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Introduction
Within minutes of consuming a meal containing carbohydrate 
and/or protein, both humans and rodents exhibit an increase in 
energy expenditure and body temperature, typically described 
as diet-induced or meal thermogenesis. In lean individuals, post-
prandial energy expenditure typically correlates positively with 
meal size (1, 2), protein and carbohydrate content (3–8), and plas-
ma insulin concentrations (9–13); however, most (12, 14–28) but 
not all (4, 9, 29–31) studies on this topic have indicated that meal 
thermogenesis — measured as energy expenditure — is dimin-
ished in obese individuals and have suggested that this reduction 
in meal thermogenesis may contribute to the pathogenesis of obe-
sity by decreasing overall daily energy expenditure. Therefore, it 
is of great interest to understand the mechanism by which feeding 
increases body temperature and energy expenditure.

Recent studies have implicated brown adipose tissue (BAT) as 
a key driver of postprandial thermogenesis, although most studies 
have inferred this indirectly by measuring postprandial BAT blood 
flow (32), oxygen consumption (33, 34), glucose uptake (35), and/
or ex vivo respiration (36), with implanted temperature sensors 
used only recently to demonstrate an increase in BAT temperature 
after feeding (37). In addition, the timing of BAT activation in the 
context of meal ingestion remains uncertain: several investigators 

have suggested that BAT thermogenesis precedes food intake, at 
least in rodents (38–41), calling into question whether BAT ther-
mogenesis is a result of dietary intake or simply an associated phe-
nomenon. In addition, the fractional contribution of BAT activa-
tion to postprandial increases in body temperature, as well as the 
mechanism by which meal ingestion may activate respiration in 
BAT or other tissues, have not been established.

β-Adrenergic activity has for decades been considered a can-
didate mediator of postprandial increases in body temperature, as 
serum catecholamine concentrations clearly increase both after 
meal ingestion (7, 26, 42–44) and under hyperinsulinemic-eugly-
cemic conditions (45). This concept has been bolstered by studies 
demonstrating that β-adrenergic blockade limits increases in ener-
gy expenditure under postprandial (43, 46–49) and hyperinsuline-
mic-euglycemic conditions (50), although other studies have failed 
to discern an effect of beta blockers on meal thermogenesis (51, 52), 
leaving the potential impact of β-adrenergic activity on postprandi-
al temperature regulation, as well as the physiologic mechanism by 
which feeding increases β-adrenergic activity, still uncertain.

Here we demonstrate that carbohydrate or protein ingestion, 
but not fat ingestion, increases plasma leptin concentrations in 
awake, unrestrained 48-hour-fasted rats, and that this raises body 
temperature by increasing the delivery of fatty acids from adipose 
tissue lipolysis and β3-adrenergic activation of BAT, in a manner 
dependent on secretion of catecholamines by the adrenal medul-
la. We further demonstrate that time-restricted feeding reduces 
weight gain by promoting leptin- and circulating catecholamine–
mediated increases in postprandial temperature; in contrast, the 
time of day at which meals are administered had no effect on these 
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Obesity mitigates starvation-induced hypoleptinemia and pre-
vents further postprandial changes in body temperature. In order 
to examine the impact of obesity on the observed correlations 
among plasma leptin, catecholamines, and body tempera-
ture under fed and fasted conditions, we fed the same sham- 
operated and ADX rats a hypercaloric high-fat diet for 10 days. 
This intervention increased body weight and diminished fasting- 
induced reductions in plasma glucose, insulin, leptin, and cate-
cholamines while abrogating fasting-induced increases in NEFA 
and corticosterone levels in sham-operated rats (Figure 1, F–H, 
and Supplemental Figure 1, H–L). Consistent with obesity’s effect 
of abrogating fasting-induced suppression of catecholamines and 
a further rise in catecholamines with refeeding, high-fat feeding 
abolished feeding-induced increases in body temperature (Figure 
1I). This appeared to be due to an inability to further increase body 
temperature beyond the already high baseline in fasted obese rats 
in response to central leptin action: ICV leptin injection failed to 
generate a further increase in plasma catecholamines, glucose, 
insulin, NEFA concentrations, or body temperature beyond the 
already high fasting levels observed in these animals (Figure 1J 
and Supplemental Figure 2, H–K).

Fasting- and refeeding-induced changes in leptin, catecholamines, 
and body temperature are preserved at thermoneutrality. Standard 
housing conditions (22°C) are subthermoneutral for rodents. To 
remove this potential confounder, we studied intact and ADX 
rats at thermoneutrality (30°C). The fasting- and refeeding- 
induced changes in plasma leptin concentrations, and the absence 
of appreciable plasma catecholamines, were similar in sham-oper-
ated and ADX rats housed at 30°C as compared with 22°C (Figure 
1, K–M, and Supplemental Figure 3, A and B). As predicted by these 
data, body temperature was reduced with fasting and restored 
with refeeding in sham-operated rats, but was unchanged in ADX 
animals both at thermoneutrality and at room temperature (Fig-
ure 1N). Housing the rats at 30°C also did not alter the changes 
in plasma glucose, insulin, or NEFA concentrations observed with 
fasting and refeeding at 22°C (Supplemental Figure 3, C–E).

Normalizing body weight restores the leptin-catecholamine- 
temperature response to fasting and refeeding. Having observed that 
obesity abrogates acute increases in plasma leptin, catecholamine 
concentrations, and body temperature upon refeeding in lean 
rats, we next sought to determine whether normalization of body 
weight, via a very-low-calorie diet (VLCD), would restore physio-
logic responsiveness to fasting and refeeding in rats. To that end, 
we studied obese rats prior to and following a 4-week hypocaloric 
feeding period to normalize body weight (Supplemental Figure 4). 
This intervention lowered fed and fasting plasma glucose, insu-
lin, and leptin concentrations and restored the reduction in plas-
ma catecholamine concentrations observed under fasting con-
ditions in lean animals (Figure 2, A–E). Consistent with the idea 
that leptin-mediated alterations in plasma catecholamines reg-
ulate body temperature, body temperature fell upon fasting and 
increased upon refeeding only after weight normalization with a 
VLCD (Figure 2F). Plasma leptin concentrations correlated closely 
with both plasma epinephrine concentrations and body tempera-
ture under various conditions (Figure 2, G and H).

Leptin is required for postprandial increases in body temperature. 
In order to examine whether increases in plasma leptin concen-

parameters. Taken together, these data identify a leptin–adrenal 
medulla–adipose tissue axis as responsible for meal-induced 
increases in body temperature in rodents.

Results
Adrenalectomy abrogates feeding-induced increases in body tempera-
ture. First, we verified that body temperatures measured in the 
colon reflected core body temperatures: in 48-hour fasted rats 
treated with or without epinephrine, measured temperatures did 
not change across measurements taken with the probe inserted at 
2 to 6 cm from the anus (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI134699DS1). In order to examine the potential role of the adre-
nal glands in meal-induced increases in body temperature, we 
studied weight-matched sham-operated and adrenalectomized 
(ADX) rats infused with low and high levels of corticosterone to 
mimic the fed and fasted conditions (53, 54) (Supplemental Figure 
1, B and C). Following a 48-hour fast, all groups manifested reduc-
tions in plasma glucose and insulin concentrations and increases 
in nonesterified fatty acid (NEFA) concentrations, each of which 
rebounded following refeeding; however, under fed conditions 
values for each parameter were lower in ADX low-corticosterone 
rats than sham-operated rats, demonstrating a significant role for 
adrenocortical secretion of glucocorticoids in regulating post-
prandial glycemia (Supplemental Figure 1, D–F). In contrast, plas-
ma triiodothyronine (T3) and thyroxine (T4) concentrations were 
reduced in fasted rats and restored by refeeding in a manner inde-
pendent of adrenocortical glucocorticoid secretion (Supplemental 
Figure 1G). Consistent with previous studies (53, 55–60), plasma 
leptin concentrations were reduced by approximately 90% in 
48-hour-fasted lean rats, regardless of adrenalectomy, an effect 
that was reversed within 2 hours of refeeding (Figure 1A). Plasma 
catecholamine concentrations correlated with plasma leptin in 
sham-operated rats: both epinephrine and norepinephrine levels 
were reduced by approximately 70% with fasting in sham-oper-
ated rats and restored upon refeeding; however, both epinephrine 
and norepinephrine were undetectable in ADX animals, demon-
strating that the adrenal glands are the major source of both circu-
lating epinephrine and norepinephrine in healthy rats (Figure 1, B 
and C). Plasma catecholamine concentrations predicted the ther-
mal response to fasting and to refeeding: fed body temperatures 
were lower in ADX rats, regardless of corticosterone replacement, 
whereas fasting reduced body temperature in sham-operated rats 
to levels measured in both ADX groups (Figure 1D). Based on the 
observed ability of refeeding to increase plasma leptin, catechol-
amines, and body temperature, we hypothesized that leptin exerts 
its effect on these parameters centrally. To test this hypothesis, we 
performed an intracerebroventricular (ICV) injection of leptin (10 
μg) in 48-hour-fasted lean rats during an infusion of somatostatin 
to avoid any confounding effect of insulin on the parameters ana-
lyzed. ICV leptin administration increased plasma epinephrine 
and norepinephrine, glucose, and NEFA concentrations and mod-
estly increased T3 and T4 without altering plasma leptin or insulin 
concentrations (Figure 1E and Supplemental Figure 2, A–F). These 
increases in plasma catecholamine concentrations were associat-
ed with a 1°C increase in body temperature (Supplemental Figure 
2G), mimicking postprandial conditions.
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Figure 1. Lack of postprandial increases in body temperature in ADX rats. (A–C) Plasma leptin, epinephrine, and norepinephrine in ad libitum fed, 
24-hour-fasted (with access to 2% sucrose drinking water), and 24-hour fasted/2-hour refed rats. (D) Body temperature. (E) Plasma epinephrine concen-
trations before and 30 minutes after an ICV injection of leptin (10 μg). (F–H) Plasma leptin, epinephrine, and corticosterone concentrations in the same 
rats shown in A–D after 10 days on a high-fat diet. (I) Body temperature. (J) Plasma epinephrine concentrations before and 30 minutes after an ICV injec-
tion of leptin (10 μg) in the same rats shown in E after 10 days on a high-fat diet. (K–M) Plasma leptin, epinephrine, and norepinephrine concentrations in 
rats housed for one week at 22 or 30°C. (N) Body temperature. In all panels, if no symbol appears, groups and time points are not statistically different. 
Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. In A–D, F–I, 
and K–N, asterisks directly above bars denote comparisons with fed rats, and # symbols denote comparisons with fasted rats. The same rats were com-
pared under fed, fasted, and refed conditions using repeated-measures ANOVA with Bonferroni’s multiple-comparisons test, while groups were compared 
by ANOVA with Bonferroni’s multiple-comparisons test. In E and J, the 2 groups were compared using 2-tailed unpaired Student’s t test, and rats were 
compared before and after leptin injection with 2-tailed paired Student’s t test.
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strating that the observed lack of meal- or hyperglycemia-hy-
perinsulinemia–induced increases in body temperature in OGT 
FKO mice was due to impaired leptin secretion and not to leptin 
unresponsiveness (Supplemental Figure 5, G–I). However, pre-
treatment with a β-adrenergic antagonist, atenolol, prevented the 
leptin-induced increase in body temperature in both genotypes, 
suggesting that leptin acts via stimulation of β-adrenergic activity 
to increase body temperature (Supplemental Figure 5I). We then 
studied a model completely deficient in leptin: ob/ob mice (Fig-
ure 3A). In these animals plasma leptin, urinary catecholamines, 
and body temperature failed to increase in response to refeeding 
following a 24-hour fast (Figure 3, B–D); however, injection with 
recombinant leptin to increase plasma leptin concentrations to 
what was observed in refed obese rats increased urinary catechol-
amine concentrations by 3- to 5-fold and rectal temperature by 
1°C, demonstrating a critical role for leptin in mediating postpran-
dial increases in body temperature.

trations are required for increases in body temperature under 
hyperglycemic conditions, we first performed hyperglycemic 
clamp studies in conditional fat-specific O-linked β-d-N-acetyl-
glucosamine–KO (OGT FKO) mice (Supplemental Figure 5A; 
original, uncut gels in Supplemental Figure 15). The hypergly-
cemic clamp allowed us to carefully control plasma glucose and 
insulin concentrations, avoiding the impact of differences in plas-
ma glucose or insulin concentrations that would be expected to 
result from the apparent impairment in insulin sensitivity exhib-
ited by the OGT FKO animals. In these mice, plasma leptin con-
centrations and body temperatures failed to increase in response 
to hyperglycemia, demonstrating a critical role for OGT in white 
adipose tissue (WAT) in mediating hyperglycemia-hyperinsu-
linemia–induced leptin secretion (Supplemental Figure 5, B–F). 
However, when mice were injected i.p. with leptin to increase 
plasma leptin concentrations approximately 5-fold, body tem-
peratures were similarly increased in the two genotypes, demon-

Figure 2. Normalizing body weight restores the 
leptin-catecholamine-thermogenic response 
to fasting and refeeding. (A–E) Plasma glucose, 
insulin, leptin, epinephrine, and norepinephrine 
concentrations in the fed state, after a 48-hour 
fast, and 2 hours after refeeding. To avoid any 
confounding effects of the high-fat diet, all rats 
were given ad libitum access to regular chow for 
24 hours prior to obtaining the fed samples and 
were refed ad libitum with regular chow. (F) Body 
temperature. **P < 0.01, ***P < 0.001, ****P < 
0.0001, ##P < 0.01, ###P < 0.001, ####P < 0.0001. 
Asterisks directly above bars denote compar-
isons with fed rats, and # symbols denote 
comparisons with fasted rats. In A–F, data are 
presented as mean ± SEM, with the same rats 
studied before and after VLCD. If no symbol 
appears, groups and time points are not statis-
tically different. Rats were compared in the fed, 
fasted, and refed states by paired ANOVA with 
Bonferroni’s multiple-comparisons test, and 
rats were compared before (HFD) and after VLCD 
(HFD-VLCD) by 2-tailed paired Student’s t test. 
(G) Correlation between plasma epinephrine and 
plasma leptin in all groups studied (data are pre-
sented as mean ± SEM for each group). Groups 
are defined by color in Supplemental Figure 14. 
(H) Correlation between body temperature and 
plasma leptin.
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sympathetic activity, as indicated by reversal 
of leptin- and refeeding-induced increases in 
heart rate (Supplemental Figure 7, A–H). To 
conclusively demonstrate the requirement for 
adrenal medulla–derived circulating catechol-
amines to promote leptin-induced increases in 
body temperature, we infused ADX rats acutely 
with leptin to mimic the postprandial condition. 
We observed no thermogenic or sympathetic 
effect of leptin in ADX rats, as demonstrated by 
the inability of leptin to increase plasma cate-
cholamine, glucose, or insulin concentrations 
in ADX rats, despite an increase in T3 and T4 
concentrations (Figure 4, A–D, and Supple-
mental Figure 8, A–F). However, infusing epi-
nephrine replicated leptin’s effect of raising 
body temperature, mediated by β-adrenergic 
activity, as demonstrated by the reversal of the 
hyperthermic effect of epinephrine following 
atenolol injection.

Lipids generated by lipolysis are required 
for epinephrine-induced increases in body tem-

perature. Having demonstrated that increases in β-adrenergic 
activity mediate leptin’s effect of increasing body temperature, 
we next sought to determine the primary tissue that accounts 
for leptin-mediated increases in body temperature and hypoth-
esized that BAT may be at least in part responsible. To test this 
hypothesis, we studied 48-hour-fasted rats 1 week after surgery 
to remove interscapular BAT (BATectomy). Despite unchanged 
body weight and similar increases in plasma leptin, glucose, insu-
lin, catecholamine concentrations, and heart rate after refeeding, 
the temperature response to both refeeding and leptin infusion 
was reduced by approximately 60% in BATectomized rats (Figure 
4, E–H, and Supplemental Figure 9, A–D), suggesting that activa-
tion of interscapular BAT accounts for most, but not all, of the 
response to leptin. It is likely that increases in skeletal and/or car-
diac muscle energy expenditure, beige WAT, and/or non-inter-

Finally, to more specifically interrogate the impact of leptin in 
mediating postprandial increases in body temperature, we treat-
ed rats prior to refeeding with a small molecule leptin antagonist. 
This agent inhibited leptin action, as demonstrated by a doubling 
in food intake upon refeeding in 48-hour-fasted/refed rats, and 
accordingly abolished the ability of refeeding to increase plasma 
catecholamine levels, lipolysis, and body temperature and to sup-
press hypercorticosteronemia (53, 54) (Figure 3, E–G, and Supple-
mental Figure 6, A–F).

β-Adrenergic activity mediates leptin’s effect of increasing body 
temperature after refeeding. Next, we examined the mechanism 
by which leptin increases temperature after a meal. β-Adrener-
gic antagonism with atenolol fully abrogated the thermogenic 
responses to both refeeding and to leptin, despite further increas-
es in plasma catecholamine concentrations, and suppressed 

Figure 3. Leptin is required for postprandial 
increases in body temperature. (A) Plasma leptin 
in 24-hour-fasted, refed (dextrose gavage), and 
recombinant leptin–treated ob/ob mice. (B and C) 
Urine epinephrine and norepinephrine concentra-
tions. (D) Body temperature (n = 6). (B and C) Plasma 
leptin concentrations and body temperature in the 
24-hour-fasted and hyperglycemic clamp state. Mice 
were compared under each of the 3 conditions in A–C 
by repeated-measures ANOVA with Bonferroni’s mul-
tiple-comparisons test. (E) Food intake measured for 
a 2-hour period beginning 1 hour after treatment with 
a small molecule leptin antagonist. (F and G) Plasma 
epinephrine and norepinephrine concentrations. In 
F–H, symbols directly above bars denote comparisons 
to the same group in the fasted state. (H) Body tem-
perature. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001. In all panels, data are presented as mean ± 
SEM. If no symbol appears, groups and time points 
are not statistically different.
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scapular BAT depots may account for the leptin-induced increas-
es in body temperature in these animals. Because branched-chain 
amino acids have recently been implicated in BAT thermogenesis 
under cold conditions (61), we measured plasma amino acid con-
centrations and found that both total and branched-chain (leu-
cine, isoleucine) concentrations were reduced with both refeed-
ing and leptin infusion in sham-operated but not BATectomized 
rats (Supplemental Figure 9, E–G).

Based on the fact that long-chain acyl-CoA concentrations 
increased by 70% in BAT following an infusion of epinephrine, we 
hypothesized that an increase in catecholamine-driven lipolysis 
is required for the temperature response to catecholamines. Con-
sistent with this, inhibition of adipose triglyceride lipase (ATGL) 

with atglistatin fully abrogated the increase in body temperature 
observed after epinephrine infusion, whereas restoring plasma 
fatty acid concentrations in atglistatin-treated rats via an infusion 
of a lipid emulsion (Liposyn) and heparin restored the increase in 
body temperature observed with epinephrine infusion (Figure 5, A 
and B, Supplemental Figure 10, A and B, and Supplemental Table 
1). Interestingly, epinephrine infusion also limited food intake 
following a 48-hour fast, but this effect was not dependent on 
lipolysis (as demonstrated by unchanged food intake in epineph-
rine-infused rats treated with atglistatin with or without Liposyn) 
or thermogenesis (as demonstrated by suppression of food intake 
despite a reduction in the thermogenic response in BATectomized 
rats) (Figure 5C). To specifically delineate the role of catechol-

Figure 4. β-Adrenergic activity in 
BAT mediates leptin’s effect of driv-
ing postprandial increases in body 
temperature. (A and B) Plasma leptin 
and epinephrine concentrations in 
24-hour-fasted sham-operated and 
ADX rats infused with low corticos-
terone by subcutaneous pump and 
given access to 2% sucrose drinking 
water. (C and D) Body temperature 
and heart rate. In A–D, ****P < 
0.0001 between groups using  
2-tailed unpaired Student’s t test.  
n = 8 per group. (E–G) Plasma leptin, 
epinephrine, and norepinephrine con-
centrations in 48-hour-fasted-refed 
and –leptin-infused sham-operated 
and BATectomized rats. (H) Body 
temperature. In E and H, compari-
sons with time 0 (asterisks above 
bars) were performed using 2-tailed 
paired Student’s t test and compar-
isons between groups performed 
using ANOVA with Bonferroni’s 
multiple-comparisons test:  
*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. In all panels, data 
are presented as mean ± SEM. If no 
symbol appears, groups and time 
points are not statistically different.
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amine activation of BAT, we studied mice with a BAT-specific 
inducible KO of the β3-adrenergic receptor, which is the primary 
β-adrenergic receptor found in adipose tissue (Adrβ3 BKO mice) 
(Figure 5D; original, uncut gels in Supplemental Figure 15). In 
these mice body temperature failed to increase after a dextrose 
meal despite plasma glucose, insulin, and leptin concentrations 
that were unchanged from those of their WT littermates (Figure 5, 
E and F, and Supplemental Figure 10, A–D).

Increases in postprandial body temperature, but not energy expen-
diture, depend on meal composition. To determine whether meal- 
induced increases in plasma leptin, catecholamines, and body 

temperature are a function of a specific nutrient(s) or of meal 
ingestion per se, we next examined the impact of isocaloric carbo-
hydrate, fat, or protein meals on these parameters. Although glu-
cose and protein meals had a similar effect of increasing plasma 
glucose, insulin, leptin, catecholamines, heart rate, and body tem-
perature in rats, an isocaloric fat bolus had no effect on any of these 
parameters (Figure 6, A–E, and Supplemental Figure 11, A and B). 
Similarly, in mice, isocaloric boluses of glucose and protein both 
increased body temperature, whereas fat did not (Supplemental 
Figure 11C). In contrast, all 3 substrates had a similar effect of 
increasing energy expenditure in mice (Supplemental Figure 11D).  

Figure 5. Lipolysis is required for epineph-
rine-induced increases in body temperature 
resulting from β-adrenergic activity in BAT. 
(A) BAT long-chain acyl-CoA concentrations 
in 48-hour-fasted rats infused with epineph-
rine ± atglistatin ± Liposyn. (B) Body tem-
perature prior to refeeding. (C) Food intake 
within 2 hours of refeeding. In A–C,  
*P < 0.05, **P < 0.01, ****P < 0.0001 by 
ANOVA with Bonferroni’s multiple-compar-
isons test. (D) WAT and BAT β3-adrenergic 
receptor expression in Adrβ3 BAT-specific  
KO mice. Full, uncut gels are shown in 
Supplemental Figure 15. (E) Plasma leptin 
concentrations 60 minutes after dextrose 
gavage. (F) Body temperature. In D–F,  
*P < 0.05, ****P < 0.0001 by 2-tailed 
unpaired Student’s t test. n = 5 (WT) and  
n = 11 (Adrβ3 BKO). In all panels, data are pre-
sented as mean ± SEM. If no symbol appears, 
groups are not statistically different.
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Secretin has a modest, adrenal medulla–dependent effect of pro-
moting thermogenesis. Secretin has recently been reported to pro-
mote meal thermogenesis and satiety (37); thus, we were interested 
in determining whether secretin had a dependence similar to that 

These data demonstrate that under certain conditions, meal- 
induced increases in body temperature may be dissociated from 
increases in energy expenditure, as assessed by indirect calorime-
try, in response to feeding.

Figure 6. Increases in postprandial 
body temperature, but not energy 
expenditure, depend on meal compo-
sition; secretin has a modest, catechol-
amine-dependent effect of increasing 
temperature. (A–C) Plasma glucose, 
leptin, and epinephrine concentrations 
after an isocaloric bolus of carbohydrate 
(dextrose), fat (canola oil), or protein 
(casein). (D and E) Heart rate and body 
temperature. (F) Plasma secretin. n = 8 
per group. In A–F, n = 4 (oral protein),  
n = 5 (HFD–oral carbohydrate), n = 6 (oral 
carbohydrate, oral fat), and n = 8 (i.v. 
carbohydrate). AUC was compared by 
ANOVA with Bonferroni’s multiple-com-
parisons test. *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001 vs. oral fat; 
##P < 0.01, ###P < 0.001, ####P < 0.0001 
vs. HFD–oral carbohydrate; †P < 0.05,  
†††P <0.01 vs. oral fat. (G) Plasma secretin 
in 24-hour-fasted sham-operated and 
ADX rats given 2% sucrose water. In 
G–J, n = 6–8 per group. (H and I) Plasma 
leptin and epinephrine concentrations 
in rats given an i.p. injection of secretin 
at time 0. #P < 0.05, ##P < 0.01, ####P < 
0.0001 vs. ADX-control; §§P < 0.01, §§§§P 
< 0.0001 vs. ADX-secretin; †††P < 0.001 
vs. sham-secretin+atenolol; ‡P < 0.05 vs. 
sham-secretin by ANOVA with Bonfer-
roni’s multiple-comparisons test (com-
parison of AUC). (J) Body temperature. In 
all panels, data are presented as mean 
± SEM. If no symbol appears, groups are 
not statistically different.
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tal muscle (69–71) — can be dissociated under certain conditions 
from energy expenditure. It is likely that the two processes, post-
prandial increases in body temperature and postprandial increas-
es in energy expenditure, are regulated independently and that 
their dissociation is not the result of a specific regulatory action, 
but rather the divergence of two independent regulatory mech-
anisms. The current study demonstrates that meals comprising 
carbohydrate or protein, but not fat, increase plasma leptin, cat-
echolamines, and body temperature; however, all meals increase 
energy expenditure, as assessed by indirect calorimetry. These 
data therefore argue against the hypothesis that meal thermogen-
esis and postprandial energy expenditure are components of the 
same phenomenon (33).

In order to elucidate the mechanism of feeding-induced 
increases in body temperature, we first hypothesized that a post-
prandial rise in temperature would be initiated by a physiologic 
change that signals to the body that substrate has been provided. 
We hypothesized that the increase in plasma leptin concentrations 
that has been shown in numerous studies to occur upon refeeding, 
reversing the starvation-induced hypoleptinemia that occurs in 
lean animals and humans (72, 73), may provide this signal. Con-
sistent with this hypothesis, an increase in plasma leptin concen-
trations was associated with increased body temperature in refed 
rats (Figure 1D); and an infusion of recombinant leptin to increase 
plasma leptin concentrations to physiologic levels observed in 
refed rats increased body temperature to refed levels (Figure 4C), 
while pretreatment with a leptin antagonist abrogated feeding- 
induced increases in body temperature (Figure 3H), demonstrat-
ing a causal link between leptin and postprandial increases in body 
temperature. To confirm this hypothesis, we employed inducible 
fat-specific OGT KO mice. Mice with lifelong deletion of this gene 
in adipose tissue showed reductions in white adipose leptin mRNA 
and plasma leptin concentrations under conditions of high-fat diet 
but not chow feeding after a 6-hour fast (74); however, postprandi-
al leptin secretion was not studied in this report. In addition, since 
it is likely that compensatory mechanisms develop in the setting 
of lifelong deletion of OGT in adipose tissue, the inducible mod-
el offers certain advantages in testing the physiologic impact of 
postprandial leptin secretion. We show here that OGT FKO mice 
failed to secrete leptin under hyperglycemic-hyperinsulinemic 
conditions, and that this lack of glucose/insulin-induced hyper-
leptinemia was correlated with an absent thermogenic response to 
glucose. In this model, we show that leptin mediated hyperglyce-
mia-hyperinsulinemia–induced hyperthermia: after a leptin bolus, 
OGT FKO mice demonstrated a normal increase in body tempera-
ture (Supplemental Figure 5, E–I). Similarly, ob/ob mice, which lack 
the ability to secrete leptin, showed no catecholamine or tempera-
ture response to refeeding, but both increased in response to injec-
tion with recombinant leptin, again directly implicating leptin 
in postprandial increases in body temperature (Figure 3, B–D). 
However, blocking leptin action with a small molecule antagonist 
reversed the feeding-induced increases in catecholamines and 
body temperature while increasing food intake and preventing the 
reversal of hypercorticosteronemia with refeeding (Figure 3, F–H) 
(54). Taken together, these data indicate that an increase in plas-
ma leptin concentration is both necessary and sufficient to cause 
increases in body temperature under postprandial conditions and 

of leptin on the hypothalamus–adrenal medulla–adipose tissue 
axis in mediating this effect. We observed a nutrient-dependent 
increase in secretin with refeeding: both oral carbohydrate and 
protein meals increased plasma secretin, whereas oral fat did not 
(Figure 6F). We were also able to dissociate postprandial increas-
es in body temperature from increases in plasma secretin concen-
trations, as reflected by the fact that an intravenous infusion of 
glucose had an effect, similar to that of oral glucose, of increasing 
body temperature, whereas only oral glucose increased plasma 
secretin concentrations (Figure 6, E and F). Postprandial increases 
in plasma secretin concentrations are upstream of meal-induced 
increases in plasma leptin and catecholamine concentrations, as 
demonstrated by the fact that leptin infusion in intact and ADX 
rats did not increase plasma secretin concentrations (Figure 6G). 
Next, to directly examine the physiologic impact of the observed 
increase in secretin with feeding, we treated 48-hour-fasted rats 
with an i.p. injection of secretin and observed a modest, transient 
increase in plasma glucose, insulin, and catecholamine concentra-
tions as well as body temperature at 15 minutes. These effects were 
all dependent on adrenomedullary secretion of catecholamines 
and β-adrenergic activity, as demonstrated by the absence of an 
effect of secretin on body temperature in ADX or atenolol-treated 
rats (Figure 6, H–J, and Supplemental Figure 12, A–D).

Bolus feeding may minimize weight gain through a β-adrener-
gic effect to promote meal-induced increases in body temperature. 
To examine the physiologic impact of alterations in meal timing 
and changes in leptin, catecholamines, thermogenesis, and body 
weight gain, we compared isocaloric portions of a high-carbo-
hydrate meal replacement administered either via twice-daily 
intragastric boluses or by continuous infusion in rats with chron-
ically implanted gastric catheters. Bolus feeding increased plasma 
leptin, catecholamines, and body temperature and suppressed 
weight gain due to increased β-adrenergic activity compared with 
continuous infusion feeding (Figure 7, A–D, and Supplemental Fig-
ure 13, A–D). In contrast, meal timing had no impact on any of these 
parameters (Figure 7, E–H, and Supplemental Figure 13, E–H). Tak-
en together these results indicate that meal timing affects weight 
gain to the extent that meal size affects plasma catecholamines 
and postprandial thermogenesis, but the timing of meals exactly 
matched in calorie content does not affect weight change in rats.

Discussion
Postprandial thermogenesis has been proposed to be an important 
contributor to body weight regulation, particularly in light of the 
fact that increases in energy expenditure induced by a meal are 
blunted in obesity (12, 14–28); however, the mechanism by which 
meal-induced thermogenesis occurs in lean individuals but is 
blunted in obese subjects remains poorly understood.

Sympathetic activation has been correlated with increases 
in body temperature in numerous prior studies (6, 9, 41, 62–64), 
but the mechanism by which sympathetic activity is stimulated 
postprandially and the mechanism by which it may alter ener-
gy expenditure remain under debate. Our study establishes that 
increases in body temperature following meal ingestion, which 
mostly reflect increases in energy expenditure — due to increased 
mitochondrial uncoupling by UCP1 activation in brown and beige 
adipose tissue (65–71) and possibly sarcolipin induction in skele-
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in body temperature. Feeding-induced increases in plasma leptin 
concentrations were correlated with increases in plasma catechol-
amine concentrations: refeeding and leptin infusion increased 
plasma catecholamine concentrations in sham-operated but not 
ADX rats (Figure 1, B, C, L and M, Figure 4B, and Supplemen-
tal Figure 8E). β3-Adrenergic activity in BAT was necessary for 

that OGT plays an important role in mediating hyperglycemia- 
hyperinsulinemia stimulation of WAT leptin secretion. In addi-
tion, the similar effect of leptin on body temperature in rats and 
mice bolsters the potential translatability of our findings.

Next, we investigated the mechanism by which an increase 
in plasma leptin concentration mediates postprandial increases 

Figure 7. Bolus feeding minimizes weight gain through a β-adrenergic effect to increase body temperature. (A and B) Plasma leptin and epinephrine 
concentrations during and after the last meal (day 10) or during continuous feeding (day 10). *P < 0.05, **P < 0.01, ****P < 0.0001 vs. continuous feeding; 
††P < 0.01 vs. bolus feeding, comparing the AUC at 240 minutes by ANOVA with Bonferroni’s multiple-comparisons test. carb, carbohydrate. (C) Body tem-
perature. ***P < 0.001 vs. continuous feeding; ###P < 0.001 vs. bolus feeding by ANOVA with Bonferroni’s multiple-comparisons test. (D) Weight change 
after 10 days. ***P < 0.001 by ANOVA with Bonferroni’s multiple-comparisons test. (E and F) Plasma leptin and epinephrine concentrations after the last 
meal on day 10 in rats fed once daily, either in the morning (AM) or evening (PM). In E–H, groups were compared by 2-tailed unpaired Student’s t test. n = 
5 (PM feeding) and n = 6 (AM feeding). (G) Body temperature. (H) Weight change after 10 days. Data are presented as mean ± SEM. If no symbol appears, 
groups are not statistically different. 
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these studies demonstrate that β-adrenergic stimulation of lip-
olysis is required for leptin-induced, BAT-mediated increases in 
body temperature. Furthermore, they demonstrate the necessi-
ty for leptin-induced stimulation of adrenomedullary secretion 
of catecholamines in leptin-induced adipose tissue lipolysis as 
opposed to leptin stimulation of lipolysis through direct innerva-
tion of WAT; this was demonstrated by the lower plasma NEFA 
concentrations observed in ADX-high corticosterone treated rats 
after refeeding despite identical plasma insulin and corticosterone 
concentrations but the absence of circulating catecholamines. 
These data would suggest that direct sympathetic innervation of 
WAT may be required for tonic, low rates of lipolysis, but not for 
leptin’s promotion of lipolysis after refeeding. It is also possible 
that branched-chain amino acids contribute to BAT-mediated 
increases in temperature, as demonstrated by a recent study (61) 
and consistent with the reduction in plasma leucine and isoleucine 
concentrations in leptin-treated and refed rats; however, since 
atglistatin treatment abrogated the temperature response to epi-
nephrine, it is likely that under fasted-refed conditions, fatty acids 
derived from WAT lipolysis are the predominant energy source 
fueling BAT thermogenesis.

As meal thermogenesis itself has been proposed to inhib-
it food intake (37, 40, 41, 81), we measured refed food intake in 
rats treated with epinephrine and found that after a 48-hour fast it 
was markedly reduced in epinephrine-infused rats; however, this 
effect was not dependent upon increases in body temperature, as 
demonstrated by the fact that neither BATectomy nor atglistatin 
treatment with or without fatty acid replacement altered food 
intake in epinephrine-infused animals (Figure 5F). Taken togeth-
er, these data demonstrate that catecholamine-induced increases 
in body temperature, which occur with meal ingestion, can be dis-
sociated from reduction of food intake and that increased circu-
lating catecholamine concentrations per se, but not the resulting 
increase in body temperature, may mediate the impact of β-adren-
ergic activity of suppressing food intake. These results also high-
light the yin-yang nature of the adrenal gland in the regulation of 
food intake by leptin: the transition from high (>2.4 ng/mL) to low 
(<1 ng/mL) plasma concentrations of leptin stimulates the adre-
nal cortex to secrete corticosterone, which in turn stimulates food 
intake (54), whereas the transition from low to high plasma con-
centrations of leptin concentrations stimulates the adrenal medul-
la to secrete catecholamines, which in turn inhibit food intake. 
This logic would allow circulating leptin levels to serve as both an 
“on” signal (with low leptin increasing appetite due to hypercorti-
costeronemia) and an “off ” signal (as high leptin suppresses appe-
tite by increasing catecholamine concentrations) for food intake.

The gut hormone secretin has recently been proposed to 
mediate both thermogenesis and postprandial satiety (37). In this 
study, we sought to determine whether secretin’s effects of pro-
moting postprandial thermogenesis might also be dependent on 
the adrenal medulla–adipose tissue axis. Consistent with previous 
findings (37, 82–84), oral carbohydrate and protein meals caused a 
transient increase in plasma secretin concentrations. However, we 
found that these effects could be dissociated from the thermogenic 
response: an isocaloric intravenous glucose infusion caused a sim-
ilar thermogenic response without any increase in plasma secre-
tin concentrations (Figure 6F). To further explore the physiologic 

increases in body temperature: body temperature of Adrβ3 BKO 
mice failed to increase in response to a glucose meal, in contrast to 
that of their WT littermates (Figure 5F). These data are consistent 
with previous studies in which β-adrenergic blockade was found to 
abrogate the postprandial thermogenic response in humans and 
animals (43, 46, 47, 49, 50, 75–77) but in contrast to similar studies 
showing no impact of beta blockers on meal thermogenesis (48, 51, 
52, 78, 79). The central mechanism of leptin stimulation of β-ad-
renergic activity was confirmed by ICV injection of leptin: leptin 
(10 μg) injected into the ICV space did not alter jugular venous 
plasma leptin concentrations, but it increased plasma catechol-
amine concentrations and body temperature to postprandial lev-
els (Figure 1E and Supplemental Figure 2, A and F). Although both 
ICV and systemic leptin infusion, as well as refeeding, increased 
plasma thyroid hormone concentrations, these effects were dis-
sociated from body temperature: both refeeding and leptin infu-
sion increased T3 and T4 concentrations in ADX rats but failed to 
increase body temperature. These results support the hypothesis 
that basal body temperature and energy expenditure are regulat-
ed differently from postprandial body temperature and energy 
expenditure: whereas thyroid function is well established to play 
an important role in maintenance of basal body temperature and 
energy expenditure, it appears to play a less important role in the 
increases in both parameters that occur following a meal. Howev-
er, it does remain possible that leptin may alter tissue deiodinase 
activity and therefore conversion of T4 to T3; further studies 
will be required to address this point. Taken together, these data 
demonstrate that leptin stimulates adrenomedullary secretion of 
catecholamines through a CNS-mediated process, likely through 
signaling in the arcuate nucleus, and that β-adrenergic activity is 
required for mediation of leptin-induced postprandial increases in 
body temperature. Surprisingly, both rats treated with an antago-
nist primarily suppressing β1-adrenergic activity and mice lacking 
the β3-adrenergic receptor in BAT showed a similar lack of a tem-
perature response to refeeding, potentially due to β1-β3 crosstalk 
— particularly in rodents living at subthermoneutrality throughout 
their lives, which may have beiged WAT sensitive to β1 — and/or 
an effect of atenolol to suppress β3 in addition to β1 activity (80).

Having established that leptin causes postprandial thermo-
genesis via increases in β-adrenergic activity, we next asked which 
tissue(s) are primarily responsible for catecholamines’ effect of 
stimulating thermogenesis and hypothesized that BAT may be a 
key mediator of the thermogenic effect of leptin. Consistent with 
a role for BAT thermogenesis, interscapular BATectomy reduced 
the thermogenic effect of food and of leptin by approximately 
60% (Figure 5B), indicating that interscapular BAT thermogen-
esis accounts for the majority of the postprandial thermogenic 
response. Next, we asked whether the stimulation of thermogen-
esis by catecholamines requires increased adipose tissue lipolysis 
to provide a substrate for catecholamine-induced BAT thermo-
genesis. Consistent with a requirement for catecholamine-driven 
lipolysis to mediate postprandial increases in body temperature, 
treatment with a small molecule inhibitor of ATGL, atglistatin, 
abrogated the thermogenic effect of leptin, while infusion of 
Liposyn/heparin to restore BAT long-chain acyl-CoA concentra-
tions in epinephrine- and atglistatin-treated rats replicated the 
thermogenic effect of epinephrine (Figure 5E). Taken together, 
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lean rats, the VLCD lowered fasting plasma catecholamine con-
centrations and body temperature, restoring the thermogenic 
effect of refeeding in formerly obese rats (Figure 2, C–F). These 
results demonstrate that obesity increases total energy expendi-
ture, while normalization of body weight and body fat content 
with hypocaloric feeding restores the normal diurnal variation of 
energy expenditure with feeding and fasting.

Results of the current study as well as previous studies link-
ing alterations in meal thermogenesis to obesity raise the question 
of whether chronic alterations in postprandial body temperature 
may alter body weight gain over time. To answer this question, we 
compared weight change in rats given their total daily calories in 2 
carbohydrate-rich boluses through a chronically implanted intra-
gastric catheter, so that food administration could be precisely 
controlled, as compared with the same amount of total daily cal-
ories continuously infused over 24 hours. Bolus feeding increased 
prandial leptin and catecholamine spikes, thereby increasing body 
temperature and limiting weight gain over the 10-day infusion 
period (Figure 7, A–D). The alterations in weight gain with bolus 
feeding were mediated by increases in plasma catecholamines in 
bolus-fed rats: treatment of bolus-fed rats with atenolol abrogated 
the protective effect of bolus feeding. Thus, these data provide a 
mechanism by which time-restricted feeding/intermittent fasting 
may improve metabolic health (85–87). In contrast, the timing of 
intragastric bolus feeding (once daily in the morning or evening) 
had no impact on any of these parameters. Based on these data, 
it is possible that previous studies reporting differences in weight 
gain observed with alteration of feeding time in rodents allowed 
to consume food per orem may reflect small differences in food 
consumption when meals are given ad libitum, and/or alterations 
in energy expenditure induced by awakening the rodents at times 
when they may not typically be active; in the absence of these fac-
tors, as in our study, feeding time does not alter postprandial body 
temperature and has no impact on weight gain. Further studies 
will be required to determine to what extent these findings trans-
late to humans, in whom the role of BAT in whole-body energetics 
remains the subject of active investigation.

In summary, our data establish a mechanism by which body 
temperature increases postprandially through a leptin–brain–adre-
nal medulla–adipose tissue axis. Specifically, we show the follow-
ing: (a) Through a central mechanism, meal-stimulated increases 
in leptin promote adrenomedullary secretion of catecholamines, 
which in turn are necessary and sufficient for meal-induced 
increases in body temperature through β-adrenergic agonism. (b) 
The dose-response curve for leptin stimulation of adrenomedul-
lary secretion of catecholamines and thermogenesis plateaus at 
approximately 2.4 ng/mL. (c) Adipose O-linked β-d-N-acetylglu-
cosamine is required for glucose-induced hyperleptinemia and 
postprandial increases in body temperature. (d) Upon weight 
normalization, formerly obese rodents regain normal diurnal 
feeding/fasting variations in plasma leptin, catecholamines, and 
body temperature. (e) Both increases in plasma epinephrine and 
stimulation of adipose tissue lipolysis leading to increases in plas-
ma fatty acid concentrations and increased BAT acyl-CoA concen-
trations — derived mostly from WAT lipolysis — are required for 
postprandial increases in body temperature. Branched-chain ami-
no acids may also contribute to BAT thermogenesis. (f) Alterations 

effect of secretin on body temperature, we treated 48-hour-fasted 
lean rats with an i.p. injection of secretin to mimic postprandial 
secretin concentrations and found that this intervention caused a 
transient, modest increase in plasma glucose, insulin, leptin, and 
catecholamine concentrations in sham-operated rats at 15 minutes 
but not ADX or atenolol-treated rats (Figure 6), demonstrating that 
secretin’s effect of causing a small increase in body temperature 
was mediated by adrenomedullary secretion of plasma catechol-
amine concentrations. These data are in contrast to the findings of 
Li et al. (37), who demonstrated that pretreatment with propranolol 
did not affect BAT temperature in secretin-treated mice. It is possi-
ble that these divergent results may be explained by the short dura-
tion of the thermogenic response to secretin (Figure 6J): the previ-
ous study reported temperature AUC over 2.5 hours, a timescale 
over which the impact of secretin is expected to be minimal. Most 
importantly, the thermogenic effect of secretin is minor compared 
with the effect of leptin and thus may contribute modestly to meal 
thermogenesis but cannot explain the majority of the temperature 
response to refeeding in awake rats.

Next, we aimed to examine why the thermogenic response to 
refeeding is blunted in obesity. To that end, we studied rats both 
before and after high-fat feeding, which increased body weight by 
approximately 25%. This increase in body weight caused hyper-
leptinemia such that fasting plasma leptin concentrations were 
increased 6-fold and fasting plasma catecholamine concentra-
tions were increased 3-fold from those measured in the same ani-
mals prior to the induction of obesity. In obese animals, neither 
refeeding nor ICV leptin infusion was associated with a thermo-
genic response beyond the already high baseline body tempera-
tures (Figure 1, I and J). These data suggest that the lack of a tem-
perature response to refeeding may be attributable to the failure 
of leptin to drop below the threshold at which catecholamines and 
temperature are reduced in a physiologically meaningful way. 
The correlation between plasma epinephrine and plasma leptin 
concentrations showed a 95% maximal epinephrine response to 
leptin and a 95% maximal temperature response to epinephrine 
at ~2.4 ng/mL (Supplemental Figure 11, A–C), approximately the 
plasma leptin concentrations measured in fasting obese rodents. 
These data demonstrate that there is a relatively low threshold 
(~2.4 ng/mL in rats) for plasma leptin concentration at which 
the response to leptin on adrenomedullary secretion of catechol-
amines is maximized such that there is no physiologic response to 
reductions in plasma leptin that still exceed this threshold. Taken 
together, these data suggest that “leptin resistance,” i.e., an inabil-
ity to increase energy expenditure and/or inhibit food intake in 
response to leptin, may not be a real phenomenon but may simply 
reflect the maximal effects of leptin to stimulate adrenomedullary 
catecholamine secretion and suppress adrenocortical corticoste-
rone secretion, which both plateau at plasma leptin concentrations 
of approximately 2.4 ng/mL.

Having demonstrated that obese rats exhibit impaired 
meal-induced increases in body temperature, because fasting 
does not decrease plasma leptin concentrations below the thresh-
old at which leptin responsiveness occurs, we next asked whether 
feeding-induced increases in body temperature could be restored 
following weight normalization on a VLCD. Associated with nor-
malization of plasma leptin concentrations to those measured in 
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Inducible β3-adrenergic receptor–KO mice (Adrβ3 BKO mice) were 
generated by breeding Adrβ3

fl/fl to UCP1-CreER mice (88, 89). The 
mice used for hyperglycemic clamp studies underwent surgery under 
isoflurane anesthesia to place catheters in the jugular vein, and they 
were studied 5–7 days later after regaining their presurgical body 
weight, in the awake state, 2 hours after acclimatization to restrain-
ers. To induce knockdown of adipose tissue OGT, we injected mice 
with tamoxifen (2.0 mg; MilliporeSigma) in 100 μL vegetable oil once 
daily for 5 days, beginning 12 days prior to the hyperglycemic clamp 
studies, and they were then refed and allowed to recover for 3 days 
before a second study (bolus injection of leptin, as described below) 
also performed after a 48-hour fast. The β3-adrenergic receptor was 
conditionally deleted in BAT by injection of tamoxifen (2.0 mg) dis-
solved in peanut oil i.p. once daily for 5 days, beginning 12 days prior 
to a terminal refeeding study. Cre-negative littermate controls were 
also injected with tamoxifen.

All animals were housed at 22°C for the duration of the study, 
with the exception of the thermoneutrality studies, in which rats pre-
viously housed at 22°C were moved to 30°C chambers and allowed 
to acclimate for 5 days prior to the initiation of a feeding-fasting- 
refeeding study. Unless otherwise specified, both rats and mice were 
fed a regular chow diet (Harlan Teklad 2018) throughout, and fast-
ed as described below. High-fat diet–fed rats were given ad libitum 
access to a safflower oil–based high-fat diet containing 60% calories 
from fat (Dyets Inc. 112245), and high-fat diet–fed mice were given a 
lard-based high-fat diet containing 60% calories from fat (Research 
Diets 12492). The duration of the high-fat feeding period was 10 days 
or 4 weeks, as specified in the text. In the VLCD studies, following a 
6-week ad libitum feeding period, rats were placed on a VLCD for up 
to 6 weeks, during which time they were given 2 g of the safflower oil 
HFD daily, and body weight was monitored twice weekly. Rats were 
studied once their fed body weight was lower than 350 g.

Pharmacologic interventions. Rats underwent infusions of leptin 
(MilliporeSigma; 60 pmol/kg/min for 60–150 minutes, as shown in 
the figures) into an arterial catheter advanced into the aortic arch. 
Epinephrine (MilliporeSigma) was infused into the arterial catheter 
at a rate of 4 μg/kg/min (low dose), except in rats noted as receiving 
high-dose epinephrine: 20 μg/kg/min. Unless otherwise stated in the 
figures, epinephrine was infused for 120 minutes. When noted, rats 
were given an i.p. injection of atenolol (MilliporeSigma; 10 mg/kg) or 
atglistatin (MilliporeSigma; 200 μmol/kg), which was solubilized with 
HCl, and pH was adjusted to 6.4 using Tris base immediately before 
injection. A small molecule superactive leptin antagonist was obtained 
as a gift from Protein Laboratories Rehovot Ltd. and was subsequent-
ly obtained from MyBioSource. The inhibitor was dissolved in PBS, 
and 25 μg was injected i.p. in 48-hour-fasted rats 60 minutes prior to 
refeeding. To restore BAT long-chain acyl-CoA concentrations, Lipo-
syn (MilliporeSigma)/heparin (5 U/mL) was infused at a rate of 83.3 
μL/kg/min for 120 minutes. Secretin (MilliporeSigma; 5 nmol in PBS) 
was administered as a single i.p. injection.

In the ICV leptin infusion studies, somatostatin (1:1 somatosta-
tin-14 and -28; Bachem) was infused into an arterial catheter for 30 
minutes at a rate of 4 ng/kg/min, after which 0.625 nmol leptin in 
PBS, or PBS vehicle, was infused through the ICV catheter (total vol-
ume 10 μL), with the somatostatin infusion continuing. Thirty minutes 
after the initiation of the leptin infusion, blood samples were obtained 
and rectal temperature was measured. At the conclusion of this study, 

in thyroid hormone may play some role in the regulation of body 
temperature by central leptin administration, but can be dissociat-
ed from temperature regulation under postprandial conditions in 
ADX animals. (g) Secretin is not required for meal-induced ther-
mogenesis. (h) Meals comprising carbohydrate or protein, but not 
fat, increase plasma leptin, catecholamines, and body tempera-
ture; however, all meals increase energy expenditure, as assessed 
by indirect calorimetry. These data demonstrate that meal ther-
mogenesis and postprandial energy expenditure are not one phe-
nomenon. (i) Epinephrine suppresses food intake, independently 
of changes in adipose tissue lipolysis and thermogenesis. (j) Rats 
fed with high-carbohydrate meal boluses are protected from 
weight gain relative to those fed continuously, due to increased 
β-adrenergic activity–induced increases in body temperature; 
however, meal timing has no impact on weight change.

Taken together, these data provide insights into leptin biology 
and demonstrate that activation of the leptin–adrenal medulla–
adipose tissue axis contributes to the maintenance of metabolic 
homeostasis by regulating postprandial thermogenesis. These 
results also provide a potential mechanism by which time-restrict-
ed feeding may improve metabolic health.

Methods
Animals. All rat studies were performed in awake, unrestrained ani-
mals. Male Sprague-Dawley rats were purchased from Charles River at 
approximately 250 g and were group housed (2 per cage) for 1–2 weeks 
until they underwent surgery under general isoflurane anesthesia for 
placement of polyethylene catheters in the common carotid artery, 
advanced into the aortic arch (PE50 tubing, Instech Solomon), and 
in the external jugular vein, advanced into the right atrium (silicone 
tubing, Instech). After the surgical procedure, all mice were singly 
housed until sacrifice. In BATectomized rats, interscapular BAT was 
visualized through an incision in the midline, then the Sulzer vein was 
tied off with a suture and cut. The entire interscapular BAT pad was 
then cut and removed. For the ICV infusion studies, 250- to 300-g 
male rats with catheters placed in the third ventricle of the brain were 
obtained from Charles River and singly housed upon arrival. Five to 
7 days after arrival, they underwent the same catheterization surgery 
as described above. ADX rats were purchased from Charles River and 
maintained on drinking water containing 0.9% NaCl and 2% sucrose. 
Five to 7 days after arrival, they underwent surgery to place an Alzet 
pump to deliver low (5 mg/d) or high corticosterone (20 mg/d) dos-
es continuously, as well as venous and arterial catheters as described 
above. All rats were fasted for the time period specified in the figure 
legends (24–48 hours) prior to study. During the fast, ADX rats were 
given 2% sucrose/0.9% drinking water, and the sham-operated con-
trols for those experiments were also given drinking water containing 
2% sucrose. Food intake was monitored in a subset of rats by weighing 
food pellets provided and food remaining after 120 minutes.

Male C57BL/6J mice and ob/ob mice were obtained at 7–8 weeks 
of age from the Jackson Laboratory and group housed (3–5 per cage). 
Whole-body energetics was measured before and after a carbohy-
drate, fat, or protein meal (described below) using Columbus Lab 
Animal Monitoring System metabolic cages. Inducible OGT FKO 
mice were generated by breeding OGTfl/fl female mice with Adiponec-
tin-CreER male mice. OGTfl/Y Adiponectin-CreER (OGT FKO) male 
mice and their WT male littermates (OGTfl/Y) were used for studies. 
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utes, either between 7:00 and 9:00 am, or between 6 :00and 8:00 
pm. Body temperature was measured in all animals at the conclusion 
of the bolus (and at the same time in rats whose feeding time was off-
set from the recently fed group).

Biochemical analysis. Plasma glucose was measured enzymatically 
using the YSI Glucose Analyzer and NEFAs using the Wako Diagnos-
tics HR(2) kit. Plasma insulin, leptin, corticosterone, catecholamines, 
secretin, T3, and T4 concentrations were measured by ELISA (Mer-
codia, R&D Systems, Alpco, Abnova, RayBioTech, MyBioSource, and 
MyBioSource, respectively) with the exception of the somatostatin/
ICV leptin infusion study, in which plasma insulin concentrations were 
measured by radioimmunoassay by the Yale Diabetes Research RIA 
Core. Plasma amino acid concentrations were measured by gas chro-
matography/mass spectrometry (GC/MS) (53).

OGT and β3-adrenergic receptor expression were measured by 
Western blot analysis using antibodies from Cell Signaling Technolo-
gy (clone D1D8Q; catalog 24083) and Abcam (catalog ab94506). BAT 
long-chain acyl-CoA concentrations were measured by liquid chroma-
tography–MS/MS (LC-MS/MS) (90).

Statistics. In all figures, data are presented as mean ± SEM. Com-
parisons of 3 or more groups were performed using 1-way ANOVA with 
Bonferroni’s multiple-comparisons test, and 2 groups were compared 
by 2-tailed Student’s t test (paired or unpaired as reported in the figure 
legends). P values less than 0.05 were considered significant. Statisti-
cal analysis was performed using GraphPad Prism version 7.0a.

Study approval. All rodent studies were approved by the Yale Uni-
versity Institutional Animal Care and Use Committee.

Author contributions
This study was designed by RJP and GIS. Data were collected and 
analyzed by RJP, KL, ARC, and XL. OGT FKO mice were gen-
erated by YY and XY, and Adrβ3 BKO mice by HQ and AW. The 
BATectomy surgical procedure was developed and all rat surgeries 
performed by JD. The manuscript was written by RJP and GIS with 
contributions from all authors.

Acknowledgments
The authors thank Elena Gracheva and Slav Bagriantsev for 
helpful discussions, and Ali Nasiri, Wanling Zhu, Xiaoxian Ma, 
Dongyan Zhang, and Mario Kahn for expert technical assis-
tance. The UCP1-CreER mice were a gift from Christian Wol-
frum (ETH Zurich). The Adrβ3

fl/fl mice were a gift from Jean-Luc 
Balligand (UC Louvain). This study was funded by grants from 
the US Public Health Service: R01 DK116774, R01 DK11968, 
R01 DK113984, and P30 DK045735 (to GIS); K99/R00 
CA215315 (to RJP); R01 DK089098 and R01 DK102648 (to XY); 
K08AI128745 (to AW); and T32 DK101019, R01 NS087568, 
UL1TR000142, T32 DK007058.

Address correspondence to: Gerald Shulman, Yale School of Medi-
cine, PO Box 208020, TAC S269, New Haven, Connecticut 06520, 
USA. Phone: 203.785.5447; Email: Gerald.Shulman@yale.edu.

a heparin/glycerol solution (500 U heparin/mL, 50% glycerol) was 
injected into the catheters, which were then tied off. Rats were fed a 
high-fat diet for 10 days and studied again using the same protocol.

OGT FKO mice and their WT littermates undergoing a hypergly-
cemic clamp were treated with a bolus injection of leptin (5 nmol/kg) 
following a 48-hour fast. Fifteen minutes thereafter, body temperature 
was measured, and the mice were treated with a bolus injection of aten-
olol (10 mg/kg), with body temperature measured 15 minutes later.

Tamoxifen-treated Adrβ3 BKO mice and their Cre-WT littermate 
controls were fasted for 48 hours and gavaged with dextrose (0.58 
kcal). Body temperature was measured every 30 minutes thereafter. 
Blood was obtained from the tail vein in the awake state 30 minutes 
after dextrose gavage.

Body temperature and heart rate. Unless otherwise specified, body 
temperature was measured in the awake state using a probe inserted 2 
cm (rats) or 0.5 cm (mice) into the rectum while the rodent was brief-
ly restrained lightly by hand. Tape was placed on the probe to ensure 
accurate distance. During the colonic temperature validation stud-
ies, rats were lightly anesthetized under isoflurane anesthesia such 
that they would respond to a firm toe pinch but did not flinch during 
the insertion of the rectal probe. Body temperature was measured at 
1-cm increments 0–6 cm into the rectum, based on distance mark-
ings placed beforehand on the probe. Heart rate measurements were 
obtained using the carotid arterial catheter using BDAS Basic Data 
Acquisition Software from Harvard Apparatus.

Hyperglycemic clamps. After a 48-hour fast, WT and OGT FKO 
mice underwent a 120-minute hyperglycemic clamp. Dextrose (20%) 
was infused at a variable rate through the jugular venous catheter, with 
plasma glucose concentrations measured every 10–15 minutes and the 
glucose infusion rate adjusted to achieve a plasma glucose concentra-
tion of approximately 200 mg/dL.

Acute feeding studies. In the acute meal tests, mice were gavaged 
with an isocaloric (0.58 kcal) bolus of 50% dextrose (carbohydrate), 
canola oil (fat), or casein suspension (protein). Rats were adminis-
tered an isocaloric (9 kcal) bolus of 50% dextrose, canola oil, or casein 
through a catheter in the stomach (oral administration) or through the 
jugular venous catheter (i.v. administration) over 60 minutes.

Urine collection. Urine was collected into tubes precoated with 
EDTA using Harvard Apparatus metabolic cages over a duration of 
12 hours under fasted (12- to 24-hours-fasted) and refed (0–12 hours 
following refeeding) conditions, and for 4 hours after an injection of 
recombinant mouse leptin (5 nmol/kg).

Chronic feeding studies. In the basal versus bolus feeding studies, 
rats were administered their total daily calories in 2 boluses of Ensure 
Plus enriched with 25% dextrose (11.2 kcal per bolus) through an intra-
gastric catheter, or continuously through the intragastric catheter. The 
rats also treated with atenolol were given the same Ensure Plus, with 
atenolol added (total daily dose: 3.5 mg per rat per day). Body tempera-
ture was taken daily at the end of the 60-minute infusion period for 
bolus-fed rats, while the continuous infusion continued.

In the timed feeding studies, rats were given their total daily cal-
ories (22.4 kcal per day) in a single intragastric bolus lasting 60 min-
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