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independently of its effects on energy balance. Here, we have dissected the physiological impact of direct leptin action on
POMC neurons using a mouse model in which endogenous LEPR expression was prevented by a LoxP-flanked
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were obese and exhibited defects characteristic of LEPR deficiency. Reexpression of LEPR only in POMC neurons in the
arcuate nucleus of the hypothalamus did not reduce food intake, but partially normalized energy expenditure and
modestly reduced body weight. Despite the moderate effects on energy balance and independent of changes in body
weight, restoring LEPR in POMC neurons normalized blood glucose and ameliorated hepatic insulin resistance,
hyperglucagonemia, and dyslipidemia. Collectively, these results demonstrate that direct leptin action on POMC neurons
does not reduce food intake, but is sufficient to normalize glucose and glucagon levels in mice otherwise lacking LEPR.
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Leptin action on its receptor (LEPR) stimulates energy expenditure and reduces food intake, thereby lowering 
body weight. One leptin-sensitive target cell mediating these effects on energy balance is the proopiomelano
cortin (POMC) neuron. Recent evidence suggests that the action of leptin on POMC neurons regulates glucose 
homeostasis independently of its effects on energy balance. Here, we have dissected the physiological impact 
of direct leptin action on POMC neurons using a mouse model in which endogenous LEPR expression was 
prevented by a LoxP-flanked transcription blocker (loxTB), but could be reactivated by Cre recombinase. Mice 
homozygous for the LeprloxTB allele were obese and exhibited defects characteristic of LEPR deficiency. Reex-
pression of LEPR only in POMC neurons in the arcuate nucleus of the hypothalamus did not reduce food 
intake, but partially normalized energy expenditure and modestly reduced body weight. Despite the moder-
ate effects on energy balance and independent of changes in body weight, restoring LEPR in POMC neurons 
normalized blood glucose and ameliorated hepatic insulin resistance, hyperglucagonemia, and dyslipidemia. 
Collectively, these results demonstrate that direct leptin action on POMC neurons does not reduce food intake, 
but is sufficient to normalize glucose and glucagon levels in mice otherwise lacking LEPR.

Introduction
Leptin is an adipose-derived hormone that acts on its cognate 
receptors (LEPR) expressed by multiple neuronal groups in dis-
tinct areas of the brain (1). The canonical effect of leptin action 
in the brain is to regulate food intake and energy expenditure 
and thus body weight (2–4). In addition, leptin regulates several 
other physiological processes, including hepatic glucose pro-
duction, insulin action, and glucagon levels (5–10). It is still 
unclear, however, which neurons mediate the varied physiologi-
cal effects of leptin.

One population of neurons targeted by leptin is proopiomela-
nocortin (POMC) cells in the arcuate nucleus of the hypothala-
mus (ARH) and nucleus of the solitary tract (NTS) (2, 3). Leptin 
action on POMC neurons in the ARH is considered a prototypical 
site of action in the control of energy balance. This view is partly 
based on results showing that loss of LEPR in POMC neurons 
increases body weight (8, 11, 12). Conversely, LEPR reexpression 
in the ARH (13), overexpression in the ARH (14–17), and trans-
genic expression in POMC neurons (18) lower body weight. Inter-
estingly, these latter studies also show lowered blood glucose, sug-
gesting that leptin-sensitive POMC neurons in the ARH directly 
modulate metabolism (13–18). In the current study, we developed 
what we believe to be a novel LEPR-null mouse model in which 
endogenous LEPR expression can be reexpressed in cells that nor-
mally express leptin receptors. Here, we reexpress LEPR only in 
POMC neurons to delineate the physiological effects on energy 
and metabolic homeostasis.

Results
Development and validation of the Lepr reactivatable mouse model. 
Similarly to work in previous studies (19–23), a LoxP-flanked 
transcription-blocking cassette was inserted between exons 16 
and 17 of the Lepr gene to generate mice lacking the long (B) iso-
form (Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI59816DS1). As predicted,  
LeprloxTB/loxTB (LeprloxTB) mice were obese compared with LeprWT/WT 
(WT) controls and comparable to mice harboring naturally occur-
ring LEPR mutations (e.g. db/db; ref. 24 and data not shown). 
LeprloxTB mice were also hyperglycemic, similarly to db/db animals 
(data not shown). As a first test of the utility of this model, we 
made mice with global reexpression of LEPR (Figure 1B). To do 
so, male LeprloxTB/WT mice were first bred with female LeprloxTB/WT 
mice, which express zona pellucida 3-cre (Zp3-cre) (25). The gen-
otypes of resulting progeny were produced at expected Mende-
lian ratios (data not shown). Restoration of LEPR expression in  
LeprloxTB × Zp3-cre mice rescued obesity and hyperglycemia to lev-
els comparable to that in WT controls, demonstrating that the 
cre-reactivated LeprloxTB allele was functional (data not shown).

Next, LeprloxTB/WT mice were bred with LeprloxTB/WT × POMC-cre 
mice (11) to restore expression of the B isoforms of LEPR in POMC 
neurons. Genotypes of resulting progeny were produced at expect-
ed Mendelian ratios. Expression of functional LEPR in POMC 
neurons was validated based on leptin-stimulated phosphoryla-
tion of Stat3 (p-Stat3) immunoreactivity in brains of fasted mice. 
As expected, leptin increased p-Stat3 in numerous regions of the 
hypothalamus in WT mice (Figure 1A). In contrast, leptin-induced 
p-Stat3 immunoreactivity was completely absent in LeprloxTB litter-
mates (Figure 1B). In LeprloxTB × POMC-cre mice, leptin-stimulated 
p-Stat3 was detectable only in the ARH, indicating reexpression 
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of LEPR in POMC neurons (Figure 1C). Costaining p-Stat3–posi-
tive neurons in the ARH of WT and LeprloxTB × POMC-cre mice for 
β-endorphin indicated that approximately one-third of cells over-
lapped (Figure 1, D and F). There was no overlap between p-Stat3 
and β-endorphin in the ARH of LeprloxTB littermates (Figure 1E).

To investigate whether LEPR expression is reactivated in POMC 
neurons outside the ARH, leptin-stimulated p-Stat3 immunoreac-
tivity was also assessed in the hindbrain. Leptin activated p-Stat3 
in the hindbrain of WT mice (Figure 1G). This effect was absent 
in LeprloxTB and LeprloxTB × POMC-cre mice (Figure 1, H and I).  
In addition, immunohistochemistry was used to label ACTH-pro-
ducing cells in the pituitary of LEPR-cre × tdTomato mice. These 
results show that few cells in the pituitary coexpress LEPR and 
ACTH (Supplemental Figure 2, A–C). Plasma corticosterone levels 
were also similar in 5-hour–fasted LeprloxTB and LeprloxTB × POMC-cre 
mice (292 ± 53 and 293 ± 48, respectively). Collectively, these results 
demonstrate that LeprloxTB × POMC-cre mice only express functional 
LEPR in POMC neurons in the ARH and that our genetic strategy 
to reactivate this pathway occurs in a physiological manner.

Leptin action in POMC neurons stimulates energy expenditure, but does not 
regulate food intake. To determine whether LEPR reactivation in POMC 
neurons is sufficient to rescue obesity and hyperphagia character-
istic of LEPR-null mice, we assessed body weight/composition and 
energy balance. As shown in Figure 2A, male LeprloxTB and LeprloxTB ×  
POMC-cre littermates were similarly obese from 4–12 weeks. Body 
weight in male LeprloxTB × POMC-cre mice then diverged after 12 
weeks versus LeprloxTB littermates and was approximately 15% lower at 
20 weeks (Figure 2A). The magnitude of this effect is noteworthy, as it 
mirrors weight gain ascribed to deletion of LEPR in POMC neurons 
in the ARH (11). Decreased fat mass in male LeprloxTB × POMC-cre 
mice compared with LeprloxTB littermates fully accounted for lowered 
body weight after 12 weeks (Figure 2B). There were no differences 
in lean mass between male LeprloxTB mice and LeprloxTB × POMC-cre 
littermates (Figure 2C). Female LeprloxTB × POMC-cre mice were also 
comparably obese to LeprloxTB littermates, but this effect did not vary 
with age (Figure 2D). There were no differences in body weight or 
composition between WT and LEPRWT/WT × POMC-cre mice, indi-
cating that expression of cre-recombinase in POMC neurons did not 
independently have an impact on energy balance (Figure 2, A–D).

To examine leptin’s impact on energy balance and determine 
mechanism or mechanisms by which LEPR reactivation in POMC 
neurons reduces body weight in male mice, we used metabolic 
cages to measure energy expenditure and food intake. Important-
ly, this was done in LeprloxTB and LeprloxTB × POMC-cre littermates 
with similar body weight/composition, which are obese compared 
with WT controls (Figure 3A). Oxygen consumption and carbon 
dioxide production expressed relative to total body weight were 
reduced in LeprloxTB mice compared with WT controls, but were 
partially restored compared with LeprloxTB × POMC-cre littermates 
(Figure 3, B and C). The respiratory exchange ratio (RER) was 
lower in LeprloxTB mice than in WT controls, but was increased in 
LeprloxTB × POMC-cre littermates compared with all groups (Figure 
3D). Total activity was reduced in LeprloxTB mice compared with 
WT controls, but was increased over a 24-hour period and during 
the dark cycle in LeprloxTB × POMC-cre mice compared with other 
groups (Figure 3E). In contrast, food consumption was similarly 
elevated in LeprloxTB and LeprloxTB × POMC-cre mice versus WT con-
trols (Figure 3F). Collectively, these results demonstrate that LEPR 
direct leptin action in POMC neurons in the ARH regulates energy 
expenditure, but not food intake.

Leptin action in POMC neurons normalizes glucose and glucagon levels 
and improves hepatic insulin sensitivity. We next assessed the impact 
of direct leptin action on POMC neurons on several parameters of 
glucose homeostasis. As expected, blood glucose in male LeprloxTB 
mice was elevated versus that in WT controls (Figure 4A). Despite 
only modest effects on body weight and adiposity, blood glucose in 
male LeprloxTB × POMC-cre mice was fully normalized to WT levels at 
all measured time points (Figure 4A). Normalization of blood glu-
cose in male LeprloxTB × POMC-cre mice was evident at 6, 8, and 12 
weeks, which was prior to divergence of body weight (Figure 4A and 
Figure 2A). This indicates that this effect is independent of chang-
es in body weight or adiposity. Plasma insulin in male LeprloxTB × 
POMC-cre mice was lowered compared with LeprloxTB littermates at 
8 weeks, but this difference was absent at 12 and 20 weeks (Figure 
4B). Blood glucose and plasma insulin were also similarly lowered 
in female LeprloxTB × POMC-cre mice in weight- and body compo-
sition–matched littermates (Figure 4, C and D). Leptin was simi-
larly elevated in LeprloxTB and LeprloxTB × POMC-cre mice at 12 and 

Figure 1
LEPRs are only reactivated in the ARH in LeprloxTB × POMC-
cre mice. Representative images of leptin-stimulated (5 mg/kg  
body weight; i.p.) increases in phosphorylation of Stat3  
(p-Stat3) immunoreactivity in 18-hour–fasted, 8-week-old, 
male WT, LEPR-null mice generated by inserting floxed tran-
scription blocking sequences in the LEPR gene (LeprloxTB) and 
mice in which LEPRs are selectively reactivated in POMC neu-
rons (LeprloxTB × POMC-cre). Hypothalamus is shown in A–C. 
Double immunohistochemistry for p-Stat3 (black) and β-endor-
phin (brown) is shown in D–F. Insets in D–F show increased 
magnification of cells, if any, which overlap. Hindbrain is shown 
in G–I. 3v, third ventricle; VMH, ventromedial hypothalamus; 
AP, area postrema. n = 8–10 for p-Stat3; n = 3 for β-endorphin. 
Scale bars: 400 μm (C); 200 μm (F); 10 μm (F, inset).
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20 weeks compared with levels in WT controls (Figure 4E). There 
were also no differences in blood glucose, plasma insulin, or plasma 
leptin between WT and LEPRWT/WT × POMC-cre mice, indicating 
that expression of Cre-recombinase in POMC neurons did not inde-
pendently alter these parameters (Figure 4, A–E). Collectively, these 
results demonstrate that LEPR signaling only in POMC neurons in 
the ARH potently regulates blood glucose levels.

We next explored potential mechanisms underlying the abil-
ity of leptin action on POMC neurons to regulate blood glucose 
levels. We used tracer dilution and hyperinsulinemic-euglycemic 
clamp techniques in 4- to 5-hour–fasted, conscious, chronically 
catheterized 8-week-old male mice to investigate changes in glu-
cose flux and to determine whether and where insulin action is 
improved by LEPR reexpression in POMC neurons. Body weight–
matched cohorts of LeprloxTB and LeprloxTB × POMC-cre littermate 
mice were used (Figure 5A). Blood glucose levels were clamped 
at target levels in all mice (Figure 5B). The steady-state glucose 
infusion rate (GIR) required to clamp blood glucose in LeprloxTB 
× POMC-cre mice was increased 150% compared with LeprloxTB lit-
termates, indicating improved whole-body insulin sensitivity (Fig-
ure 5C). Clamp insulin levels were similar between LeprloxTB and 
LeprloxTB × POMC-cre mice, indicating that this variable did not 
contribute to differences in GIR (Figure 5D). Consistent with low-
ered short-term fasted blood glucose levels in LeprloxTB × POMC-cre 
mice, basal glucose turnover was reduced versus that in LeprloxTB 

animals (Figure 5E). During the clamp, insulin-stimulated sup-
pression of endogenous rate of glucose appearance (endoRa) was 
restored to WT levels in LeprloxTB × POMC-cre mice (Figure 5E). 
LeprloxTB mice displayed expected defects in hepatic insulin sen-
sitivity (Figure 5E). In contrast to marked improvements in the 
liver, insulin-stimulated glucose disposal was similarly impaired 
in both LeprloxTB and LeprloxTB × POMC-cre mice compared with 
WT controls (Figure 5F). This suggests that reexpression of 
LEPRs only in POMC neurons improves insulin sensitivity in the 
liver, but not in other insulin target tissues such as skeletal muscle 
and adipose tissue.

We also assessed plasma glucagon levels in all groups of mice. We 
found that glucagon was elevated in male LeprloxTB mice at 12 and 
20 weeks, but fully restored to WT levels in LeprloxTB × POMC-cre  
littermates (Figure 6A). Plasma glucagon levels were also inap-
propriately regulated in response to a fasting/refeeding paradigm 
in LeprloxTB mice. Glucagon was elevated in LeprloxTB mice in the 
fed, fasted, and carbohydrate-refed condition (Figure 6B). In con-
trast, plasma glucagon levels in LeprloxTB × POMC-cre mice were 
lowered to WT control levels in the fed and carbohydrate-refed 
state (Figure 6B). Plasma insulin levels in carbohydrate-refed  
LeprloxTB × POMC-cre mice were also reduced compared with those 
in LeprloxTB animals (Figure 6C). Pancreata were also isolated to 
determine whether glucagon and/or insulin content differ in  
LeprloxTB × POMC-cre mice compared with LeprloxTB littermates. 

Figure 2
Body weight is modestly reduced only in male LeprloxTB × POMC-cre mice after 12 weeks of age compared with LeprloxTB littermates. Body weight 
and composition in WT, WT expressing Cre-recombinase in POMC neurons, LEPR-null mice generated by inserting floxed transcription blocking 
sequences in the Lepr gene (LeprloxTB), and littermates in which LEPRs are selectively reactivated in POMC neurons (LeprloxTB × POMC-cre). 
Body weight in male and female mice is shown in A and D. Fat and lean mass assessed by NMR in male mice at 12 and 20 weeks are shown 
in B and C. *P < 0.05; †P < 0.05 versus WT controls and LeprloxTB, respectively. n = 12–15 and 7–9 for male and female mice, respectively. Data 
are presented as mean ± SEM.
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We found that pancreatic content of both hormones was simi-
larly elevated above that in WT controls in LeprloxTB × POMC-cre 
and LeprloxTB littermate mice (Figure 6, D and E).

The contribution of normalized plasma glucagon in LeprloxTB × 
POMC-cre mice to improvements in insulin sensitivity based on 
GIR (Figure 5C) and suppression of endoRa (Figure 5E) was next 
examined. To test this, somatostatin was infused at the onset of 
the clamp to acutely suppress endogenous glucagon and insulin 
secretion in LeprloxTB × POMC-cre and LeprloxTB littermate mice of 
similar body weights (41.9 ± 1.2 and 40.8 ± 1.4 g, respectively). 
Blood glucose was clamped at target levels in both groups (Figure 
6F). The GIR required to clamp blood glucose was 113% higher 
in LeprloxTB × POMC-cre mice than LeprloxTB littermates, indicating 
higher insulin sensitivity (Figure 6G). Importantly, this occurred 
despite no differences in glucagon or insulin between the 2 groups 
during clamp steady-state conditions (Figure 6, H and I, respec-
tively). Plasma C-peptide was also lowered in both groups, indi-
cating that somatostatin inhibited endogenous insulin secretion 
(basal levels were 11.6 ± 1.3 and 10.5 ± 0.6 ng/ml in LeprloxTB and 
LeprloxTB × POMC-cre mice, respectively, and were lowered to 0.7 ± 
0.2 and 0.7 ± 0.1 ng/ml). In agreement with clamp results in Figure 
5, E and F, the clamp-induced rise in insulin was more effective to 
suppress endoRa in LeprloxTB × POMC-cre mice than LeprloxTB litter-
mates (Figure 6J). Additionally, insulin-stimulated rate of glucose 
disappearance (Rd) was comparable between groups (Figure 6K).

Since glucose and lipid metabolism in the liver are interconnect-
ed and hormone action in the CNS is increasingly appreciated to 
regulate hepatic lipid metabolism (26, 27), we assessed plasma and 

hepatic triglycerides (TGs) and cholesterol in 12- and 20-week-
old mice. Remarkably, plasma TG and cholesterol in LeprloxTB × 
POMC-cre mice were fully and partially restored, respectively, to 
WT control levels at both ages. (Figure 7, A and B). Hepatic TG 
was also lowered in LeprloxTB × POMC-cre mice to WT levels at both 
ages, but there were no changes in hepatic cholesterol (Figure 7, C 
and D). These data indicate that leptin action on POMC neurons 
in the ARH improves both the plasma and hepatic lipid profiles.

Discussion
In the current study, we tested the physiological impact of LEPR 
signaling in POMC neurons on energy balance, glucose, and lipid 
homeostasis. To do so, we generated a mouse model in which LEPRs 
are reexpressed only in the subset of POMC neurons that endoge-
nously express LEPRs. We found that selective expression of LEPR in 
POMC neurons in the ARH on an otherwise LEPR-null background 
is sufficient to normalize blood glucose and plasma glucagon levels. 
This manipulation also improved hepatic insulin sensitivity as well as 
the plasma and hepatic lipid profile. Importantly, these effects were 
not secondary to reductions in body weight, adiposity, or food intake. 
Our data further reveal that leptin action on POMC neurons only 
modestly rescues the obesity characteristic of LEPR deficiency. This 
reduction in body weight was due to increased energy expenditure 
and not due to suppression of food intake. Interestingly, reductions 
in body weight and adiposity only occurred in male mice. Female mice 
did not exhibit any improvements in body weight, thus complement-
ing prior evidence demonstrating sexually dimorphic LEPR-mediated 
regulation of energy balance via POMC neurons (28).

Figure 3
Selective reactivation of LEPR expression in POMC neurons stimulates increased energy expenditure, but does not affect food intake in mice. 
Metabolic cage studies in male, 6-week-old WT, WT expressing Cre-recombinase in POMC neurons, LEPR-null mice generated by inserting 
floxed transcription blocking sequences in the Lepr gene (LeprloxTB), and littermates in which LEPRs are selectively reactivated in POMC neurons 
(LeprloxTB × POMC-cre) assessed using TSE Metabolic Cages. Body weight is shown in A. Oxygen consumption, carbon dioxide production, 
RER, total activity, and food consumption normalized to total body weight are shown in B–F, respectively. *P < 0.05; †P < 0.05 versus WT controls 
and LeprloxTB mice, respectively. n = 7–10 mice/genotype. Data are presented as mean ± SEM.
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Previous work has shown that reactivation or overexpression 
of LEPR in neurons within the ARH lowers blood glucose levels 
(13–17). A caveat regarding these studies is that they were unable 
to identify specific neurons transducing leptin signals into nor-
mal glucose balance. Huo et al. (18) recently addressed this ques-
tion using cre-dependent reexpression of LEPR in all POMC neu-
rons in a db/db background. These authors found that transgenic 
expression of LEPR in all POMC neurons reduced body weight 
via effects on both energy expenditure and food intake and also 
lowered blood glucose and plasma insulin levels (18). The effects 
of reducing food intake in this model contrast with our results as 
well as our prior work in mice lacking LEPR in POMC neurons, 
where this loss had minimal effects on food intake in chow-fed 
mice (8, 11, 12). These disparate results are likely due to differ-
ences in the mouse models being examined. One possibility is 
that Huo et al. (18) used a CMV promoter to reexpress LEPR in 
POMC neurons, which resulted in transgenic overexpression of 
LEPR. The CMV promoter is also expressed by all POMC neu-
rons that express cre-recombinase. Prior work has shown that cre-
recombinase is present in approximately 95% of POMC neurons 
in the ARH (11), but only approximately 30%–40% express LEPR 
(29). We suggest that effects on food intake in Huo et al. (18) may 
be due to expression of LEPR in POMC neurons that do not nor-
mally express LEPR. Candidates for this effect are POMC neu-
rons that express insulin or serotonin 2C receptors. Recent stud-
ies, for example, identify that serotonin 2C receptors in POMC 
neurons regulate food intake (21, 22). The current strategy to 
reactivate the endogenous receptor and in a physiological man-
ner is supported by data showing that approximately 30%–40% of 
the p-Stat3–positive cells in the ARH coexpress β-endorphin.

Our results also demonstrate that direct leptin action on 
POMC neurons lowers glucagon levels and improves hepatic 
insulin sensitivity. Glucagon and insulin are fundamental to the 
control of glucose homeostasis, and defects in their regulation 
are hallmarks of type 2 diabetes (30). The current data related to 
glucagon complement recent work in models of uncontrolled or 
type 1 diabetes showing that leptin action in the brain improves 
glucose homeostasis, in part, by reducing levels of glucagon (5, 
7, 31). These data also support pharmacological results in con-
texts of obesity and type 2 diabetes, finding that inhibition of 
hepatic glucagon action lowers blood glucose independently of 
any improvement in body weight and/or energy balance (32, 33). 
The current results using hyperinsulinemic-euglycemic clamps 
with or without somatostatin suggest that lowered plasma glu-
cagon in LeprloxTB × POMC-cre accounts for some, but not all, of 
the improved ability of insulin to suppress endogenous glucose 
production. These data agree with work in rats showing that 
i.c.v. administration of leptin during a hyperinsulinemic-eugly-
cemic clamp plus somatostatin enhances the ability of insulin to 
inhibit hepatic glucose production (34, 35). It is unclear whether 
lowered glucagon explains these prior results ascribed to leptin 
action in the CNS because glucagon levels were not reported 
(34, 35). An additional finding from the clamp studies is that 
reactivation of LEPR only in POMC neurons in the ARH does 
not have an impact on insulin-stimulated glucose disposal. This 
is of note because numerous studies have reported that central 
administration of leptin stimulates insulin-stimulated (36, 37) 
and non–insulin-stimulated (9, 38, 39) skeletal muscle glucose 
uptake. It is speculated that unidentified leptin-sensitive neu-
rons outside the ARH are responsible for these effects.

Figure 4
Selective reactivation of LEPR expression in POMC neurons improves hyperglycemia and hyperinsulinemia in mice. Blood glucose and plasma 
insulin in 5-hour–fasted male and female mice at various ages are shown in A–D. Plasma leptin in 24-hour–fasted male mice is shown in E.  
*P < 0.05; †P < 0.05 versus WT controls and LeprloxTB mice, respectively. n = 8–10 mice/genotype. Data are presented as mean ± SEM.
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An additional intriguing metabolic consequence of selective 
reactivation of LEPR on POMC neurons is marked improvements 
in circulating and hepatic TG and cholesterol levels. These find-
ings are consistent with reports showing that leptin infusion in 
the brain of ob/ob mice regulates hepatic lipid metabolism, includ-
ing plasma and liver TG and cholesterol (40–45). Our data suggest 
that leptin action on POMC neurons is one site where this regula-
tion occurs. Moreover, these current data suggest that such effects 
can occur independently of leptin-mediated weight loss, which is 
an issue highlighted by others (44). These findings are potentially 
important because dyslipidemia and fatty liver are components 
of metabolic syndrome. It is interesting that these improvements 
persist in 20-week-old male LeprloxTB × POMC-cre mice in which 
plasma insulin levels are as high as in LEPR-null littermates. This 
finding suggests that the regulatory impact of direct leptin action 
on POMC neurons in the ARH to ameliorate plasma dyslipidemia 
and hepatic TG accumulation is at least partially insulin indepen-
dent. Lowered TG in the liver of LeprloxTB × POMC-cre mice is also 
a possible contributor to improved hepatic insulin sensitivity and 
thus blood glucose levels. Several studies indicate a link between 
liver lipid content and hepatic insulin resistance (46–48). However, 
other studies conclude that elevated liver fat per se does not impair 
hepatic insulin sensitivity (49, 50). With these current data, it is 
important to consider that hepatic TGs are lowered in LeprloxTB × 
POMC-cre mice versus LeprloxTB littermates, but they are not nor-
malized to WT levels. Additional work is needed to clarify whether 

LeprloxTB × POMC-cre mice exhibit subtle differences in the type(s) 
of lipid present in the liver that may affect hepatic insulin sensitiv-
ity or whether these differences are unrelated.

It is currently unclear exactly how leptin action in POMC 
neurons within the ARH provokes these positive effects in 
contexts of obesity, hyperglycemia, and insulin resistance. We 
speculate that this pathway includes activation of melanocortin 
4 receptor (MC4R; a target of POMC-derived α-MSH) signal-
ing in the sympathetic nervous system (SNS) to regulate pan-
creas and liver. This notion is partly based on work showing 
that reactivation of MC4R in the SNS, but not the parasympa-
thetic nervous system (PNS), of an otherwise MC4R-null mouse 
ameliorates hepatic insulin resistance. Numerous other reports 
also show that leptin acts in the brain to regulate the SNS (9, 
51–53). However, other studies show that leptin acts via the 
PNS to mediate its beneficial effects (6, 36, 54). Additionally, 
leptin has been also shown to act independently of melanocor-
tin signaling to modulate liver glucose metabolism. This is a 
complex issue, and additional studies are needed to test these 
various possibilities. An additional point in the current stud-
ies is that the genetic modification occurred prenatally, which 
may allow for plasticity and developmental compensation. This 
issue has been highlighted by work finding disparate pheno-
types in mice with pre- and postnatal ablation of AgRP neurons 
(55). Recent studies have also reported that multiple lineages of 
hypothalamic neurons express POMC, including cells that do 

Figure 5
Selective reactivation of LEPR expression in POMC neurons improves hepatic insulin sensitivity in mice. Hyperinsulinemic-euglycemic  
(10 mU/kg/min, 150 mg/dl, respectively) clamps of 120 minutes in conscious, chronically catheterized, 4- to 5-hour–fasted, 8-week-old male WT, 
WT expressing Cre-recombinase in POMC neurons, LEPR-null mice generated by inserting floxed transcription blocking sequences in the Lepr 
gene (LeprloxTB), and littermates in which LEPRs are selectively reactivated in POMC neurons (LeprloxTB × POMC-cre). Body weight on day of 
experiment is shown in A. Basal and clamp blood glucose, GIR, and plasma insulin are shown in B–D, respectively. Basal and insulin-stimulated 
(clamp steady-state [t = 80–120 minutes]) glucose production and disposal determined using [3-3H]glucose are shown in E and F. Blood samples 
were taken from the cut tail. *P < 0.05; †P < 0.05 versus WT controls and LeprloxTB × POMC-cre mice, respectively; #P < 0.05 comparing basal to 
clamp values within a genotype. Data are presented as mean ± SEM.
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not express POMC in adult mice (56). Future studies employing 
an inducible model of cre-recombinase in POMC neurons in the 
LeprloxTB mouse are needed to examine these issues.

In summary, leptin action on POMC neurons in the ARH exerts 
potent effects to regulate blood glucose levels. Our data also sug-
gest that direct leptin action on POMC neurons does not underlie 
the ability of leptin to suppress food intake. These results support 

views that leptin action outside the ARH is needed to induce dra-
matic weight loss (57). In contrast, our results do not support the 
conventional model in which leptin acts on POMC in the ARH to 
simultaneously stimulate energy expenditure and suppress food 
intake (2, 3). Instead, our data support a modified model of direct 
leptin action on POMC neurons in the ARH to exert potent effects 
to regulate numerous facets of glucose homeostasis, including 

Figure 6
Inappropriate plasma glucagon levels are corrected in LeprloxTB × POMC-cre mice, and this contributes to improvements in hepatic insulin action. 
(A) Shown are body weight and 12-hour–fasted/carbohydrate-refed plasma glucagon (B) as well as insulin (C) in WT, WT expressing Cre-recombi-
nase in POMC neurons, leptin receptor LEPR-null mice generated by inserting floxed transcription blocking sequences in the Lepr gene (LeprloxTB),  
and littermates in which LEPRs are selectively reactivated in POMC neurons (LeprloxTB × POMC-cre) (n = 8–10 mice/genotype). (D and E) Pan-
creatic glucagon and insulin content, respectively (n = 12–15 mice/genotype). (F) Blood glucose during 120-minute hyperinsulinemic-euglycemic 
(25 mU/kg/min, 150 mg/dl, respectively) clamps plus somatostatin (9 ng/kg/min) in conscious, chronically catheterized, 4- to 5-hour–fasted, 
8- to 9-week-old male mice (n = 6 mice/genotype). (G) GIR is shown. (H and I) Basal and clamp plasma glucagon and insulin, respectively, are 
shown. (J and K) Basal and insulin-stimulated (clamp steady-state [t = 80–120 minutes]) glucose production and disposal determined using 
[3-3H]glucose are shown. *P < 0.05, comparing LeprloxTB to LeprloxTB × POMC-cre mice; †P < 0.05, comparing WT controls to LeprloxTB mice;  
#P < 0.05 comparing fed and refed mice; ‡P < 0.05, comparing clamp to basal with a genotype. Data are presented as mean ± SEM.
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hepatic glucose production. These findings also add to recent 
literature that suggests leptin may have therapeutic potential in 
models of type 1 and type 2 diabetes mellitus.

Methods
Animal development and care. To generate LeprloxTB mice, E. coli clones host-
ing BAC-containing mouse Lepr sequences were obtained from BACPAC 
(BACPAC Resources Children’s Hospital Oakland, California, USA). BAC 
DNA clone number RP23-31K16 (containing C57BL/6J mouse strain 
LEPR sequences) was employed to transform EL350 bacteria (58, 59). 
loxP sequences in the backbone of the BAC plasmid were removed by 
homologous recombination as previously described (58, 59). Previously 
used and validated loxP-flanked transcriptional blocking sequences (23) 
were amplified by PCR using the following primers: 5′-CATGGGGAACA-
GATGCATTCCATCATGGCAATGGACCAATGATCCTCAGAGGGCTC-
CAGGGACACCAATTCGCGCCTAGTCGACTTCGAATAACTT-3′ and 
5′-GTGTGATACCCCCCAGAATCATGAGGGAACTCAAGACCATCTAT-
CAAATCAGACACCTCGGAGCTTTCTGGGTGGCGGCCGCTTAGTT-
TA-3′. They were then cloned between exons 16 and 17 of the LEPR gene 
by homologous recombination in EL350 (58). EL350 clones hosting cor-
rectly engineered Lepr BAC DNA were identified by PCR using the follow-
ing primers: 5′-CAGGACATCCTGGACAGTATGCTC-3′ and 5′-CAGAT-
GTAGCTAAAAGGCCTATCACAAACT-3′. Sequencing of these amplicons 
confirmed on-target homologous recombination, absence of mutations 
in the loxP-flanked transcriptional blocking sequences, and any loss of 
Lepr native sequences. The genetically engineered Lepr BAC DNA–target-
ing vector was prepared using a commercially available kit (QIAGEN). 
Linearized targeting vectors were electroporated into 129X1/SvJ ES cells 
by standard techniques at the University of Texas Southwestern Medical 

Center transgenic core facility. The length of homologous arms in the 
BAC-targeting vector precluded the use of radioactive-based Southern 
blot and/or long PCR assays to discriminate between ES clones hosting 
WT and loxP-modified Lepr allele. Thus, an alternative approach consist-
ing of custom multiplex TaqMan quantitative PCR (q-PCR) analyses was 
devised. In this assay, we employed the commercially available MC4R assay 
ID Mm00457483_s1 (FAM dye-labeled probe; Applied Biosystems). This 
assay was used as an endogenous reference. To screen for the loxP-modified 
Lepr native allele, custom primers (5′-GGCAATGGACCAATGATCCT-3′  
and 5′-GACACCTCGGAGCTTTCTGAA-3′) and VIC dye–labeled probe 
(5′-AGGGCTCCAGGGACA-3′) from Biosearch Technologies (Novato) 
were multiplexed with the MC4R assay. DNA from ES cell clones able to 
survive antibiotic selection was extracted as follows: ES cell medium was 
removed, 250 μl of extraction solution (10 mM tris[hydroxymethyl]amin
omethane, 25 mM ethylenediaminetetraacetic acid, 0.5% sodium dodecyl 
sulfate, 100 mM NaCl, proteinase K 1 mg/ml, pH = 8) was added, and 
cells were incubated for 4 hours at 55°C. Lysates were then transferred 
into new tubes containing 125 μl of 5 M NaCl. Tubes were then vigor-
ously shaken, then spun at 21,000 g for 10 minutes at room temperature. 
Supernatants were then transferred to a new tube, and an amount of 100% 
ethanol equal to double their volumes was added to it. Tubes were then 
spun at 21,000 g for 10 minutes at room temperature. Ethanol was then 
removed and DNA dissolved in distilled water. DNA was then used as 
template (5–100 ng) in each of the assays (primers and probes were used at 
300 and 200 nM [final concentration], respectively). All assays were cycled 
in an Applied Biosystems PRISM 7900HT sequence detection system. We 
calculated the difference between the CT values of the custom and the 
reference q-PCRs; this was the ΔCT. Then we calculated the average WT 
ΔCT. Individual ΔΔCT values were calculated by subtracting the average 

Figure 7
Selective reactivation of LEPR expression in POMC neurons improves the lipid profile. Plasma (A and B) and liver (C and D) TG and cholesterol in 
12-week-old, 5-hour–fasted WT, WT expressing Cre-recombinase in POMC neurons, LEPR-null mice generated by inserting floxed transcription 
blocking sequences in the Lepr gene (LeprloxTB), and littermates in which LEPRs are selectively reactivated in POMC neurons (LeprloxTB × POMC-
cre). *P < 0.05; †P < 0.05 versus WT controls and LeprloxTB × POMC-cre, respectively. n = 7–12/genotype. Data are presented as mean ± SEM.
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WT ΔCT from the individual ΔCT. ES cell clones for which ΔΔCT val-
ues were above 0.5 were deemed to be targeted. Mice were subsequently 
backcrossed on a C57BL/6J background for 2–3 generations. All mice were 
provided free access to standard chow and water and maintained on a  
12-hour light/12-hour dark cycle.

Immunohistochemistry. Previously described techniques were used to visu-
alize p-Stat3, β-endorphin, and/or ACTH immunoreactivity as well as the 
fluorescent reporter tdTomato in the brain or pituitary (1). Mice were fast-
ed 24 hours and injected i.p. with leptin (5 mg/kg; Sigma-Aldrich). Mice 
were anesthetized 2 hours later using an i.p. injection of chloral hydrate 
(350 mg/kg) and then perfused transcardially with DEPC-treated 0.9% 
saline followed by 10% neutral buffered formalin.

Indirect calorimetry. Energy balance was assessed using TSE Metabolic 
Cages in the University of Texas Southwestern Mouse Phenotyping Core. 
Mice were acclimated for 4 days, and measurements were taken during the 
subsequent 4 days.

Hyperinsulinemic-euglycemic clamp. Surgical and experimental procedures 
were previously described (8, 60, 61). Briefly, 8- to 9-week-old mice were 
transferred to a sterile shoe-box–size cage lined with bedding at 9:00 
am to begin a 4- to 5-hour fast. At t = –90 minutes, water was removed, 
and the first mouse was administered a primed, continuous infusion of  
[3-3H]glucose (5 μCi bolus + 0.05 μCi/min). Subsequent experiments were 
begun at 15-minute intervals. At t = –15 and –5 minutes, blood samples 
from the cut tail were taken to measure insulin, glucose turnover, and  
4- to 5-hour–fasted blood glucose. Glucose readings were performed using 
a glucometer designed for use on rodent samples. At t = 0 minutes, a con-
tinuous infusion of insulin (10 mU/kg/min; Humulin) was initiated to 
raise plasma insulin levels, and the infusion of [3-3H]glucose was increased 
to 0.1 μCi/min to account for changes in specific activity. In the second 
cohort of mice, the insulin dose was increased to 25 mU/kg/min, and 
somatostatin (9 μg/kg/min) was coinfused at t = 0 minutes. In all experi-
ments, blood samples were taken every 10 minutes thereafter to measure 
blood glucose. A variable GIR (50% dextrose) was used to maintain blood 
glucose at 150 mg/dl. Blood samples were taken every 10 minutes during 
the steady-state period (t = 80–120 minutes) to determine clamp hormone 
levels, endoRa, and Rd.

Fast/refeeding experiments. Blood samples were taken from the cut tail at 
7:30 am after a 12-hour fast to measure insulin and glucagon. One week 
later, food was removed again at 7:30 pm to initiate a 12-hour fast. The 

following morning at 7:30 am, mice were fed a carbohydrate diet; blood 
samples to measure fasted insulin and glucagon were taken 2 hours later.

Hormone measurements. Insulin was measured using a commercial ELISA 
kit in the University of Texas Southwestern Mouse Phenotyping Core. 
Glucagon and corticosterone were measured in the Vanderbilt University 
Mouse Metabolic Phenotyping Center Hormone Assay Core (Nashville, 
Tennessee, USA).

Pancreatic insulin and glucagon content. Pancreata were dissected from anes-
thetized animals, weighed, and quickly frozen in liquid nitrogen. Pancreata 
were then homogenized in ice-cold acid ethanol and stored overnight at 
4°C. Homogenates were spun in a centrifuge the following morning, and 
resulting supernatants were stored at –20°C. This process was repeated 
twice using the remaining pellet. Supernatants were combined and warmed 
to 37°C; insulin and glucagon were measured using commercial radioim-
munoassay kits (Millipore).

Statistics. Statistical comparisons were made using 1-way ANOVA fol-
lowed by the Fisher’s least significant difference test for post-hoc com-
parisons or t tests where appropriate. Data are presented as mean ± SEM. 
Statistical significance was defined as P < 0.05.

Study approval. The University of Texas Southwestern IACUC committee 
approved all procedures.
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