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Context: In humans, dietary vs intraindividual determinants of macronutrient oxidation preference
and the role of the sympathetic nervous system (SNS) during short-term overfeeding and fasting are
unclear.

Objective: To understand the influence on metabolic changes of diet and SNS during 24 hours of
overfeeding.

Design, Setting, Participants, and Interventions: While residing on a clinical research unit, 64
participants with normal glucose regulation were assessed during energy balance, fasting, and four
24-hour overfeeding diets, given in randomorder. The overfeeding diets contained 200%of energy
requirements and variedmacronutrient proportions: (1) standard (50% carbohydrate, 20%protein,
and 30% fat); (2) 75% carbohydrate; (3) 60% fat; and (4) 3% protein.

Main OutcomeMeasures: Twenty-four–hour energy expenditure (EE) andmacronutrient oxidation
rates were measured in an indirect calorimeter during the dietary interventions, with concomitant
measurement of urinary catecholamines and free cortisol.

Results: EE decreasedwith fasting (27.7%6 4.8%; P, 0.0001) and increasedwith overfeeding. The
smallest increase occurred during consumption of the diet with 3%protein (2.7%6 4.5%; P = 0.001)
and the greatest during the diet with 75% carbohydrate (13.86 5.7%; P, 0.0001). Approximately
60% of macronutrient oxidation was determined by diet and 20% by intrinsic factors (P , 0.0001).
Only urinary epinephrine differed between fasting andoverfeeding diets (D=2.256 2.9mg/24h; P,
0.0001). During fasting, higher urinary epinephrine concentrations correlated with smaller
reductions in EE ( r = 0.34; P = 0.01).

Conclusions: Independent from dietary macronutrient proportions, there is a strong individual
contribution to fuel preference that remains consistent across diets. Higher urinary epinephrine
levels may reflect the importance of epinephrine inmaintaining EE during fasting. (J Clin Endocrinol
Metab 102: 279–289, 2017)

Energy intake above or below energy expenditure (EE)
leads to weight gain or weight loss, respectively (1).

Variations in the physiologic responses to perturbations

in energy balance (EB) exist within the human population
(2–4) and may influence ability to maintain weight sta-
bility. Overfeeding studies in humans have shown that EE
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Abbreviations: 24hEE, 24-hour energy expenditure; carbox, carbohydrate oxidation; EB,
energy balance; EE, energy expenditure; FFM, fat-free mass; FM, fat mass; HPA, hypo-
thalamic-pituitary-adrenal; lipox, lipid oxidation; MO, macronutrient oxidation; OGTT,
75-g oral glucose tolerance test; RQ, respiratory quotient; SNS, sympathetic nervous system;
SPA, spontaneous physical activity; UFC, urinary free cortisol; WMD, weight-maintaining
diet; %fat, percentage body fat.
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increase in response to short-term excess intake is mostly
determined by the thermic effect of food and the cost of
energy storage (1, 5–7). In the initial preplanned analysis
of the first 20 participants in this study, we demonstrated
that EE consistently and reproducibly increases in
humans when a diet with 200% of the daily energy re-
quirements is given (7). Several studies have shown
marked interindividual variation in the EE responses to
fasting and overfeeding (2, 7–11), and this individual
variation has been shown to contribute to differences in
weight change over time, with less favorable EE responses
to energy excess or deficit (i.e., thrifty vs spendthrift
phenotypes) leading to weight gain (3, 4).

Independent of EE, a higher respiratory quotient (RQ),
an indicator of the carbohydrate-to-fat oxidation ratio,
during EB predicts both greater subsequent food intake
(12) and future weight gain (13). The primary de-
terminant of this subsequent food intake is a higher
carbohydrate oxidation (carbox) during EB, as opposed
to lower lipid oxidation (lipox) (14). It is unknown to
what extent macronutrient oxidation (MO) variations
during differing diets are a result of consumed macro-
nutrient percentages vs intraindividual factors. In our
initial cohort, the changes in EE were mainly driven by
the percentage of protein in the diet (7); however, the
initial sample size was too small to fully assess the effects
of diet on MO. Subsequently, a threefold larger cohort
was recruited to determine the impact of differing effects
of fat and carbohydrate content on the EE and MO
response.

The sympathetic nervous system (SNS) is activated
during overfeeding in rodent models (15–19). In humans,
the role of the SNS during short-term energy excess (7,
20–23) is less clear. Our group has previously shown that
underfeeding and low-protein overfeeding lead to an
increase in plasma catecholamines the morning following
the diet (7); however, urinary concentrations that reflect
concurrent changes during consumption of overfeeding
diets have yet to be evaluated. The importance of the
hypothalamic-pituitary-adrenal (HPA) axis in the de-
velopment of pathologic obesity (Cushing syndrome) in
humans is well documented (24), but its role in the re-
sponse to overfeeding is unknown. In humans, any as-
sociations between changes in the hormones of the SNS
and the HPA axis and the EE response to short-term
overfeeding have yet to be elucidated.

We studied EE and MO changes during 24 hours of
overfeeding with diets of differing macronutrient content
in 64 healthy participants.We hypothesized that (1) there
would be a strong individual contribution as a result of
intrinsic factors to the relative degree of carbohydrate-to-
lipid oxidation, even if the content of the diet changed, and
(2) that the macronutrient content of each overfeeding diet

would lead to differential activation of the SNS and HPA
axis.

Methods

Participants
A total of 166 adults, 18 to 54 years of age, were recruited

from the general Phoenix, Arizona, area between 2008 and
2015. Of these, 105 participants were considered healthy by
medical history, physical examination, electrocardiogram, and
basic laboratory measures. These individuals were admitted to
the clinical research unit and placed on a weight-maintaining
diet (WMD) composed of 50% carbohydrates, 30% fat, and
20%protein. After 3 days on theWMD, the final evaluation for
inclusion into the study, a 75-g oral glucose tolerance test
(OGTT), was performed. Only participants with normal glu-
cose regulation (25) continued in the study. Sixty-four partic-
ipants completed the study (Fig. 1). Body composition was
determined by dual-energy X-ray absorptiometry (DPX-L,
version 7.53.002; Lunar Radiation, Madison, WI). Body
weight was measured daily upon first awakening. Energy
content for the WMD was calculated for each individual using
previously described sex-specific equations (26); the provided
WMDwas then adjusted by adding or subtracting 200 kcal/d as
needed to maintain a stable body weight within 61%. No
further adjustments were made to the WMD once dietary in-
terventions began. The mean coefficient of variation of the
participants’ body weight before the seven 24-hour EE (24hEE)
assessments was 1.05% [95% confidence interval, 0.92%
to 1.18%].

Participants were restricted to light activities while on the
clinical research unit andwere required to consume at least 95%
of every meal (2 participants excluded; Fig. 1). Plasma glucose
concentrations during the OGTT were determined using an
enzymatic oxygen-rate method (Glucose Analyzer 2; Beckman
Coulter, Brea, CA; GM9 Glucose Analyser; Analox, London,
UK). Plasma insulin was measured using an automated
immunoenzymometric assay (Tosoh Bioscience, Tessenderlo,
Belgium). All participants provided written informed consent
before beginning the study. The Institutional Review Board of
the National Institute of Diabetes and Digestive and Kidney
Diseases approved this study.

Diets
Meals were provided at 7:00 AM, 11:00 AM, 4:00 PM, and

7:00 PM. To precisely determine 24hEE during EB, 24hEE was
measured in each subject while he or she consumed a eucaloric
diet (50% carbohydrate, 30% fat, 20% protein) on 2 separate
occasions. For the first occasion, energy needs were estimated at
approximately 80% of the WMD to compensate for reduced
activity while within the calorimeter (27). The 24hEE result
from the first chamber was used as the energy intake for the
second assessment. This second assessment was considered the
baseline EB comparator. The 24hEE from the EB measurement
was doubled to determine the energy content of the overfeeding
diets. Following determination of the baseline EE, 24hEE was
measured in each subject during fasting and during con-
sumption of 4 separate overfeeding diets. During fasting,
participants only had access to noncaloric drinks. Each di-
etary intervention, including fasting, was given for only
24 hours, in random order, and with a 3-day WMD period

280 Vinales et al Metabolic Changes During Overfeeding and Fasting J Clin Endocrinol Metab, January 2017, 102(1):279–289

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/102/1/279/2804893 by guest on 19 M
ay 2023



between diets. The macronutrient composition of the over-
feeding diets was determined using Food Processor software
(ESHA Research, Salem, Oregon) and were as follows: (1)
standard, with 50% carbohydrate, 30% fat, and 20% pro-
tein; (2) low protein, with 51% carbohydrate, 46% fat, and
3% protein; (3) high fat, with 20% carbohydrate, 60% fat,
and 20% protein; and (4) high carbohydrate, with 75%
carbohydrate, 5% fat, and 20%protein (Supplemental Tables
1–3). Food was prepared by our metabolic kitchen, and any
uneaten food was returned to the kitchen for weighing to
determine actual food intake per day; on average, 99.5%
(95% confidence interval, 99.3% to 99.7%) of the over-
feeding diets were consumed by the participants. If less than
95% of an overfeeding diet was consumed, its data were

excluded from the analysis (n = 4 chambers excluded: 2 low-
protein, 1 high-carbohydrate, and 1 standard overfeeding
diets).

EE measurements
Whole-room indirect calorimetry was used to measure

24hEE, as previously described (7, 27). Details are provided in
the Supplemental Material and Methods section. Deviation
from energy balance was calculated by subtracting 24hEE from
energy intake. The percent change in 24hEE from baseline was
calculated by subtracting the 24hEE during EB from the 24hEE
of each intervention diet, dividing the result by the 24hEE
during EB, and expressing the result as a percentage, that is:
(EEIntervention diet 2 EEEB) / EEEB 3 100. Similar equations were

Figure 1. Flow diagram of volunteer inclusion and participation in study.
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used to calculate the percent change of carbox and lipox, for
example: (carboxIntervention diet 2 carboxEB) / carboxEB 3 100.

Hormonal measurements
Urine was collected during each 24hEE measure and

assessed for catecholamine concentrations (epinephrine, nor-
epinephrine, dopamine, metanephrine, and normetanephrine)
to evaluate SNS activity. In a subset of the first 37 participants,
urinary free cortisol (UFC), as an index of the HPA axis, was
analyzed. A 24-hour urine collection was obtained during each
24hEEmeasurement. Details are provided in the Supplemental
Material and Methods section.

Statistics
Alpha was set at 0.01, given the number of analyses per-

formed and to account for 5 differing dietary interventions.
Analyses were performed using SAS software (SAS 9.3, En-
terprise guide version 5.1; SAS Institute, Cary, NC). Data are
expressed as means 6 standard deviations, except for skewed
data, which are expressed as median and interquartile range.
Some 24-hour urinary catecholamines (normetanephrine, total
metanephrine, epinephrine, and norepinephrine) were log
transformed to meet the assumptions of linear regression (i.e.,
homoscedasticity and normal distribution of residuals). Dif-
ferences between groups were assessed with Student t test or
1-way analysis of variance. Differences in the distribution of
race between sexes were assessed using x2 analysis. Correlations
between continuous variables were evaluated by either Pearson
(r) or Spearman (r) correlation coefficients for normally or
nonnormally distributed data, respectively. When appropriate,
the correlations were partially adjusted for age, sex, fat mass
(FM), fat-free mass (FFM), and spontaneous physical activ-
ity (SPA).

Associations between 24hEE measures and hormones were
evaluated with mixed models to account for repeated measures
using a compound symmetry covariance structure and including
the following variables as fixed effects: age, race, sex, percentage

body fat (%fat), SPA, and diet. Adjustment for multiple com-
parisons was performed using the Tukey-Kramer method. To
assess factors explaining EE and MO variations, mixed models
were used to account for repeatedmeasures, diets, age, sex, SPA,
FM, and FFM, as well as baseline measures when appropriate.
To assess the contribution of dietary intervention vs individual
differences in MO, linear regression models that included all
feeding assessments were created with either carbox or lipox as
the dependent variable and individual and diet as the 2 ex-
planatory factors. Participants were classified as having a thrifty
or spendthrift phenotype on the basis of a median split of the EE
response to fasting, as described previously (3). A greater de-
crease in EE with fasting was considered thrifty. Sensitivity
analyses that excluded females were performed for all the
previously mentioned analyses and led to similar results (data
not shown).

Results

Subject characteristics
Characteristics of the 64 participants (51 males, 13

females) are shown in Table 1.

EE response to intervention diets
When compared with 24hEE during EB, 24hEE de-

creased with fasting and increased with overfeeding (Fig.
2A; Table 2). The percentage EE changes during fasting
and all overfeeding diets were correlated (the correlation
coefficient r ranged from 0.33 to 0.50; all P # 0.008;
Supplemental Fig. 1), except for the correlation between
the percentage EE changes during the high-carbohydrate
and fasting diets (r = 0.29; P = 0.02; n = 62). Sleeping EE
after both fasting and low-protein overfeeding were
similar to that following EB (Fig. 2A), but there were

Table 1. Baseline Participant Characteristics During Eucaloric Feeding

Variable All (N = 64) Males (n = 51) Females (n = 13) P

Race 14 AA, 18 W, 13 H, 19 NA 9 AA, 16 W, 10 H, 17 NA 5 AA, 4 W, 1 H, 2 NA 0.33
Age, y 36.7 6 10.0 (18.2, 54.1) 37.5 6 10.3 (18.2, 54.1) 33.8 6 8.7 (20.4, 45.5) 0.24
Weight, kg 78.3 6 12.3 (47.5, 107.8) 79.5 6 11.2 (56.0, 104.8) 73.7 6 16.3 (47.5, 107.8) 0.14
Height, cm 173.0 6 7.3 (156.8, 196.4) 174.9 6 6.7 (161.0, 196.4) 165.6 6 4.4 (156.8, 170) , 0.0001
BMI, kg/m2 26.2 6 4.0 (17.8, 39.1) 26.0 6 3.6 (18.3, 36.9) 26.8 6 5.5 (17.8, 39.1) 0.62
Percentage body fat 27.7 6 10.1 (6.9, 53.8) 24.6 6 8.0 (6.9, 38.3) 39.8 6 8.3 (24.2, 53.8) , 0.0001
FM, kg 22.2 6 10.2 (4.9, 56.9) 20.0 6 8.3 (4.9, 36.0) 30.5 6 12.8 (13.6, 56.9) 0.014
FFM, kg 56.2 6 9.4 (33.9, 79.4) 59.4 6 7.2 (46.9, 79.4) 43.3 6 4.7 (33.9, 50.9) , 0.0001
Fasting glucose, mg/dL 91.4 6 5.1 (80, 99) 91.6 6 5.3 (80, 99) 90.6 6 4.1 (84, 98) 0.52
2-h glucose, mg/dL 104.6 6 19.4 (65, 138) 104.2 6 20.0 (65, 138) 106.3 6 17.5 (80, 132) 0.73
Fasting insulin, mU/mL 7.0 6 3.6 (2.0, 18.8) 6.7 6 3.6 (2.0, 18.8) 7.9 6 3.6 (3.2, 17.2) 0.32
2-h insulin, mU/mL 48.1 6 36.2 (3.9, 184.5) 47.5 6 38.4 (3.9, 184.5) 50.6 6 26.2 (9.8, 92.0) 0.8
TSH, mU/L 1.35 6 0.74 (0.44, 3.59) 1.38 6 0.84 (0.44, 3.59) 1.28 6 0.46 (0.62, 1.93) 0.8
EB, kcal/da 26.1 6 78.0 (2194, 225) 27.3 6 78.7 (2194, 225) 21.3 6 78.2 (281, 169) 0.81
24-h EE, kcal/d 2031 6 281 (1502, 2810) 2090 6 267 (1573, 2810) 1802 6 213 (1502, 2290) 0.0006
TEF% 7.8 6 4.8 (24.3, 20.9) 7.5 6 4.6 (24.3, 17.0) 9.0 6 5.4 (22.1, 20.9) 0.31

Minimum and maximum values are provided in parentheses.

Abbreviations: AA, African American; BMI, body mass index; H, Hispanic; NA, Native American; TEF%, thermic effect of food in percent (calculated by
subtracting fasting 24hEE from 24hEE during feeding and dividing by energy consumed, all in kilocalories per day); TSH, thyrotropin; W, white.
aFood intake minus energy expenditure during EB diet.
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Figure 2. Graphic of (A) EE and (B) related RQ of each different dietary intervention and of (C) mean carbohydrate (CHO) and lipid intake and
oxidation. (A) EE/min and (B) RQ data series over 23.25 hours during all dietary interventions and compared with EB (shown in dark blue). The EE/
min and temporal RQ during overfeeding (OF) are shown with the standard OF diet (n = 64; 50% CHO, 30% fat, and 20% protein) in black; the
high-CHO OF diet (n = 63; 75% CHO, 5% fat, and 20% protein) in fuchsia; the high-fat OF diet (n = 63; 20% CHO, 60% fat, and 20% protein)
in purple; and the low-protein OF diet (n = 62; 51% CHO, 46% fat, and 3% protein) in green. The EE/min and RQ during fasting (n = 64) are
shown in light blue. The 0:00 time period indicates entry into the respiratory chamber (;1 hour after consuming breakfast); lunch was given at
the 3-hour mark, dinner at the 8-hour mark, and a snack at the 11-hour mark. Participants were asked to be in bed from the 15-hour mark to at
least the 21-hour mark in the chamber, and to limit unnecessary activity throughout the 24-hour period. All trajectories were different from all
other trajectories (P , 0.0001). (C) Graphic representation of mean for CHO intake in black, lipid intake in white, carbox in horizontal stripes,
and lipox in dots during the different diets. Overall, despite the increase in MO following the respective increase in the amount of each specific
macronutrient ingested, the amount of energy burned was less than energy ingested. Note that for high-fat OF, on average, all of the CHO given
was oxidized.
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increases of almost 12% (P , 0.0001) during over-
feeding diets with 20% protein content (Table 2). As
expected (3, 4), the average individual EE response to
dietary interventions (ΔEE = 5.4% 6 3.7%) was
negatively correlated with %fat (r = 20.32; P = 0.01).
When individuals were categorized as spendthrift vs

thrifty phenotypes, no differences in age, sex, %fat,
FFM, FM, or EE were noted. The spendthrift group
had a greater increase in EE during the high-fat diet
(9.8% vs 6.0%; P = 0.003), but not during the other
overfeeding diets. Sleeping EE did not differ between
groups.

Table 2. EE and Macronutrient Measures During Eucaloric Feeding, Consumption of 4 OF Diets With Varied
Macronutrient Content, and Fasting

Variable EB (n = 64)
Standard
OF (n = 63)

High-CHO
OF (n = 62)

High-Fat OF
(n = 63)

Low-Protein
OF (n = 62) Fasting (n = 64)

24-h EE, kcala 2031 6 281
(1502, 2810)

2239 6 334b

(1530, 3175)
2312 6 333b

(1573, 3339)
2187 6 312b

(1532, 3114)
2086 6 298c

(1453, 2895)
1869 6 238b

(1426, 2655)
Change in 24hEE, %a N/A 10.2 6 5.5b

(20.7, 23.8)
13.8 6 5.7b

(1.3, 31.1)
7.7 6 5.2b

(27.2, 18.8)
2.7 6 4.5d

(26.9, 13.2)
27.7 6 4.8b

(219.3, 4.6)
SLEEP, kcale 1597 6 221

(1131, 2227)
1782 6 275b

(1215, 2442)
1789 6 276b

(1173, 2442)
1787 6 281b

(1208, 2530)
1626 6 239
(1071, 2226)

1591 6 205
(1129, 2103)

Change in SLEEP, %e N/A 11.5 6 9.7b

(22.0, 63.4)
11.88 6 8.77b

(23.7, 47.1)
11.806 9.46b

(29.8, 54.5)
1.77 6 6.35
(210.7, 19.4)

20.07 6 6.90
(214.5, 17.5)

DIT, kcal/da 163 6 110
(274, 446)

372 6 145b

(103, 649)
445 6 152b

(120, 809)
320 6 131b

(65, 674)
218 6 108c

(7, 484)
N/A

TEF, % 7.8 6 4.8
(24.3, 20.2)

9.1 6 3.0
(2.8, 17.5)

11.3 6 3.5b

(3.3, 21.0)
7.9 6 2.7
(1.5, 14.8)

5.4 6 2.4b

(0.2, 11.7)
N/A

SPA, % 5.7 6 3.4
(0.6, 16.1)

6.26 6 3.34
(0.7, 14.5)

6.50 6 3.94c

(0.7, 17.0)
5.80 6 3.57
(0.5, 16.1)

5.85 6 3.90
(0.5, 20.3)

5.21 6 3.27
(0.5, 18.3)

Intake, kcal/24h 2057 6 280
(1508, 2921)

4012 6 599b

(2609, 5615)
3957 6 582b

(2604, 5620)
4021 6 554b

(2914, 5377)
4034 6 577b

(2913, 5625)
N/A

EB, kcal/24h 25 6 79
(2180, 225)

1775 6 321b

(539, 2640)
1640 6 370b

(331, 2391)
1840 6 292b

(1323, 2505)
1942 6 317b

(1371, 2864)
21867 6 238b

(22655, 21426)
Food quotient 0.87 0.87 0.94 0.78 0.86 N/A
RQa 0.86 6 0.03

(0.80, 0.93)
0.89 6 0.04f

(0.82, 0.97)
0.94 6 0.04
(0.82, 1.02)

0.83 6 0.04f

(0.75, 0.9)
0.91 6 0.05f

(0.8, 1.00)
0.79 6 0.03
(0.71, 0.9)

Sleeping RQ 0.83 6 0.05
(0.67, 1.02)

0.87 6 0.05b

(0.77, 0.97)
0.91 6 0.06b

(0.76, 1.05)
0.81 6 0.04
(0.73, 0.89)

0.88 6 0.05b

(0.75, 0.99)
0.76 6 0.03b

(0.69, 0.87)
CHO intake, kcal/24ha 1030 6 140

(756, 1463)
1870 6 279
(1216, 2617)

2905 6 427
(1911, 4125)

796 6 110
(577, 1065)

2078 6 297
(1500, 2897)

N/A

CHO oxidation, kcal/24h 982 6 228
(550, 1466)

1281 6 296b

(653, 1884)
1655 6 366b

(884, 2379)
796 6 270b

(211, 1483)
1389 6 381b

(573, 2167)
445 6 203b

(2105, 1121)
Fat intake, kcal/24ha 613 6 83

(449, 870)
1252 6 187
(814, 1752)

285 6 42
(187, 405)

2421 6 334
(1754, 3237)

1844 6 264
(1331, 2571)

N/A

Fat oxidation, kcal/24h 652 6 293
(106, 1555)

449 6 320b

(2109, 1130)
171 6 379b

(2613, 1355)
862 6 349b

(304, 1934)
473 6 396b

(2200, 1390)
1119 6 284b

(350, 1838)
Protein intake, kcal/24ha 411 6 56

(302, 584)
891 6 133
(579, 1247)

764 6 112
(503, 1085)

804 6 111
(583, 1075)

113 6 16
(82, 158)

N/A

Protein oxidation,
kcal/24h

373 6 92
(42, 557)

474 6 106b

(175, 684)
457 6 124b

(185, 735)
489 6 146b

(17, 767)
215 6 54b

(23, 322)
279 6 72b

(78, 415)

Data are shown as mean 6 standard deviations, with minimum and maximum in parentheses. Comparisons were performed using mixed models to
account for repeatedmeasures using a compound symmetry covariance structure and including the variables age, race, sex, percentage body fat, SPA, and
diet. P values were corrected for multiple comparisons using the Tukey-Kramer method. Diet-induced thermogenesis (DIT) was calculated by subtracting
fasting 24hEE from 24hEE during feeding. TEF% was calculated by dividing DIT by energy consumed in kcal and expressing the result as a percentage.
Food quotient was calculated as follows: food quotient = [1.0 3 (% carbohydrate / 100)] + [0.707 3 (% fat / 100)] + [0.80 3 (% protein / 100)].
Overfeeding (OF) diets, given for 24 hours and as 200% of energy requirements, had the following macronutrient compositions: standard diet (n = 64)
included 50% carbohydrate (CHO), 30% fat, and 20% protein; high-CHO diet (n = 63) included 75%CHO, 5% fat, and 20% protein; high-fat diet (n =
63) included 20% CHO, 60% fat, and 20% protein; and low-protein diet (n = 62) included 51% CHO, 46% fat, and 3% protein.

Abbreviations: N/A, not applicable; SLEEP, sleeping EE; TEF, thermic effect of food.
aAll results differed from one another (P # 0.01), except for 24hEE during standard vs high-fat OF diets (P = 0.023).
bP , 0.0001 compared with EB.
cP # 0.01 compared with EB.
dP # 0.001 compared with EB.
eSLEEP was extrapolated to 24 hours for comparison.
fP , 0.01 compared with food quotient.
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MO during dietary interventions
The macronutrient composition of the differnt over-

feeding diets explained the majority of the variance be-
tween individuals (67% and 59% of variance in carbox
and lipox resulted from differences in consumed diets;
partial r2 = 0.67 and 0.59, respectively). However,
intraindividual factors from a within-subject effect
accounted for an additional 21% and 25% of the vari-
ance in carbox and lipox (Fig. 3A and 3B, respectively).
Despite large differences in the quantitative amount of
MO between diets, the ranking of each individual’s
carbox and lipox during the overfeeding diets was con-
sistent with a high intraindividual correlation of carbox
(r = 0.45 to 0.87; all P # 0.0002) and lipox (r = 0.48 to
0.78; all P, 0.0001) between differing diets (Fig. 3C, 3D,
3E, and 3F) and remained so after adjusting for age, sex,
FFM, and FM.

Except for the high-carbohydrate diet, overfeeding
with the other diets resulted in a higher-than-expected
mean RQ, as compared with the calculated food quotient
(P , 0.0001), indicating a preference for utilizing the
carbohydrates in the diets prior to the lipids (Table 2). In
mixed-model analysis, RQ increased during the high-
carbohydrate, standard, and low-protein overfeeding
diets but decreased during high-fat overfeeding and
fasting, as comparedwith EB (Fig. 2B; Table 2). Themean
carbohydrate and lipid intake and oxidation rates are
illustrated in Fig. 2C.

In a mixed model (Supplemental Table 4) to identify
carbox determinants, diet composition (P, 0.0001) and
carbox during EB (b = 65 kcal/d during overfeeding per
100 kcal/d increase during EB; P , 0.0001) were de-
terminants of carbox. Age, sex, race, SPA, FFM, and FM
were not determinants of carbox during overfeeding or
fasting. The main determinants of lipox response to
overfeedingwere diet composition (P, 0.0001) and lipox
during EB (b = 69 kcal/d per increase in 100 kcal/d during EB;
P , 0.0001). Percentage body fat was not a determinant
of any of the MO rates, when replacing FM and FFM in
the model. Fasting or 2-hour glucose and insulin during
the OGTT were not determinants of any of the MO
during overfeeding or fasting. When comparing spend-
thrift with thrifty groups, there was no difference in MO
or percent change in carbox or lipox.

Urinary catecholamines and free cortisol
Concentrations of urinary catecholamines and urinary

free cortisol are shown in Table 3. Compared with EB,
urinary epinephrine was lower during low-protein
overfeeding (median [lower quartile, upper quartile], 3.4
[25.3, 36.4] vs 4.2 [20.9, 37.7] mg/24h; P , 0.001) and
higher during fasting (5.3 [22.9, 42.9] vs 4.2 [20.9, 37.7]
mg/24h; P , 0.001). In general, urinary catecholamine

concentration was similar during the fed state, despite diet
differences, but was greater than that observed in the
fasting state (Table 3). There was no diet order effect on the
catecholamine results. There was no difference in UFC
between diets (P = 0.37; Table 3).

Urinary catecholamines during the overfeeding diets
did not correlate with the percent changes in EE; how-
ever, urinary epinephrine correlatedwith percent changes
in fasting EE (r = 0.36; P = 0.008; Fig. 3G), such that the
higher the urinary epinephrine concentration, the smaller
the reduction in EE with fasting. When comparing thrifty
vs spendthrift phenotypes, epinephrine (median [lower
quartile, upper quartile]; thrifty, 3.39 [2.30, 5.17] vs
spendthrift, 4.37 [2.97, 6.55] mg/24h; P = 0.0004) and
dopamine (223.7 6 85.4 vs 256.0 6 85.8 mg/24h; P =
0.001) were lower in the thrifty group using the average
during all dietary interventions. UFC did not differ by diet
between thrifty and spendthrift groups (median [lower
quartile, upper quartile], 30.24 [22.9, 41.0] vs 32.4 [24.1,
42.9] mg/24h; P = 0.63). The average urinary epinephrine
across all individual measurements correlated with %fat
(r = 20.35; P = 0.008; Fig. 3H), but the other cat-
echolamines and UFC did not. The RQ and MO during
fasting and overfeeding diets did not consistently corre-
late with changes in urinary catecholamines or UFC.

Discussion

In 64 adults, we evaluated the role of diet vs individual
variation in the EE response to overfeeding, including the
oxidative preference for carbohydrates vs lipids. We
demonstrated that EE increased the most with a diet
containing a high percentage of carbohydrates and an
adequate percentage of protein. The lowest EE increase,
despite consumption of equivalent excess energy, oc-
curred with a low-protein (3%) overfeeding diet. As
expected, the macronutrient content of the diet strongly
influenced the primary source of fuel used by the body
(i.e., MO) during overfeeding. However, there was also a
large and significant intraindividual component to fuel
preference. We did not find a role for the HPA axis in the
response to overfeeding in this study. Urinary epinephrine
concentration was increased during fasting, and higher
urinary epinephrine concentrations were associated with
smaller declines in fasting EE and lower %fat.

EE increases with overfeeding and decreases during
fasting (7, 9, 11, 28). We confirmed earlier findings that
the percent increase in EE with overfeeding is negatively
associated with %fat (3, 4), and extended these findings,
given that we now demonstrate that the increases in EE
with overfeeding depend, in part, on the macronutrient
composition of the diet. For the development of obesity,
the concept of a thrifty vs spendthrift phenotype was
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Figure 3. Pie-chart representing the contribution of diet in white/black dots, intraindividual factors on (A) carbox and (B) lipox rates in black, and
undefined physiological factors in white. Intraindividual correlation between (C) carbox and (D) lipox during the high-fat (60%) and high-
carbohydrate (75%; high-CHO) diets and between (E) carbox and (F) lipox during the 75% CHO and standard overfeeding (OF) diets. All
correlations were adjusted for age, sex, FM, and FFM. Correlation between (G) 24-hour urinary epinephrine concentration and percent EE change
during fasting, indicating possible role of epinephrine in thrifty vs spendthrift phenotypes. (H) Correlations between average 24-hour urinary
epinephrine concentration during all diets and percent body fat.
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hypothesized to explain why some individuals may gain
weight more easily than others (2). Recently, in in-
dividuals with obesity, those who were thrifty (defined as
those with a greater EE decrease during fasting) lost less
weight in a carefully monitored inpatient weight loss
program compared with individuals defined as spend-
thrift (i.e., those better able tomaintain EE during fasting)
(3). Our group has also shown that individuals charac-
terized as thrifty gainedmoreweight than those whowere
spendthrift at 6 months after initial evaluation (4). In
addition, the EE responses to both low-protein and high-
carbohydrate overfeeding were associated with weight
gain, independent of EE changes with fasting. However,
these associations were in opposite directions, i.e., a
greater EE increasewith a low-protein overfeeding dietwas
associatedwith lessweight gain, but a greater increasewith
the high-carbohydrate overfeeding diet was associated
with greater weight gain (4). Moreover, participants who
were phenotypically characterized as having both a smaller
EE response to low-protein overfeeding and a higher EE
response to high-carbohydrate overfeeding gained the
most weight. In this current study, we demonstrate that
spendthrift individuals (those with a greater ability to
maintain EE during fasting) also have a greater increase in
EE during high-fat overfeeding. This finding may con-
tribute to the mechanisms by which these individuals are
protected from weight gain in modern society.

In prior studies, RQ and carbox measured during EB
were found to be determinants of weight gain (13, 14). We
found that the average changes in RQ and MO during
overfeeding are highly dependent on the proportion of
macronutrients consumed.Of note, on average,RQwas not
greater than 1 during the high-carbohydrate overfeeding
diet, which indicates that de novo lipogenesis did not rou-
tinely occur (29). Instead, the RQ of the high-carbohydrate
diet was similar to the predicted food quotient, which im-
plies that the excess energy consumed was transformed into
heat, glycogen deposition, or fecal energy loss; the former
possibility is supported by the higher thermic effect of food
measured during this diet. Importantly, there was also a
consistent intraindividual preservation ofMOpreference, as
denoted by the strong correlations between the different
diets. For example, participants with higher carbox during
EB also had relatively higher carbox during the overfeeding
diets. Given that increased RQ predicts weight gain (13),
intrinsic preference to metabolize carbohydrates may
identify individualswho tend to overconsume in the setting
of increased food availability, possibly because of an in-
creased sensitivity to glycogen depletion (30). Alterna-
tively, high RQ may be a marker for individuals
predisposed to de novo lipogenesis in the setting of
continual intake of large amounts of carbohydrates.

Increases in serum norepinephrine have been reported
during overfeeding in some (20, 22) but not all (21, 23)

Table 3. Concentrations of Urinary Hormones During the Different Diets

Hormone EB Standard OF High-CHO OF High-Fat OF
Low-Protein

OF Fasting

UFC, mg/24h 31.0 (20.9–37.7) 32.9 (22.1–48.1) 30.4 (22.2–40.4) 32.5 (23.7–45.5) 30.8 (25.3–36.4) 30.6 (22.9–42.9)
Metanephrine, mg/
24h

124 (87–173) 127 (86–166) 104 (73–144) 115 (89–174) 98 (77–136)a,b 120 (85–168)

Normetanephrine,
mg/24h

219 (159–305)b 219 (172–297)b 176 (127–252) 235 (152–314)c 207 (136–256) 169 (126–208)a

Total metanephrine,
mg/24h

354 (267–460) 343 (275–470) 292 (203–366) 365 (245–502) 329 (223–392) 309 (219–407)

Dopamine, mg/24h 251 (191–322) 256 (185–325)d 219 (181–312) 246 (170–295) 228(163–283) 215 (166–277)
Epinephrine, mg/24h 4.2 (2.6–6.1)d 3.6 (2.4–5.2)c 3.6 (2.6–4.8)c 3.4 (2.4–5.0)c 3.4 (2.6–4.5)c,e 5.3 (3.8–8.0)e

Norepinephrine,
mg/24h

24.9 (15.7–34.0) 22.6 (17.7–32.8) 22.3 (16.3–26.7) 19.6 (13.1–29.1) 25.4 (19.1–32.6) 20.2 (15.4–27.9)

Values are expressed asmedians, with interquartile ranges in parentheses. In the analysis, n = 37 for UFC; n= 55 for all urinary catecholamines. Overfeeding (OF)
diets, given for 24 hours and as 200% of energy requirements, had the following macronutrient compositions: standard diet included 50% carbohydrate
(CHO), 30%fat, and 20%protein; high-CHOdiet included 75%CHO, 5% fat, and 20%protein; high-fat diet included 20%CHO, 60% fat, and 20%protein;
and low-protein diet included51%CHO, 46%fat, and3%protein. Urinary catecholaminesweremeasuredusinghigh-performance liquid chromatography for
epinephrine, norepinephrine and dopamine, and liquid chromatography–tandem mass spectrometry stable isotope dilution analysis for metanephrine,
normetanephrine, and total metanephrine by the commercial Mayo Clinic laboratory. UFC was measured using an enzyme immunoassay kit (Cayman
Chemical, Ann Arbor, MI) by the National Institute of Diabetes and Digestive and Kidney Diseases Clinical Core Laboratory in Bethesda, MD.

Abbreviations: CHO, carbohydrate; OF, overfeeding.
aP # 0.01, compared with EB.
bP # 0.01, compared with fasting.
cP , 0.0001, compared with fasting.
dP , 0.001, when compared with fasting.
eP , 0.001, when compared with EB.
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studies. We noticed no difference in 24-hour urinary
norepinephrine concentrations during consumption of
the different diets. However, normetanephrine, the major
urinary metabolite of norepinephrine, was increased
during high-fat overfeeding, standard overfeeding, and
EB compared with fasting. As expected, urinary epi-
nephrine concentrations were higher during fasting (31).
Notably, urinary epinephrine concentrations were neg-
atively associated with the decrease in 24hEE during
fasting and%fat, indicating that the adrenal medullamay
have a role in preventing reductions in EE with energy
restriction, as well as body weight regulation. In par-
ticular, this epinephrine response may help to explain
why spendthrift individuals are resistant to weight gain.
In rats, the SNS is implicated in regulation of EE during
feeding through mechanisms including brown adipose
tissue activation, but norepinephrine is the key neuro-
transmitter in that response. The finding that %fat was
negatively associated with urinary epinephrine concen-
trations is supported by a previous report (32). Epi-
nephrine is primarily considered to be part of the
hormonal response to acute stress. If fasting can be
considered a state of stress, this may explain the observed
epinephrine increase during fasting. Increased adrenergic
activity during fasting may increase EE through increased
heart rate or increased lipolysis (33). Difference in epi-
nephrine concentrations was a key finding between
thrifty and spendthrift individuals in our study, and may
help to explain why spendthrift individuals lose more
weight during energy restriction (3).

Most of our participants were men, despite our efforts
to recruit both sexes, and we had a high proportion of
overweight and obese individuals. However, our results
were similar in subset analyses that excludedwomen.Our
study population is ethnically diverse, and given the high
prevalence of overweight and obese individuals in the
general population (34), our findings are generalizable.
Although we only have catecholamine and UFC mea-
surements for a subset of participants, this subset did not
differ from the larger group. The diets were given for only
1 day. However, overeating to such a large extent may
often occur over a brief period (i.e., a holiday or special
event). Although our results are cross-sectional in nature,
we have a large cohort of participants for this unique,
intensive, inpatient study. Our large cohort allowed for
adjustment for multiple variables, and strengthens our
intraindividual findings. Long-term follow-up of this
cohort is currently ongoing.

In conclusion, we have demonstrated that, similar to
EE changes, substrate oxidation rates with 24 hours of
fasting and overfeeding are macronutrient specific, but
there is also an intrinsic capability of the individual to
preferentially use carbohydrate or fat, independent of the

overfeeding diet type. This was supported by the con-
sistently strong correlations of carbox and lipox between
all the differing diets. We have confirmed that urinary
epinephrine concentration is elevated with fasting and is
negatively associated with percent changes in fasting EE;
epinephrine may be a factor in EE phenotypes that we
have previously found to be associated with weight
change. These results are further indication of distinct
individual phenotypes, which may predict response to
energy restriction or fuel preference and influence body
weight regulation.
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