from two, 14 day dou-
bly labeled water measures at
baseline (Redman et al., 2014;
Rickman et al., 2011). The goal
for the intervention was adher-
ence to a mathematically pre-
dicted weight loss trajectory
that reached 15.5%

baseline weight after one year

below

of intervention followed by
maintenance of this weight
over the second year (Pieper et
al., 2011). Participants received

a weekly weight loss graph
that showed a targeted weight
range which was used as the
primary tool to maintain ad-
herence during the interven-
tion. Because of the variability
in projected weight loss need-
ed to achieve 25% CR, partici-
pants were also provided with
guidance indicating a ‘““zone of
acceptable weight loss”” which
ranged from 12 to 22%. Nutri-
tional and behavioral guidance
was customized and modified
to decrease the degree to
which weight change differed
from the target. Adherence to
25% CR was further fostered
by provision of meals for the
first 27 days of the study. Par-
ticipants were fed their as-
signed caloric prescription in
the form of three, 9 day diets.
The food provision was used to
educate on portion size, ener-
gy content and anticipated diet
changes necessary to maintain
25% CR with different types of
dietary patterns. The behavior-
al intervention included deliv-
ery of a structured curriculum
in regular group and individual
meetings with interventionists
(clinical psychologists and nu-
tritionists) from a standardized
treatment manual developed
specifically for the study
(Rickman et al., 2011). Partici-
pants randomized to the con-
trol group were advised to con-
tinue their current diets on a

e

completely ad libitum basis. No
specific level of physical activi-
ty was required or recom-
mended for either group. All
participants received a multi-
vitamin (Nature Made Multi
Pharmavite LLC,

Mission Hills, CA) and cal-cium

Complete,

supplement (1000mg/d, Doug-
las laboratories, Pittsburgh, PA)
to foster nutritional adequacy
of the self-selected diets.

Energy Intake and Calorie
Restriction

Energy intake was calculated at
baseline by total daily energy
labeled
water) and during the trial be-

expenditure (doubly

tween base-line and Y1 as well
as baseline and Y2 by the in-
take/balance method derived
from total daily energy ex-
penditure (doubly labeled wa-
ter) and the changes in energy
content of fat mass (9,300
kcal/kg) and fat-free mass
(1,100 kcal/kg) from DXA
(Racette et al., 2012). The per-
cent reduction in energy intake
(%CR) achieved during each
interval was defined as; %CR =
100 x (Energy intake at base-
line —EI during Interval) / Ener-
gy intake at baseline.

Total
penditure

Daily Energy Ex-

For each doubly labeled water
(DLW) assessment, two base-
line urine samples were col-

ﬂ




lected before subjects con-
sumed an oral cocktail (1.5 g/
kg body weight) containing
0.086 g of 2H20 (99.98 % 2H)
and 0.138 g H2180 (100% 180)
per kg body weight (Redman et
al., 2009). After dosing, partici-
pants were asked to void their
bladder at approximately 1 3 h
after ingestion (this sample
was dis-carded) and to collect
six additional, timed urine sam-
ples: two approximately 4.5h
and 6h after dosing, two on
day 7, and two on
dayl4.Measurement of hydro-
gen and oxygen isotope enrich-
ments were measured by gas-
isotope-ratio mass spectrome-
try at the USDA/ARS Children’s
Nutrition Research Center Sta-
ble Isotope Laboratory
(Houston, TX) (Racette et al.,
1994; Wong et al., 1992). Car-
bon dioxide production rate
(VCO2) was calculated from
the fractional turnover rates of
2H(kH) and 180(kO)(Racette et
al., 1994) and converted to
TDEE based on an energy
equivalent of a liter of CO2 to
be 3.815/RQ + 1.2321 where
the RQ was deter-mined for
each individual using food dia-
ries and changes in body com-
position.

Anthropometrics and
Body

Metabolic body weight was

Composition

measured (Scale Tronix 5200,

White Plains, NY) in the morn-
ing after an overnight fast and
voiding while wearing a surgi-
cal gown which was subtracted
from the total weight. Body
composition (fat, lean, and
bone) was measured by dual X-
ray absorptiometry (DXA; Ho-
logic QDR 4500A; Hologic, Bed-
ford, MA) according to a stand-
ardized protocol and all scans
were analyzed at a centralized
reading center (University of
CA, San Francisco) using Holog-
ic software version Apex 3.3.

Sedentary 24-hour Energy
Expenditure

Participants entered a meta-
bolic chamber at approximate-
ly 0800h after an overnight fast
for measurement of 24 hour
sedentary en-ergy expenditure
(24hEE) and sleeping energy
expenditure (SleepEE). Meals
were prepared by the metabol-
ic kitchen and served ac-
cording to a fixed schedule. At
baseline, the energy intake
provided was estimated ac-
cording to an equation and ad-
justed during the day on the
basis of actual measured ener-
gy expenditure of the first 7
hours of measurement
(Nguyen et al., 2003). For the
subsequent chambers, the en-
ergy content of the food was
held constant for control par-
ticipants and was 75% of meas-

ured baseline 24 hour energy

e

expenditure for CR partici-
pants. SleepEE was assessed
between 0200 0500h for those
minutes that activity is less
than 1%. During their stay in
the chamber, no exercise was
allowed. The change in 24hEE
and SleepEE is expressed as the
residual EE which is the differ-
ence between the measured
value and the value predicted
for the EE measurement (on
the basis of weight and body
composition) at each time
point. The predicted values
were derived from a linear re-
gression at baseline for the 71
partic-ipants using fat-free
mass, fat mass, age and sex as
covariates; The difference in
the residual EE (follow-up mi-
nus baseline) was then used as
a marker of the extent to
which  energy expenditure
adapted to calorie restriction
independently from the chang-
es in body mass and body com-
position with negative values
indicating metabolic adapta-
tion (Galgani and Santos,

2016).

1.24hEE (kcal/d) = 1100 + 17.2
(fat free mass, kg) + 4.6 (fat mass,
kg) 1.9 (age,y) 167 (sex;
1=female, O=male); R2=0.70,
p<.0001.

2.SleepEE (kcal/d) =749+ 17.6
(fat free mass, kg) + 3.2 (fat mass,
kg) 2.6(age,y) 58 (sex;
1=female, O=male);R2=0.70,
p<.0001.
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Core Body Temperature
body temperature
(VitalSense, Mini—Mitter,
Bend, OR) was measured and

Core

recorded every minute during
the energy expendi-ture meas-
urement in the metabolic
chamber. Mean temperature
over 24—hours as well as
mean day time (0800—2230h)
and night time (0200—0500h)

temperatures were calculated.
Physical Activity

The energy cost of physical
activity, termed activity relat-
ed energy expenditure (AREE)
was calculated as the cost of
daily activities beyond sleep
using linear regression model
of total daily energy expendi-
ture by doubly labeled water
measures (TDEE) and SleepEE
at baseline: TDEE (kcal/d) =
859 + 1.1 (SleepEE, kcal/d) +
4.1 (age, vY) 340 (sex;
1=female, O=male); R2=0.66,
p<.0001. AREE is positive for
subjects with higher physical
activity than average and neg-
ative for subjects with lower
physical activity than average
(Redman et al., 2009). Second,
the calories expended in spon-
taneous physical activity (SPA)
were determined by micro-
wave motion detectors and

indirect calorimetry in the

metabolic chamber.
Oxidative Stress

Our primary measure of oxida-
tive damage, urinary 2,3-dinor
-iPF(2a)-1ll was measured by
liquid chromatography-
tandem mass spectrometry
(LC-MS/MS) on a Shimadzu
20A series LC and Applied Bio-
systems APl 4000 QTrap MS/
MS instruments as previously
described

2010). We
three additional isomers of F2-
isoprostanes; iPF(2a)-lll, iPF(2
a)-Vl, and 8,12-iso-iPF(2a)-VI
as exploratory variables. Urine

(llyasova et al.,

also measured

specimens were diluted to
0.65 mg/mL creatinine, and
samples with creatinine levels
equal to or below this value
were analyzed without dilu-
tion. Sample preparation in-
cluded addition of internal
standards [iPF(2a)-IlI-d4, 8,12-
iso-iPF(2a)-VI-d11, iPF(2a)-VI-
d4] and 10 mL 1M HCI; wash-
ing of samples (500 mL) with 1
mL hexane; extraction of the
by ethyl
hexane mixture (3/1,

acetate/
v/v);
evaporation of the liquid and

analytes

resuspension of the residue in
150 mL of a mixture contain-
ing 70% mobile phase A (0.1%
formic acid in water) and 30%

methanol. Using LC-MS/MS,

e

100 mLof sample were inject-
ed into two solid core C18 col-
umns (Phenomenex Kinetex
C18, 150 x 4.6 mm) in series to
achieve chromato-graphic sep-
aration of the F2-isoprostane
isomers. The mass spectrome-
ter was operated in negative
mode with the following MRM
transitions (m/z): 353/193 [iPF
(2a)-1l], 357/197 [iPF(2a)-llI-
d4], 325/237 [2,3-dinor-iPF
(2a)-111], 353/115 [iPF(2a)-VI
and 8,12-iso-iPF(2a)-VI],
364/115 [iPF(2a)-VI-d11], and
357/115 [8,12-is0-iPF(2a)-VI-
d4]. Calibration samples cov-
ering the ex-pected range of
concentrations were prepared
by adding pure material into
pooled human urine, injected
before and after the patient
samples. Lower limits of quan-
tification (LLOQ, >80 % accura-
cy) were 0.007, 0.34, 0.25, and
0.12 mg/mL for iPF(2a)-1ll, 2,3-
dinor-iPF(2a)-lll, iPF(2a)-VI,
and 8,12-iso-iPF(2a)-VI, re-
spectively. As a complimen-
tary measure of oxidative
damage, serum protein car-
bonyls were determined using
a modified 2,4-
dinitrophenylhydrazine assay
(Mates et al., 2000).

Clinical Chemistry

Fasting blood samples were




collected and the following
assays were performed at the
CALERIE central biochemistry
laboratory at Vermont Univer-
sity or at the Clinical Chemistry
Core at Pennington Biomedical
Research Center: thyroid stim-
ulating hormone (TSH) and
triiodothyronine (T3) by chem-
iluminescent immunoassay
(ADVIA Centaur, Bayer Health
Care, Deerfield, IL); thyroxine
(T4) by par-ticle-enhanced im-
munonephelometric assay,
(BN II, Siemens, Deerfield, IL);
reverse T3 by multiplex immu-
noassay (Bio-Plex, Bio-Rad La-
boratories, Hercules, CA); lep-
tin by multiplex immunoassay
(Bio-Plex, Bio-Rad Laborato-
ries, Hercules, CA); and insulin
by chemiluminescent immu-
noassay (Elecsys 2010, Roche
Diagnostics, Indianapolis, IN).
Nitrogen,

creatinine, norepi-

nephrine and epinephrine
were measured in a 24 hour
pooled urine sample collected

during the chamber stay.

QUANTIFICATION AND
STATISTICAL ANALYSIS

Sample Size Estimation

This study was powered on
the ability to
significant adaptation in ener-
(24hEE,
SleepEE) from baseline and to

detect a

gy metabolism

detect differences in this adap-
tation between the two diet
groups (AL vs CR). Sample size
estimates were derived from
the data ob-tained in our 6
month pilot study where the
standard deviation in EE was
assumed to be 140 kcal/d. An-
ticipating that a maximum of
75 subjects (50 in CR and 25 in
control) would enroll in the
ancillary study, the minimal
detectable metabolic adapta-
tion within groups is 60 kcal/d
and between groups is 100
kcal/d to achieve a power R
80%.

Statistical Analysis

All analyses were carried out
using SAS/STAT software, Ver-
sion 9.4 of the SAS System for
Windows (SAS Institute, Cary,
NC, USA) and tests were evalu-
ated using significance level of
a=.05. The per protocol analy-
sis (see ‘“‘study subjects and
throughput in the Results Sec-
tion) comprised of computing
the change from baseline to
Y1 and Y2 in all outcomes
which were investigated for
fixed effects (treatment group,
time) and a treatment-by-time
interaction using linear mixed
models for repeated
measures. The models includ-
ed the baseline outcome value
as a covariate. A random sub-

e

ject effect was also included to
account for intra-individual
correlations over time. Two-
sample t-tests derived from
least squares means (LSM)
were used to compare adjust-
ed mean changes between
treatment groups (AL vs CR)
and to test for group differ-
ences in adjusted mean
change at Y1 and Y2. This
same method was used to
model and assess differences
in percent change from base-
line. Finally, Pearson’s correla-
tion analysis was used to as-
sess relationships between %
CR and metabolic adaptation,
change from baseline in clini-
cal chemistries and for
Spearman’s correlation analy-
sis was used to examine rela-
tionships between %CR, meta-
bolic adaptation and isopros-
which
were non-normally distribut-
ed.

tane concentrations
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