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Precis: Twenty-four energy expenditure was assessed during 24h energy balance and 24h
fasting. A greater decrease in metabolic rate during fasting was due to a higher metabolic
rate during energy balance.

Abbreviations: 24EE, 24h energy expenditure; 24EEensaL, 24h energy expenditure during energy balance;
24EErasTinG, 24h energy expenditure during fasting; AFT, awake and fed thermogenesis; ANFT, awake non-fed
thermogenesis; BMI, body mass index; Cl, confidence interval; DXA, dual-energy x-ray absorptiometry; EE,
energy expenditure; EEo, non-activity energy expenditure; ENBAL, energy balance; FFM, fat-free mass; FGF21,
Fibroblast Growth Factor 21; FM, fat mass; PAL, physical activity level; RQ, respiratory quotient; RMR, resting
metabolic rate; SPA, spontaneous physical activity; SLEEP, sleeping metabolic rate; WMD weight-maintaining
diet.
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Abstract

PURPOSE

The human thrifty phenotype hypothesis presupposes that lower 24-hour energy expenditure
(24EE) during famine preserves body mass and promotes survival. The prevailing view defines
thrifty individuals as having a lower 24EE during fasting. However, it is also plausible that the
greater decline in 24EE during fasting in thrifty individuals is due to higher 24EE during energy
balance conditions (ENBAL). Herein, we provide evidence that this is indeed the case.

METHODS

In 108 healthy subjects, 24EE was measured in a whole-room indirect calorimeter both during
ENBAL and 24h fasting conditions. Subjects were categorized as thrifty or spendthrift based on
the median value (-162 kcal/day) of the difference in 24EE (adjusted for body composition)
between fasting and ENBAL conditions. Concomitant 24h urinary catecholamines were assessed
by liquid chromatography—mass spectrometry.

RESULTS

Compared to ENBAL, on average 24EE decreased by 172 kcal/day (SD=93, range -470 to 122)
during 24h fasting. A greater-than-median decrease in 24EE (“thriftier” phenotype) was due to
higher 24EE during ENBAL (+124 kcal/day, p<0.0001) but not to lower 24EE during fasting
(p=0.35). Greater fasting-induced increase in epinephrine associated with concomitant lower
decrease in 24EE (r=0.27, p=0.006).

MAIN CONCLUSION

The greater decrease in 24EE during acute fasting (which characterizes the thrifty phenotype) is
not due to reduced metabolic rate during fasting but to a relatively higher 24EE during feeding
conditions, and this decrease in 24EE during fasting is accompanied by smaller increase in
epinephrine. These results recharacterize the prevailing view of the short-term 24EE responses
that define the human metabolic phenotypes.
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Introduction

The existence of thrifty versus spendthrift phenotypes defined by measurement of 24h energy
expenditure (24EE) in a whole room indirect calorimeter during acute fasting and overfeeding
was first proposed in 2001(1). In this preliminary study, 24EE responses to short-term (24h)
fasting and 200% overfeeding were related such that, compared to energy balance (ENBAL),
individuals with less increase in 24EE during overfeeding decreased 24EE more during fasting
(“thrifty” phenotype), whereas those with a greater increase in 24EE during overfeeding had a
smaller decrease in 24EE during fasting (“spendthrift” phenotype)(2, 3). We have demonstrated
that thrifty subjects, characterized by greater decline in 24EE from ENBAL during 24h fasting,
are more susceptible to weight gain and more resistant to weight loss in three separate
settings: in free-living conditions(4), as well as in carefully-controlled inpatient feeding studies
during 6-week caloric restriction(5) and low-protein daily overfeeding(6).

In the aforementioned studies, thriftiness is defined as a greater decrease in 24EE from ENBAL
during acute (24-h) fasting. The proposed model is that this decline is attributed to lower 24EE
during fasting conditions (Figure 1). However, lower fasting 24EE itself did not predict weight
loss or weight gain and, contrary to the original model and counterintuitively, thrifty individuals
appeared to have a higher 24EE during ENBAL(7). Thus, we hypothesized that thriftiness is
defined not by lower fasting 24EE but by higher ENBAL 24EE which, if so, would fundamentally
alter the prevailing model of the thrifty/spendthrift phenotype.

Leptin, catecholamines, and FGF21 are candidate thermogenic hormones that could mediate
the extent of metabolic thriftiness during acute fasting conditions. Leptin is an adipocyte-
derived hormone that decreases with fasting and modulates 24EE via its effects on the
hypothalamic neural circuitry(8-10). A greater decrease in 24EE during short-term fasting
(indicative of a thrifty phenotype) is associated with a lower urinary epinephrine excretion rate
in this condition(11). Fibroblast Growth Factor 21 (FGF21), a liver-derived hormone associated
with thermogenesis in rodent models(12, 13), also decreases following short-term fasting in
humans(14, 15).

In this present study, we investigated in a cohort of 108 healthy individuals whether: 1) the
greater decrease in 24EE during 24h fasting (which characterizes thrifty subjects) is due to a
lower 24EE during fasting or to a higher 24EE during ENBAL; and, 2) if changes in urinary
catecholamines, FGF21, and leptin are associated with the concomitant decrease in 24EE during
24h fasting. We also examined the components of 24EE, sleeping metabolic rate (SLEEP) and
“awake and fed” thermogenesis (AFT), to determine their contribution to the overall decrease
in 24EE during 24h fasting.
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Research Design and Methods

Subjects

For this cross-sectional analysis, baseline data from 108 individuals from three different studies
at our institute were combined (Supplemental Figure 1; supplemental material can be found
at(16)). All individuals were 18 years or older and living in and around nearby Phoenix. Subjects
were weight stable (<10% weight variation) for at least 6 months prior to admission and were
confirmed to be healthy by history, physical examination, and fasting blood tests. On admission
to the clinical research unit, subjects were placed on a standard, normal-protein, weight-
maintaining diet (WMD; 50% carbohydrate, 30% fat, and 20% protein), using unit-specific
equations based on weight and gender(17). Daily fasting body weight measured by calibrated
scale was maintained within 1% of the admission weight by daily adjusting the energy intake of
WMD(18). Body composition was assessed by dual-energy X-ray absorptiometry (DXA) (DPX-1,
Lunar Corp, Madison, Wisconsin, USA) on the second day after admission. Fat mass (FM) and
fat-free mass (FFM) were calculated from the percentage body fat (PFAT) obtained from DXA
scans. All subjects had normal glucose regulation based on oral glucose tolerance test (OGTT)
performed after three days on the WMD(19). Plasma glucose concentrations were measured
using the Analox GM9 glucose oxidase method (Analox Inst. USA Inc., Lunenburg, MA, USA).
Plasma insulin concentrations were measured by an automated immunoenzymometric assay
(Tosoh Bioscience Inc., Tessenderlo, Belgium). All participants provided written informed
consent prior to beginning the study. The Institutional Review Board of the NIDDK approved all
three studies.

Measurement of energy metabolism

Twenty-four-hour EE was assessed in a large, open-circuit indirect whole-room calorimeter
(respiratory chamber), as previously described(5, 20). Briefly, volunteers entered the
calorimeter at 08:00AM after having fasted overnight and eating breakfast at 07:00AM. They
remained therein for 23h and 15min during which three meals were provided at 11:00AM,
4:00PM, and 7:00PM. While in the calorimeter, subjects were asked to remain sedentary. The
mean ambient temperature while in the calorimeter was 23.9+1.3°C (mean%SD). Twenty-four-
hour EE and RQ were calculated from previously derived equations(21) by extrapolating to 24h
the average CO; production and O; consumption per minute during the 23h and 15min in the
calorimeter.
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The components of 24EE were as follows: the sleeping metabolic rate (SLEEP), the rate of EE in
the inactive-awake state (EEop), and the awake-fed thermogenesis (AFT) during ENBAL or awake-
non-fed thermogenesis (ANFT) during fasting. SLEEP was calculated by extrapolating to 24h the
average of all minute-by-minute EE time points (kcal/min) calculated from 11:30PM to 5:30AM
overnight during which SPA was <1.5% (i.e. when subjects were motionless). Subjects’ SPA was
measured by radar sensors and expressed as the percentage of time when activity was
detected(22). The EEo was calculated as the intercept of the regression line between EE and SPA
minute-by-minute timepoints between 10:00AM and 1:00AM, as previously described(23). The
AFT and ANFT were calculated as the difference between EEo and SLEEP expressed in kcal/min
in their respective time periods and then extrapolated to 15h, as previously described(23). The
physical activity level (PAL) was calculated as 24EE divided by SLEEP(24).

Energy expenditure during 24h energy balance and fasting conditions

To closely achieve ENBAL during the 24EE assessment in the whole-room calorimeter, 24EE was
measured twice during eucaloric conditions in the baseline period in all subjects of the clinical
trials NCT00523627 and NCT00687115 (n=95). The first eucaloric EE assessment was obtained
while subjects resided for 24h in the calorimeter with total energy intake calculated using a
unit-specific formula to achieve 24h ENBAL in the confined environment of the calorimeter(20).
Secondly, after two days, subjects had another eucaloric 24EE assessment inside the
calorimeter when the total energy intake was equal to the 24EE value calculated during the first
eucaloric EE assessment, for precise determination of 24EE during ENBAL (24EEgngal). In the
clinical trial NCT02939404, 24EEenga. Was measured only once (n=13) while obtaining the same
degree of deviation from perfect energy balance as in the duplicate assessments. Apart from
this difference in the study scheme, the baseline periods of all three studies were comparable.

Following ENBAL assessment and after at least 3 days on the WMD, 24EE was assessed during
24h of fasting when no food was provided, and subjects were instructed to keep themselves
hydrated by drinking water or no-calorie no-caffeine beverages.

Hormonal measurements

Fasting blood draws for measurements of FGF21 and leptin concentrations were performed in
the morning both prior to and upon exiting the calorimeter during each dietary intervention.
Plasma samples were collected in EDTA-containing tubes and stored in a freezer at —70°C for
later measurements of hormone concentrations by the NIDDK Core laboratory in Bethesda,
MD. Plasma FGF21 concentrations were measured in n=94 subjects by ELISA (R&D Systems,
Minneapolis, MN, USA). The intra-assay CV was 2.5% and the inter-assay CV was 5.2%. Plasma
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leptin concentrations were measured in n=87 subjects by ELISA (EMD Millipore, Billerica, MA).
The intra-assay CV was 2.6% and the inter-assay CV was 5.0%.

Twenty-four-hour urine was collected in a refrigerator inside the calorimeter during each 24EE
measurement and stored in a freezer at —70°C for later measurement of urinary catecholamines
in n=101 subjects at the Mayo Collaborative Services, LLC in Rochester, MN via high-
performance liquid chromatography. The diet served in the calorimeter did not contain any
caffeinated and alcoholic beverages, as well as catecholamine-rich foods that could have
increased urinary catecholamine levels.

Statistical analysis

Statistical analysis was performed using the SAS statistical software package (SAS Enterprise
Guide Version 7.15; SAS Institute, Cary, NC). Unless otherwise specified, data were expressed as
mean+SD or mean with 95% confidence interval (Cl). Skewed data were logio-transformed
before analyses to meet the assumptions of parametric tests (i.e., homoscedasticity and normal
distribution of data). The Pearson’s correlation coefficient was used to quantify associations
between continuous variables.

Multivariate linear regression analysis was used to adjust EE measures during ENBAL
(Supplemental Table 1) and during fasting (Supplemental Table 2) for their known
determinants including demographic, environmental, and body composition measures(21, 25)
by including age, sex, ethnicity, FM, FFM, SPA (only 24EE analyses), ambient temperature, and
calorimeter room (Room 1 or 2) as covariates in the regression models. The change in adjusted
24EE from ENBAL during fasting was calculated as the adjusted 24EErasting minus the adjusted
24EEensaL.

For graphical purposes and ease of interpretation, the aforementioned analyses using
continuous EE data were followed up with confirmatory analyses using metabolic groups. In
these confirmatory analyses, thrifty/spendthrift subjects were arbitrarily defined as those with
lower/higher-than-median decrease in adjusted 24EE during fasting from ENBAL, respectively,
as done previously(5, 7). Similarly, additional analyses of the 10 thriftiest and 10 most
spendthrift subjects were also carried out. Paired t-test was used to evaluate the difference (A)
in EE measures between fasting vs. ENBAL conditions while unpaired t-test was used to
compare EE measures between metabolic groups (thrifty/spendthrift). Sensitivity analyses were
conducted including only men, and by additionally adjusting EE measures by clinical protocol
and similar results were obtained (data not shown).
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Results

Baseline characteristics of the study cohort are presented in Table 1. The relationships between
FFM and 24EE during ENBAL and during fasting are presented in Supplemental Figure 2. Energy
intake and 24EEengsaL Were closely related (r=0.96, p<0.0001, Figure 2) and the regression line
was almost identical to the identity line, thus indicating successful achievement of 24h energy
balance over the entire range of energy intake values. The average deviation from perfect
ENBAL was 40+103 kcal/day, equivalent to 2.2+5.0% of measured 24EE.

Relationships between 24EE measures during energy balance and acute fasting conditions

Adjusted 24EE during ENBAL (24EEensal) and during 24h fasting (24EErasting) were closely
related (r=0.75, p<0.0001, Figure 3A). Except for four subjects who increased their adjusted
24EE during fasting, all data points were below the identity line, demonstrating that 24EE
decreased in nearly all subjects during 24h fasting (Figure 3A). However, the slope of the
regression line was 0.67 (Cl: 0.56-0.78) indicating a proportional effect for the decrease in 24EE
from ENBAL to fasting. Specifically, subjects with higher adjusted 24EEensaL decreased 24EE
more during 24h fasting (i.e. thriftier subjects) compared to subjects with lower 24EEgngaL. This
was also confirmed when expressing the absolute fasting-induced change in metabolic rate as
percentage of 24EE during ENBAL: subjects with a greater percentage decrease in 24EE during
fasting (i.e. thriftier subjects) had a higher 24EEgngaL (r=—0.36, p=0.0002, Supplemental Figure
3A) but similar 24EErasting (p=0.06, Supplemental Figure 3C) compared to subjects with smaller
percent decrease (i.e. more spendthrift subjects).

For illustrative purposes and to confirm our results obtained using continuous 24EE data, we
also performed a group-wise comparison of thrifty vs. spendthrift subjects (Figure 3B) as
arbitrarily defined by the median decrease (-162 kcal/day) in adjusted 24EE from ENBAL during
24h fasting (Table 1). According to this arbitrary definition, on average thrifty subjects
decreased 24EE by ~11% while spendthrift subjects decreased it by only ~4% (Figure 3B). In
absolute terms, thrifty subjects decreased 24EE by ~147 kcal/day more than spendthrift
subjects (Cl: 124-168, p<0.0001) and had a higher 24EEengac (+124 kcal/day, Cl: 77-171;
p<0.0001) but similar 24EEgastinG (p=0.35) compared to spendthrift subjects (Table 1). The
analysis of 24h time courses of adjusted EE revealed that thrifty subjects had on average a
relatively higher metabolic rate following meals and overnight during ENBAL compared to
spendthrift subjects, despite similar kinetics during fasting conditions (Figure 3E). Further, we
also arbitrarily analyzed data from the extremes of the continuous data distribution, namely,
the ten thriftiest vs. the ten most spendthrift subjects based on the largest/smallest decrease in
adjusted 24EE during 24h fasting in our cohort. Nearly all the thriftiest subjects, who decreased
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their adjusted 24EE by an average of 336 kcal/day during 24h fasting (Figure 4A), had greater-
than-mean adjusted 24EE during ENBAL (Figure 4B), whereas the most spendthrift subjects,
who on average decreased their adjusted 24EE by only 2 kcal/day, overall had a lower-than-
mean adjusted 24EE during ENBAL.

We also expressed 24EE per kg of FFM (24EE/FFM ratio) to gain further insight into the
differences in 24EE between thrifty/spendthrift phenotypes. During energy balance, thrifty
subjects had an average higher 24EE/FFM ratio than spendthrift subjects (35.7 vs 33.7 kcal/kg,
p=0.003, Table 1) while no difference was found during fasting conditions (p=0.87). To confirm
this finding and overcome potential bias due to the use of ratios, we performed linear
regression analyses of unadjusted 24EE using FFM and metabolic group (thrifty/spendthrift) as
independent variables. Again, we found that thrifty subjects had a relatively higher 24EE at any
level of FFM compared to spendthrift subjects (+101 kcal/day, 95% CI: +29, +173, p=0.006,
Figure 5A), while there was no such difference during 24h fasting (p=0.67, Figure 5B). Similar
results (+135 kcal/day, 95% Cl: +84, +186, p<0.0001) were obtained when including all
determinants of 24EE (e.g., FM, age, sex, etc.) to the regression model (described in the
Methods section).

There were no associations between the fasting-induced decrease in adjusted 24EE and age,
BMI, and percentage body fat (all p>0.67) nor any significant interactions (all p-
interaction>0.82), indicating that thriftiness was independent of these demographic and
anthropometric factors.

Relationships between SLEEP measures during energy balance and acute fasting

conditions

Adjusted SLEEP during ENBAL (SLEEPensaL) and during 24h fasting (SLEEPrasting) Were also
related with each other (r=0.58, p<0.0001, Figure 3C), but not all data points were below the
identity line, indicating a relatively increased SLEEP in some subjects during 24h fasting (Figure
3C). The slope of the linear regression line was 0.58 (Cl: 0.42-0.74) indicating a proportional
effect for the change in SLEEP, that is, subjects with relatively higher SLEEPengsaL decreased
SLEEP more during 24h fasting compared to subjects with relatively lower SLEEPengaL. Similar
results were obtained when expressing absolute changes in SLEEP as percentage of SLEEPengaL
(Supplemental Figure 3B-3D).

As done for 24EE, we confirmed these results using continuous SLEEP data by comparing the
two metabolic groups (Figure 3D). Specifically, spendthrift individuals increased SLEEP by ~2%
or 34 kcal/day (Cl: 9-58; p=0.008, Figure 3D) while thrifty individuals decreased it by ~¥4% or 63
kcal/day (Cl: =94 to —33; p=0.0001), thus the average difference between groups was —97
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kcal/day (Cl: =135 to —59; p<0.0001). Thrifty subjects had a relatively higher SLEEPgngaL (+87
kcal/day, Cl: 45-130; p<0.0001, Table 1) but similar SLEEPrasting compared to spendthrift
subjects (p=0.87, Table 1). When analyzing the ten thriftiest and 10 most spendthrift subjects,
we found that nearly all the thriftiest subjects (Figure 4A) had a greater-than-mean adjusted
SLEEP during ENBAL (Figure 4C), while the most spendthrift subjects had overall a lower
adjusted SLEEP during ENBAL.

The associations between 24EE/SLEEP during ENBAL and fasting were similar after additional
adjustment for measures of insulin sensitivity index obtained from OGTT values.

We also analyzed the relationships between adjusted EEg and AFT during both ENBAL and 24h
fasting conditions and found overall similar results to what we reported for 24EE and SLEEP
(Supplemental Figure 4).

Hormonal changes and their relationships with EE changes during 24h fasting

Compared to ENBAL, urinary norepinephrine decreased on average by ~14% or 4.8 ug/24h
(p=0.003) while urinary epinephrine increased by ~¥36% or 1.5 pg/24h (p<0.0001)
(Supplemental Figure 5). After 24h fasting, on average plasma FGF21 concentration decreased
by ~34% or 57 pg/mL (p<0.0001) and leptin decreased by ~70% or 10.9 ng/mL (p<0.0001)(Table
2).

A greater increase in urinary epinephrine during 24h fasting was associated with less decrease
in adjusted 24EE (r=0.27, p=0.006, Figure 6A). When analyzing the two metabolic groups, on
average spendthrift individuals increased epinephrine concentrations during fasting by 2.6
ug/24h (Cl: 1.7-3.4; p<0.0001, Figure 6B), which was 4.3-fold or 2.0 pug/24h (Cl: 1.0-2.9;
p<0.0001) higher than thrifty individuals who increased epinephrine concentrations by only 0.6
ug/24h (Cl: 0.04-1.2; p=0.04). The fasting-induced increase in epinephrine also correlated with
concomitant changes in adjusted EEpand SLEEP (r=0.24, p=0.02; and r=0.24, p=0.01;
Supplemental Figure 8A-8B, respectively) during 24h fasting, but not with concomitant changes
in ANFT (p=0.9, Supplemental Figure 6C).

A greater decrease in plasma leptin concentration after 24h fasting tended to be associated
with concomitant greater decrease in adjusted 24EE (r=0.19, p=0.07, Figure 6C). On average,
thrifty individuals decreased leptin concentrations by 72% (Cl: =76 to -67; p<0.0001) (Figure
6D) and this decrease was 1.22-fold greater (Cl: 1.01-1.48, p=0.04) than that of spendthrift
individuals who decreased leptin by only 66% (Cl: =70 to -62; p<0.0001). The fasting-induced
decrease in leptin also correlated with the concomitant decrease in adjusted EEq (r=0.21,
p=0.05, Supplemental Figure 6D), but not SLEEP (p=0.27, Supplemental Figure 6E) and ANFT
(p=0.36, Supplemental Figure 6F).
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A greater decrease in plasma FGF21 following 24h fasting was not associated with the
concomitant decrease in adjusted 24EE (p=0.49, Figure 6E) with both thrifty and spendthrift
groups decreasing to the same extent (p=0.25, Figure 6F). However, a lesser decrease in FGF21
after 24h fasting was associated with a lesser concomitant decrease in adjusted SLEEP (r=0.38,
p=0.0002, Figure 7A) and ANFT (r=—0.37, p=0.0003, Supplemental Figure 6H), but not with EEg
(p=0.43; Supplemental Figure 6G).

A greater fasting-induced decrease in FGF21 was associated with a greater concomitant
decrease in epinephrine (r=0.28, p=0.006, Figure 7B). In a multivariate analysis including both
fasting-induced changes in epinephrine and FGF21 as predictors, only FGF21 was independently
associated with the change in adjusted SLEEP during 24h fasting (p=0.0002) while epinephrine
was no longer significant (p=0.23).

No associations were found between the decrease in norepinephrine from ENBAL during 24h
fasting and changes in EE measures (all p>0.11). Hormonal results were similar when
considering the absolute difference in unadjusted EE measures between conditions (data not
shown).

Discussion

The thrifty phenotype has been hypothesized as individuals decrease EE more to conserve
energy stores during prolonged periods of food restriction. Based on our assessment of
thriftiness, which is limited to the acute condition of 24h fasting, this concept remained true.
However, the decline in 24EE (calculated as the difference between fasting and ENBAL
conditions) was due not to relatively lower EE during fasting conditions but relatively higher EE
during ENBAL. Specifically, thrifty subjects had a greater decrease in 24EE during fasting
because of higher EE requirements during physiologic, eucaloric conditions and they showed
greater decreases both in daytime non-activity thermogenesis and SLEEP during acute fasting.
Conversely, spendthrift individuals had relatively lower 24EE during isocaloric conditions and
showed smaller decreases both in 24EE and in daytime thermogenesis during 24h fasting,
which was accompanied by a slight increase in SLEEP (Figure 8). Further, we investigated
thermogenic hormones as potential physiological mediators of the observed EE changes during
short-term fasting. We found that a smaller increase in urinary epinephrine and, to a lesser
extent, a greater decrease in plasma leptin following 24h fasting were associated with a greater
decrease in adjusted 24EE during 24h fasting (i.e., thrifty phenotype), while a smaller decrease
in plasma FGF21 concentration was associated with a smaller decrease in adjusted SLEEP during
24h fasting.
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Metabolically thrifty subjects have a relatively higher energy expenditure during isocaloric

conditions

Our study is unique in its careful assessment of 24EE and its components both during 24h
fasting and during ENBAL (average deviation from exact energy balance ~2%), which allowed us
to thoroughly phenotype subjects with respect to their changes in energy metabolism during
acute fasting. The importance of these phenotypes, revealed by the extent of short-term
decrease in daily EE during acute fasting, has been validated in studies that show their
predictive role in weight change both in highly controlled inpatient studies(5, 26) and in free-
living conditions(4). Our current results recharacterize the proposed phenotypes showing that,
counterintuitively, thrifty individuals had relatively higher 24EE, EEo, and SLEEP during isocaloric
conditions compared to spendthrift individuals after adjustment for differences in body
composition and other known EE determinants. We demonstrated these results using
continuous EE data in correlation analyses (e.g., Figure 3A-3C) and, subsequently, confirmed by
grouping data for visualization purposes (e.g., Figure 3B-2D).

This paradoxical feature of theses phenotypes was unexpected, as thriftier individuals are
believed to be more “energy efficient” and, as such, should have a lower (instead of higher)
rate of EE in any dietary condition. Yet, 24EE during isocaloric conditions was relatively higher
(instead of lower) in thriftier individuals and, although 24EE decreased more during acute
fasting (as expected by their increased thriftiness), they had similar 24EE, EEo, and SLEEP during
acute fasting compared to spendthrift individuals (Figure 8 and Table 1). These results
demonstrate that the greater extent of the decrease in 24EE of thrifty subjects during 24h
fasting arises from their higher 24EE during ENBAL rather than a lower 24EE during fasting as it
was originally hypothesized (Figure 1). Importantly, this new characterization of metabolic
phenotypes does not invalidate our previous studies based on the short-term change in 24EE
during fasting, which still defines the metabolic phenotype (e.g., thrifty individuals show greater
decrease in 24EE during acute fasting).

Our results indicate that the physiologic state of feeding is responsible for the metabolic
differences between thrifty vs. spendthrift phenotypes. Thus, as the next steps, it may be
possible to identify the biological/hormonal mediators that determine the higher eucaloric
requirements in thrifty subjects, such that clinical/pharmacological interventions can be devised
to convert a thriftier metabolism into a more spendthrift one. This may be of clinical relevance
as the higher eucaloric EE level of thrifty subjects might increase their risk for accelerated aging
and early mortality(27, 28).
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Herein, we also demonstrate for the first time that the greater decrease in 24EE during 24h
fasting in thrifty individuals is due to greater decreases both in AFT (an index of daytime
thermogenesis and a proxy for DIT) and SLEEP. Conversely, the smaller decrease in 24EE during
24h fasting in spendthrift individuals is accounted for smaller decreases in AFT along with
increased SLEEP, which attenuated their overall decrease in 24EE. Thus, the greater fasting-
induced decrease in 24EE observed in thrifty compared to spendthrift subjects arises from a
greater decrease in both daytime thermogenesis and SLEEP (Figure 8).

Relatively higher 24EE in thrifty subjects may have an important role in the context of energy
homeostasis and daily energy balance. Several studies reported that, in humans, higher RMR is
a predictor of greater habitual food intake(29-31) and that increased eucaloric 24EE in the
confined environment of a whole-room calorimeter(32-34) is a driver of greater food intake and
overeating(32-34). The causal link between energy expenditure and intake may reflect
physiological energy sensing mechanisms(2, 35, 36) that might constitute one of the
determinants of long-term weight gain(33). Notably, especially in studies employing whole-
body calorimetry(32, 33), the EE and intake measurements are often obtained in conditions of
low energy turnover (~2200-2400 kcal/day) as there are limited physical activity levels and
reduced intake compared to outside the calorimeter. According to the framework of energy
turnover(37), low energy turnover is associated with poor control of eating and higher body
weight. If those we identified as thrifty based on higher 24EE remain in a low energy turnover
state during free living conditions, we hypothesize that this leads to increased energy intake
driven by their higher 24EE. Consistent with this hypothesis, in a previous study of our group,
higher eucaloric 24EE in the confined environment of a whole-room calorimeter was associated
with greater ad libitum energy intake and overeating using a vending machine paradigm(32).
This increased drive to overeating presumably due to energy sensing might be mediated by
altered eating behavior such as lower cognitive restraint, higher dietary disinhibition, and
greater susceptibility to hungers cue(38).

We acknowledge that we cannot extend our findings to free-living conditions where energy
turnover may be higher due to higher physical activity and higher food intake which might
ultimately be more beneficial with regard to weight gain, e.g., higher eucaloric energy turnover
(~3200 kcal/day) has been linked to better appetite control(39), improved postprandial glucose
and insulin regulation(40), and improved fat balance(41). However, we propose that thrifty
individuals who maintain a low energy turnover also in free-living conditions might be at
greater risk for weight gain than spendthrift individuals. Therefore, as a clinical implication, it
may be beneficial to encourage thrifty individuals to increase their physical activity levels (thus,
their energy turnover) to avoid future weight gain and adverse metabolic outcomes.
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The higher eucaloric 24EE in thrifty subjects compared to conditions of energy deficit (i.e.,
fasting) might also be relevant in the context of energy surplus (i.e., overfeeding). In fact, we
have shown in previous studies that thriftiness is not only observed during short-term fasting
and acute energy deficit but also during conditions of positive energy balance such as short-
term overfeeding(l, 4). That is, thriftier subjects (defined by a greater decrease in 24EE during
fasting) show smaller increases in 24EE in response to 200% overfeeding(l, 4). Interestingly, a
greater decrease in 24EE during short-term fasting and less increase in 24EE during short-term
low-protein overfeeding predict greater future weight gain in free-living conditions and after 6
weeks of controlled low-protein overfeeding, respectively(4, 6).

In light of the new findings presented in this study, we hypothesize that the relatively higher
24EE observed in thrifty subjects during eucaloric conditions cannot only explain their greater
decrease in 24EE during fasting but also their blunted increase in 24EE during short-term
overfeeding and therefore constitute an important metabolic trait of the thrifty phenotype
mediating the adaptive EE responses during fasting and overfeeding. We are currently
investigating this question and will present our findings in a separate manuscript.

Additionally, the greater decrease in 24EE (thriftier metabolism) in acute conditions of fasting
may explain the resistance to lose weight in conditions of negative energy balance due to
increased metabolic efficiency and energy saving(5).

Changes in epinephrine are associated with the decrease in 24EE during acute fasting

Previous studies showed that short- and long-term fasting lead to a reduction in 24EE(20, 42).
However, the hormonal mediators underlying the greater decrease in 24EE characterizing the
metabolic phenotype during fasting have not been fully identified. Thyroid hormones would
seem to be logical hormonal mediators but previous studies have not indicated so(43, 44). In
the present study, we found that epinephrine increased more in spendthrift subjects during 24h
fasting, thus it may constitute a hormonal mediator of the fasting-induced changes in 24EE.

The release of catecholamines is a major part of the hormonal response to acute stress.
Interestingly, during fasting-stress, seminal studies from Landsberg, Macdonald, Young, and
others show that the sympathetic nervous system decreases central sympathetic activity by
lowering norepinephrine secretion while, at the same time, independently amplifying
sympathoadrenal activity by increasing epinephrine secretion(45-47). However, some studies
also reported no change(48, 49) or even a decrease(50) in epinephrine during fasting. In this
present study, we found similar results to what Landsberg, Macdonald, and Young reported,
that is, decreased urinary norepinephrine excretion but increased urinary epinephrine
excretion during 24h fasting. The reason for the “sympathetic dissociation” during fasting could

14

020Z Yot €0 uo 1senb Aq 6621 //G/8608EBP/WaUI0/0LZ ] 0L /I0p/oBIISqe-8]0ile-00UBAPR/Wad(/Woo dno-olwapeoe//:sdjy Wolj papeojumoq



be that energy dissipation needs to be minimized (lower norepinephrine) while glucose and
lipids need to be mobilized to ensure survival (higher epinephrine)(45). The fasting-induced
decrease in blood glucose levels may directly trigger the release of epinephrine from the
adrenal medulla(51) which then stimulates lipolysis, hepatic glucose production, and pancreatic
glucagon secretion(51-54). All these processes are known to alter whole-body energy
metabolism. Accordingly, intravenous epinephrine infusion increases metabolic rate in
humans(55, 56), especially during fasting conditions(57). In line with these findings, we found
that a greater increase in epinephrine during fasting was related to a lesser concomitant
decrease in 24EE, indicating that epinephrine might be a hormonal mediator differentiating the
thrifty vs. spendthrift phenotype. In agreement with our previous report(11), spendthrift
subjects had higher epinephrine concentration during 24h fasting as a result of an average 4.3-
fold greater increase in epinephrine concentration compared to thrifty subjects whereas, during
ENBAL, epinephrine concentrations were similar between thrifty and spendthrift individuals.
Higher sympathoadrenal activity indicates increased metabolic stress(45), therefore we
speculate that a feature of the spendthrift phenotype could be constituted by a fasting-induced
“stress response” which may counteract the suppression of central sympathetic activity by an
increased adrenal epinephrine secretion that, in turn, may increase thermogenesis and
attenuate the overall decrease in 24EE during fasting in spendthrift subjects. This finding also
implicates that the modulation of epinephrine secretion in thrifty subjects might be another
target for clinical interventions aiming to convert the thrifty into a more spendthrift phenotype.

We also assessed whether leptin may have a role in the extent of 24EE decrease during short-
term fasting. Leptin, a hormone that acts as a signal to the brain to inform about body energy
stores, substantially decreased following 24h fasting, which qualifies and confirms leptin as a
“starvation signal”(10). Leptin has been shown to increase EE through its effects on the
cardiovascular system and brown adipose tissue thermogenesis in mice(9). Interestingly,
plasma leptin concentration did decrease more during fasting in those thrifty vs. spendthrift
subjects. Thus, the greater fasting-induced decrease in leptin in thrifty subjects may determine,
in part, the greater decrease in 24EE. However, we did not observe a significant correlation
between decreases in 24EE and leptin (Figure 6C) and previous studies demonstrated that
leptin treatment during weight loss in humans did not substantially affect concomitant
reductions in EE(8), advocating against clinically significant effects of leptin on the metabolic
phenotype.
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FGF21 and epinephrine are associated with the fasting-induced changes in sleeping

metabolic rate

Interestingly, despite an overall decrease in 24EE, during fasting spendthrift subjects actually
increased SLEEP — a surrogate marker for resting metabolic rate (RMR) — while SLEEP decreased
in thrifty subjects. The existing literature on this matter is inconclusive: in some studies, fasting
was associated with a decreased RMR as a mechanism to conserve energy(14, 58), while other
studies have reported a fasting-induced increase in RMR by as much as to 14%(48, 57, 59, 60).
In one study, this increase was associated with an increased plasma norepinephrine secretion
(while plasma epinephrine levels did not change during starvation)(48). However, we found
that the fasting-induced increase in epinephrine positively correlated with increased SLEEP
during 24h fasting (Supplementary Figure 6B). Although previously shown in different
studies?273960 the fact that some individuals relatively increase their SLEEP during 24h fasting
may seem counterintuitive as this behavior does not align with the theory of energy
conservation during famine. Because the changes in SLEEP and epinephrine during fasting were
correlated, we hypothesize that the increase in SLEEP during fasting might be a sign of greater
epinephrine-mediated substrate mobilization to ensure energy supply(45). In accordance with
our hypothesis, the lipolytic and thermogenic effects of epinephrine are enhanced during
fasting(57) which may be due to increased adrenoreceptor sensitivity(61). While we cannot rule
out that night-to-night variations in SLEEP might also have influenced our data, we have found
that SLEEP is reproducible during energy balance and fasting(20).

Additionally, we found that smaller decrease in plasma FGF21 concentration after 24h fasting
was associated with lesser decrease in SLEEP. FGF21 is a liver-derived hormone implicated in
the regulation of energy homeostasis(62), mainly via activation of uncoupling protein 1 in
brown adipocytes but also via effects on the central nervous system(63). In mice, FGF21 is
rapidly induced by fasting(64) while in humans, short-term (24-hour) fasting first leads to a
decrease in FGF21 concentration which is then followed by an increase after longer periods of
starvation(14, 15). However, in humans, its physiologic role during fasting conditions is still
unclear(14). Fazeli et al. did not find an association between fasting-induced changes in RMR
(measured by a ventilated-hood system) and concomitant changes in FGF21(14). Conversely,
our present data indicate a role for FGF21 in the regulation of EE during sleep. In fact, in those
subjects whose SLEEP tended to increase during fasting (more spendthrift), it is notable that
FGF21 proportionally increased as well, while thrifty subjects with greater decrease in SLEEP
also had a greater decrease in FGF21 (Figure 7A). Interestingly, the fasting-induced changes in
FGF21 and in epinephrine were correlated (Figure 7B). Thus, FGF21 and epinephrine may share
a common regulating pathway regarding their potential effects on SLEEP during fasting.
Consistent with the hypothesis of fasting-induced epinephrine secretion as a sign of stress, the
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concomitant increase in FGF21 in some subjects could also be considered as a metabolic
response to “nutrient stress”(65). In this context, it is tempting to speculate that targeted
exogenous FGF21 therapy might convert a thriftier into a more spendthrift metabolism and
promote weight loss. Interestingly, some clinical trials testing FGF21 treatment already showed
beneficial effects on weight loss(66, 67), but new studies are warranted to explore the weight
loss mediating effects of FGF21 therapy by assessing concomitant changes in EE and food
intake.

Limitations

Our study has limitations. This is a cross-sectional analysis, thus, causality of the associations
between epinephrine, FGF21, leptin, and EE measures could not be determined.

Further, urinary catecholamines are spillover measures and may not represent the “real” end-
organ effects of the sympathetic nervous system activity during acute fasting.

Further, we did not have measures of physical activity levels in free-living conditions, nor did we
assess physical fitness in our inpatient study, the latter being a potential determinant of the
metabolic phenotype as higher 24EE during ENBAL is associated with greater physical
fitness(68). However, we assessed SPA inside the whole-room calorimeter which is an indicator
of free-living PAL(24). As we adjusted our energy expenditure measures for SPA, this
adjustment might indirectly control for free-living PAL.

We only admitted weight-stable subjects to this study. However, our arbitrary definition of
weight stability was less than 10% weight change in the last 6 months which would be ~14 kg in
the case of the heaviest individual of our study. Although we asked subjects whether they
recently attempted a weight loss diet, we cannot exclude that we admitted subjects that lost or
gained a high absolute amount of weight before being admitted to the study. This could have
influenced our results as previous studies reported that weight-loss induced metabolic
adaptations can persist for periods greater than 6 months(69). Yet, we conducted our EE
assessments after a weight-stabilization run-in period of at least 5 days to achieve a short-term
period of weight stability to minimize metabolic adaptations to previous weight change.

In our study, the eucaloric session (i.e. energy balance) always preceded the fasting session,
which may have influenced our results as subjects 1) were already used to the confined
environment of the metabolic chamber during the fasting session, and 2) were on our
metabolic ward longer prior to the fasting session.
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Conclusion

By measuring short-term changes in energy metabolism under controlled conditions of ENBAL
and acute fasting, our lab has established thrifty vs. spendthrift phenotypes that quantify the
individual susceptibility to weight change. The present results provide crucial new insights into
these phenotypes in multiple ways: 1) The greater decrease in 24EE during fasting — which
characterizes thrifty subjects — is due to higher EE requirements during eucaloric conditions
rather than lower EE requirements during acute fasting as previously believed. 2) Changes in
SLEEP during fasting were in opposing directions in thrifty and spendthrift individuals, with the
former decreasing SLEEP and the latter actually increasing SLEEP during fasting. 3) Epinephrine
and FGF21 might constitute hormonal mediators of these fasting-induced changes in 24EE and
SLEEP. Our current results recharacterize the thrifty phenotype and identify potential mediators
that govern the acute metabolic response to 24h fasting which defines this phenotype. A better
understanding of the metabolic differences among individuals will improve behavioral and
pharmacological interventions to control body weight and prevent obesity.
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Tables

Table 1. Baseline characteristics of the study cohort.

Male (%)

Ethnicity, n (%)
African-American
Caucasian
Native American
Hispanic

Age (years)

Height (cm)

Weight-maintaining diet intake
(kcal/day)

Body composition measures

Body weight (kg)
BMI (kg/m?)
Body fat (%)

FM (kg)

FFM (kg)

TOTAL
(n=108)

83(76.9)

20(18.5)
37(34.3)
36 (33.3)
15 (13.9)
36.6 +10.4 (18, 55.4)

171.8 8.1 (150.0, 196.4)

2713 £ 211 (2196, 3295)

83.4 +18.7 (47.5,139.2)
28.3+6.6(17.8,49.9)
26.8+9.1(7.6,46.1)
23.3+11.7 (5.4, 56.3)

60.1 +11 (35.5, 90)

Measurements of glucose tolerance and insulin sensitivity

Fasting glucose (mg/dL)

Fasting insulin (ulU/mL)

2-h glucose during OGTT (mg/dL)

2-h insulin during OGTT (ulU/mL)

91.8+6.2(77.5,113)

10.1+7.7(2,46.5); 7.3,5.0
-13.0°

110.2 + 26.2 (50, 185)

68.5 82 (3, 523); 45.0,
27.0-734"

Energy expenditure measures during energy balance (ENBAL)

SPENDTHRIFT
(n=54)

41 (75.9)

11 (20.4)
14 (25.9)
18 (33.3)
11 (20.4)
36.4+10.2 (18, 55.4)

172.0 £ 8.0 (156.8, 196.4)

2731 £ 225 (2312, 3295)

85.5 + 20.8 (56, 139.2)
29.1+7.6(20.6,49.9)
27.1+10(7.9, 45.8)

24.4 +13.4 (5.4, 56.3)

61.2 +11.4 (37.8, 90)

92.3 £5.6 (80, 113)

10.3+7.6(2,32.4);7.2,5.3
-13.5°

113 £ 26.6 (50, 185)

75.2 £82.8(3,509.8); 51.2,
30.0-88.0°

THRIFTY
(n=54)

42 (77.8)

9(16.7)

23 (42.6)

18 (33.3)

4(7.4)

36.8+10.6 (18.3, 55)

171.7 + 8.3 (150.0, 185.0)

2695 + 198 (2196, 3106)

81.4+16.2 (47.5, 119.3)
27.6 £5.4 (17.8, 42.9)
26.5+8.1(7.6, 46.1)
22.1+9.8(6.4,50.7)

59.1 +£10.5(35.5, 80.6)

91.4 £6.7 (77.5, 109.5)

9.9+8(2,46.5);7.5,5.0-
13.0°

107.2 + 25.7 (65, 183)

61.7 £81.5 (4, 523); 43.0,
20.0-69.0°

p-value

0.82

0.5

0.87

0.89

0.39

0.25

0.24

0.72

0.31

0.46

0.71

0.26

0.17
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RQ (ratio) 0.86 +0.04 (0.76, 1.00) 0.87 £ 0.03 (0.80, 0.94) 0.86 + 0.04 (0.76, 1.00) 0.34
24EE (kcal/day) 2074 + 357 (1383, 3188) 2053 + 393 (1502, 3188) 2096 + 319 (1383, 2830) | 0.53
Adjusted 24EE (kcal/day)* 2074 + 137 (1707, 2461) 2012 + 141 (1707, 2461) 2136 + 102 (1918, 2438)  <0.0001
A adjusted 24EE during fasting? —-172 £ 93 (-470, 122) -98 +57 (-162, 122) -245 + 58 (470, -162) <0.0001
24EE/FFM (kcal/day/kg) 34.7 £3.5(25.5, 42.5) 33.7 £3.7(25.5, 41.7) 35.7 3.0 (28.6, 42.5) 0.003
SLEEP (kcal/day) 1637 £ 279 (1073, 2306) 1619 + 292 (1193, 2306) 1655 + 268 (1073, 2303) | 0.50
Adjusted SLEEP (kcal/day)* 1637 + 120 (1384, 2066) 1594 + 101 (1384, 1799) 1681 + 122 (1386.2066)  <0.0001
A adjusted SLEEP during fasting® -15 + 111 (-403, 262) +33 + 89 (-147, 262) -63 + 111 (-403, 179) <0.0001
EEo (kcal/15h) 1375 + 237 (941, 2098) 1364 + 263 (965, 2098) 1385 £ 210 (941, 1955) 0.65
Adjusted EEo (kcal/15h)! 1375 +£91 (1133, 1617) 1337 £ 95 (1133, 1617) 1413 + 68 (1256, 1536) <0.0001
A adjusted EEo during fasting® -170 £75 (-390, 1) -117 +48 (-204, 1) —223 + 58 (-390, -89) <0.0001
AFT (kcal/15h) 352 + 109 (145, 695) 353+ 114 (172, 657) 351 + 105 (145, 695) 0.95
Adjusted AFT (kcal/15h)* 352 +84 (195, 601) 340+ 79(217,601) 363 + 87 (195, 539) 0.15
24h Energy Intake (kcal/day) 2115 + 347 (1461, 2956) 2102 + 380 (1461, 2956) 2127 +313 (1508, 2829) | 0.72
SPA (% of time) 5.8+3.2(0.7,16.4) 6+3.6(0.7,16.4) 5.6+2.8(0.7,15.5) 0.58
Night time SPA (% of time) 1.8+1.6(0.0,9.7) 1.6 +1.6 (0.0,9.7) 2.0+1.9(0.0,8.1) 0.17
PAL (24EE/SLEEP, ratio) 1.3+0.1(1.1,1.5) 1.3+0.1(1.1,1.5) 1.3+0.1(1.1,1.4) 0.85
Energy expenditure measures during 24h fasting

RQ (ratio) 0.79 £ 0.03 (0.71, 0.90) 0.79 £ 0.03 (0.73, 0.86) 0.79 £0.03 (0.71, 0.90) 0.96
24EE (kcal/day) 1903 + 311 (1254, 2811) 1935 + 344 (1365, 2811) 1871 +273 (1254, 2486) | 0.29
Adjusted 24EE (kcal/day)* 1903 + 123 (1633, 2315) 1914 + 193 (1633, 2315) 1892 +105 (1654, 2184) | 0.35
24EE/FFM (kcal/day/kg) 31.9+3.0(24.9,40.2) 31.8+3.4(24.9,40.2) 31.9+2.7(26.5,40.2) 0.87
SLEEP (kcal/day) 1622 + 258 (1110, 2382) 1644 + 266 (1129, 2382) 1601 + 250 (1110, 2373) | 0.39
Adjusted SLEEP (kcal/day)* 1622 + 121 (1364, 2087) 1627 + 122 (1370, 1955) 1618 + 122 (1364, 2087) | 0.69
EEo (kcal/15h) 1205 + 200 (809, 1787) 1234 + 227 (854, 1787) 1176 + 165 (809, 1602) 0.14
Adjusted EEo (kcal/15h)* 1205 + 85 (1012, 1426) 1219 + 95 (1012, 1426) 1191 + 70 (1026, 1359) 0.08
ANFT (kcal/15h) 194 + 95 (0, 493) 210+ 102 (0, 493) 177 £85 (0, 353) 0.07
Adjusted ANFT (kcal/15h)* 194 + 82 (-77, 395) 206 + 77 (41, 395) 182 + 86 (-77, 346) 0.12
SPA (% of time) 5.3+3.1(0.4,18.3) 5.2+3.2(0.8,18.3) 5.4+3.1(0.4,12.7) 0.75
Night time SPA (% of time) 1.8+1.6(0.0,7.5) 1.8+1.6(0.0,7.0) 1.8+1.5(0.0,7.5) 0.93
PAL (24EE/SLEEP, ratio) 1.2+0.1(1.0,1.4) 1.2+0.1(1.0,1.3) 1.2+0.1(1.0,1.4) 0.77

020z yodte\ €0 uo 1senb Aq 6621 2/2G/8608EBP/WAUID/0LZL 0L /I0P/AdENSqE-8]011B-20UBAPE/Wad(/Wo0d° dno olwapese//:sdjy woly papeojumoq

Values are presented as mean * SD for continuous variables or number (frequency) for categorical
variables with minimum and maximum in parentheses. Skewed values are also expressed as medians
with interquartile ranges (*). Classification of subjects into spendthrift or thrifty metabolic group was
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based on the median value of change (A) in adjusted 24EE from energy balance during fasting (-162
kcal/day), such that thrifty subjects were those with a greater-than-median decrease in 24EE.

Significance between thrifty and spendthrift metabolic groups was determined by Student’s unpaired t-
test. Significant differences are highlighted in bold.

1. Adjusted energy expenditure values were calculated by adding the average value calculated in the
whole cohort to the residual values obtained from linear regression models with covariates age, sex,
ethnicity, FM, FFM, spontaneous physical activity, ambient temperature, and calorimeter room.

24EE, 24h energy expenditure; AFT, awake-fed thermogenesis; ANFT, awake-non-fed thermogenesis;
BMI, body mass index; EEo, non-activity energy expenditure; FM, fat mass; FFM, fat-free mass; HOMA-IR,
Homeostatic Model Assessment of Insulin Resistance; OGTT, oral glucose tolerance test; PAL, physical
activity level; SLEEP, sleeping energy expenditure; SPA, spontaneous physical activity.
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Table 2. Hormonal measurements during energy balance and fasting conditions.

FGF21 (pg/mL)

Leptin (ng/mL)

Urinary epinephrine
(ng/24h)

Urinary
norepinephrine
(ng/24h) ©

Pre/Post values are shown as meantSD (FGF21) or as geometric mean with 95%Cl (leptin, urinary epinephrine, urinary norepinephrine).

PRE

1439+ 112.6

8.2 (6.4,10.4)

ENERGY BALANCE

PosT

117.1 £ 80.6

6.3 (4.9,8.1)

37(33,41)

25.5 (23.0,
28.2)

ABSOLUTE
CHANGE

-26.9+70.7

-29+40

PERCENT
CHANGE

-18.7+62.8

-23.1+25.2

P-VALUE

0.0003

<0.0001

PRE

167.7 £115.2

8.8 (6.9, 11.2)

Absolute and percent changes are shown as mean+SD with 95% Cl in parentheses.

PosT

1105+ 721

2.6 (2.0,3.4)

5.0 (4.5, 5.6)

22.0(20.1,24.2)

FASTING

ABSOLUTE
CHANGE

-57.2+96.6

-10.9+16.8

15+£26

-4.8+18.0

PERCENT
CHANGE

-34.1+83.9

—69.5+57.7

35.7+101.2

-13.7+63.1

P-VALUE

<.0001

<.0001

<.0001

0.003

¢: Urinary epinephrine and norepinephrine concentrations during 24h fasting conditions were compared to their respective 24h concentrations

during energy balance. Hormonal data available from n=94 (FGF21), n=87 (leptin), and n=101 subjects (urinary epinephrine and norepinephrine).

Statistical significance determined by Student’s paired t-test. Statistically significant results are highlighted in bold. Cl, confidence interval; SD

standard deviation
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Figure legends

Figure 1. Original concept of the human metabolic phenotypes, where differences in the decrease in
24EE during 24h fasting between spendthrift and thrifty subjects are due to a lower 24EE during fasting
in thrifty subjects compared to spendthrift subjects.

Figure 2. Close association between 24-h food intake and 24EE during energy balance inside the
calorimeter. The slope of the regression line is 0.99 (95% Cl: 0.93, 1.04) and its X- and Y-intercepts are 8
(Cl: =123, 125) and —8 (Cl: —130, 114), respectively. 24EE, 24-h energy expenditure; Cl, confidence
interval

Figure 3. Relatively higher EE during energy balance (thrifty phenotype) is associated with greater
decrease in EE during 24h fasting. Relationships between adjusted 24EE (panel A) and adjusted SLEEP
(panel C) during ENBAL (x axis) and during fasting (y axis). Adjusted 24EE and SLEEP values were
calculated via linear regression models including age, sex, ethnicity, FM, FFM, SPA (only 24EE analyses),
ambient temperature, and calorimeter room (Room 1 or 2) as covariates in the regression models.
Comparison of changes in adjusted 24EE (panel B) and in adjusted SLEEP (panel D) from ENBAL during
24h fasting between metabolically thrifty and spendthrift subjects. Classification of subjects as either
metabolically spendthrift or thrifty is based on the median value of the adjusted decrease in 24EE from
ENBAL during 24h fasting, such that thrifty subjects were identified as those with a greater-than-median
decrease in adjusted 24EE (< -162 kcal/day). Black bars denote the average 24EE or SLEEP during ENBAL
while grey bars denote the average 24EE or SLEEP during 24h fasting. The distance between the black
and the grey bars denotes the fasting-induced changes in 24EE or SLEEP. Error bars denote the 95%
confidence interval. Statistical significance between metabolic groups was determined by Student’s
unpaired t-tests. Average 24h time courses of minute-by-minute energy expenditure in thrifty and
spendthrift subjects during ENBAL and during 24h fasting (panel E). Minute-by-minute adjusted energy
expenditure values of each time course were calculated from a linear mixed model to account for
repeated measures over the 24h with covariates age, sex, ethnicity, fat mass, fat free mass, spontaneous
physical activity, ambient temperature, and calorimeter room. Four subjects had a 24EE during fasting
greater than that during ENBAL. In this case, we substituted the 24EE values during FST of these four
subjects with their corresponding 24EE value during ENBAL to avoid positive, non-physiological values
for the decrease in 24EE during fasting. In a sensitivity analysis, similar results were obtained after
removing these four subjects from the analysis. In the scatterplot shown in panel C, three subjects can
be considered outliers as they have a very high adjusted SLEEP during ENBAL but a very low adjusted
SLEEP during fasting. In a sensitivity analysis, similar results were obtained after removing these three
subjects from the analysis (slope: 0.73, 95% Cl: 0.56-0.90). 24EE, 24h energy expenditure; Cl, confidence
interval; ENBAL, energy balance; SLEEP, sleeping metabolic rate.

Figure 4. Adjusted values of 24-h energy expenditure and sleeping metabolic rate of the top 10 thriftiest
and top 10 most spendthrift subjects during energy balance and 24h fasting. Classification of the 10
thriftiest / 10 most spendthrift subjects was based on the decrease in adjusted 24EE from ENBAL during
24h fasting, such that the 10 thriftiest subjects were those who had the greatest decrease in adjusted
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24EE during 24h fasting, whereas the 10 most spendthrift subjects were those who had the smallest
decrease (or increase) in adjusted 24EE during fasting (panel A). Adjusted 24EE (or SLEEP) values were
calculated by adding the average 24EE (or SLEEP) value calculated in the whole cohort to the residual
values obtained from a linear regression model with covariates age, sex, ethnicity, fat mass, fat-free
mass, spontaneous physical activity (only 24EE), ambient temperature, and calorimeter room. 24EE, 24-
h energy expenditure; ENBAL, energy balance; SLEEP, sleeping metabolic rate.

Figure 5. Thrifty subjects have a higher 24EE at any level of fat-free mass than spendthrift subjects
Relationships between fat-free mass and 24EE during (A) 24h energy balance and during (B) 24h fasting,
separated by metabolic groups. Thrifty subjects are denoted in red, spendthrift subjects are denoted in
green. In a linear regression analysis including the phenotypic group (thrifty vs. spendthrift) and fat-free
mass as determinants, thrifty subjects had higher 24EE than spendthrift subjects at any level of FFM
during energy balance (+101 kcal/day, 95% Cl: +29, +173, p=0.006) but not during fasting conditions
(p=0.67). Classification of subjects as either metabolically spendthrift or thrifty is based on the median
value of the adjusted decrease in 24EE from ENBAL during 24h fasting, such that thrifty subjects were
identified as those with a greater-than-median decrease in adjusted 24EE (< -162 kcal/day). 24EE, 24-h
energy expenditure.

Figure 6. A greater decrease in 24EE during 24h fasting is associated with less increase in urinary
epinephrine excretion rate. Association of fasting-induced changes in (panel A) 24h urinary epinephrine
excretion rate, (panel C) plasma leptin, and (panel D) plasma FGF21 concentrations with the
concomitant decrease in adjusted 24EE during fasting. Comparison of fasting-induced changes in (panel
B) 24h urinary epinephrine excretion rate, (panel D) plasma leptin, and (panel F) plasma FGF21 between
metabolically thrifty and spendthrift subjects. Classification of subjects as metabolically spendthrift or
thrifty is based on the median value of adjusted decrease in 24EE from ENBAL during fasting, such that
thrifty subjects were those with a greater-than-median decrease in 24EE. Adjusted 24EE values were
calculated by adding the average 24EE value calculated in the whole cohort to the residual values
obtained from a linear regression model with covariates age, sex, ethnicity, FM, FFM, spontaneous
physical activity, ambient temperature, and calorimeter room. In the bar charts, black bars denote mean
hormonal concentration during ENBAL, and grey bars denote mean hormonal concentration during 24h
fasting. Error bars denote the 95% confidence interval of the respective mean. 24EE, 24h energy
expenditure; FGF21, Fibroblast Growth Factor 21.

Figure 7. Less decrease in plasma FGF21 concentration after 24h fasting is associated with less decrease
in SLEEP and greater urinary epinephrine excretion rate. The y-intercept of the regression line of panel A
is 11 with 95% Cl from -15 to 36. FGF21, Fibroblast Growth Factor 21; SLEEP, sleeping energy
expenditure.

Figure 8. Redefined concept of the human thrifty and spendthrift phenotypes, where the greater
decrease in adjusted 24EE in thrifty subjects is a result of higher EE requirements during energy balance
and characterized by greater decreases both in daytime thermogenesis (red bold arrows) and in sleeping
metabolic rate (blue bold arrows). Conversely, spendthrift subjects decrease 24EE less during fasting as
they are able to increase their sleeping metabolic rate while also showing smaller decrease in daytime
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Figure 1

Downloaded from https://academic.oup.com/jcem/advance-article-abstract/doi/10.1210/clinem/dgaa098/5771299 by guest on 03 March 2020
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Figure 2

Downloaded from https://academic.oup.com/jcem/advance-article-abstract/doi/10.1210/clinem/dgaa098/5771299 by guest on 03 March 2020
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Figure 4
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Figure 7
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Figure 8

ENDTHRIFT THRIFTY

Daytime thermogenesis .
Y - & ) Sleeping metabolic rate

32 keal/15h

Sleeping metabolic rate
+34 kcal/24h

Daytime thermogenesis

40

020z yodte\ €0 uo 1senb Aq 6621 2/2G/8608EBP/WAUID/0LZL 0L /I0P/AdENSqE-8]011B-20UBAPE/Wad(/Wo0d° dno olwapese//:sdjy woly papeojumoq





