
ARTICLE

Hypothalamic MC4R regulates glucose homeostasis
through adrenaline-mediated control of glucose reabsorption via
renal GLUT2 in mice

Leticia Maria de Souza Cordeiro1
& Arwa Elsheikh1

& Nagavardhini Devisetty1 & Donald A. Morgan2
&

Steven N. Ebert3 & Kamal Rahmouni2 & Kavaljit H. Chhabra1,4

Received: 11 May 2020 /Accepted: 18 August 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Aims/hypothesis Melanocortin 4 receptor (MC4R) mutation is the most common cause of knownmonogenic obesity in humans.
Unexpectedly, humans and rodents with MC4R deficiency do not develop hyperglycaemia despite chronic obesity and insulin
resistance. To explain the underlyingmechanisms for this phenotype, we determined the role ofMC4R in glucose homeostasis in
the presence and absence of obesity in mice.
Methods We used global and hypothalamus-specific MC4R-deficient mice to investigate the brain regions that contribute to
glucose homeostasis via MC4R. We performed oral, intraperitoneal and intravenous glucose tolerance tests in MC4R-deficient
mice that were either obese or weight-matched to their littermate controls to define the role of MC4R in glucose regulation
independently of changes in body weight. To identify the integrative pathways through which MC4R regulates glucose homeo-
stasis, we measured renal and adrenal sympathetic nerve activity. We also evaluated glucose homeostasis in adrenaline (epineph-
rine)-deficient mice to investigate the role of adrenaline in mediating the effects of MC4R in glucose homeostasis. We employed
a graded [13C6]glucose infusion procedure to quantify renal glucose reabsorption in MC4R-deficient mice. Finally, we measured
the levels of renal glucose transporters in hypothalamus-specific MC4R-deficient mice and adrenaline-deficient mice using
western blotting to ascertain the molecular mechanisms underlying MC4R control of glucose homeostasis.
Results We found that obese and weight-matched MC4R-deficient mice exhibited improved glucose tolerance due to
elevated glucosuria, not enhanced beta cell function. Moreover, MC4R deficiency selectively in the paraventricular
nucleus of the hypothalamus (PVH) is responsible for reducing the renal threshold for glucose as measured by
graded [13C6]glucose infusion technique. The MC4R deficiency suppressed renal sympathetic nerve activity by
50% in addition to decreasing circulating adrenaline and renal GLUT2 levels in mice, which contributed to the
elevated glucosuria. We further report that adrenaline-deficient mice recapitulated the increased excretion of glucose
in urine observed in the MC4R-deficient mice. Restoration of circulating adrenaline in both the MC4R- and
adrenaline-deficient mice reversed their phenotype of improved glucose tolerance and elevated glucosuria, demon-
strating the role of adrenaline in mediating the effects of MC4R on glucose reabsorption.
Conclusions/interpretation These findings define a previously unrecognised function of hypothalamic MC4R in
glucose reabsorption mediated by adrenaline and renal GLUT2. Taken together, our findings indicate that elevated
glucosuria due to low sympathetic tone explains why MC4R deficiency does not cause hyperglycaemia despite
inducing obesity and insulin resistance.
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PVH Paraventricular nucleus of the hypothalamus
SGLT Sodium–glucose cotransporter
WT Wild-type

Introduction

The melanocortin 4 receptor (MC4R) is a primary effector of
the central melanocortin system in regulating energy balance
[1–5]. Mutations in the MC4R gene are the most common
cause of known monogenic obesity in humans [1–3].
Moreover, MC4R deficiency causes insulin resistance in
humans [2, 6] and rodents [1, 5, 7]. MC4R is an established
therapeutic target for treating some types of obesity [8–10].
MC4R agonists have shown promising results in treating
obesity in individuals that exhibit mutations in the leptin
receptor or in the melanocortin signalling pathway upstream
of MC4R [8–10]. In the general population, obesity and insu-
lin resistance increase the risk of diabetes [11–15]. However,
humans and rodents with MC4R deficiency either do not
develop [2, 5, 16–20] or have a relatively lower risk [21] of
developing hyperglycaemia despite obesity and insulin resis-
tance. Identifying molecular mechanisms that protect MC4R-
deficient individuals from developing hyperglycaemia will
advance our understanding of the function of the central
melanocortin system in glucose homeostasis and may facili-
tate the development of new therapeutics to control diabetes in
the general population. Therefore, we aimed to elucidate why

MC4R deficiency does not cause hyperglycaemia despite
inducing insulin resistance and obesity.

Based on our previous observations in hypothalamus-
specific proopiomelanocortin (POMC)-deficient mice [22,
23], we determined the role of MC4R in glucose reabsorption
to ascertain whether elevated glucosuria protects from
hyperglycaemia during MC4R deficiency. We used MC4R-
deficient mice that were either overweight or weight-matched
compared with their wild-type (WT) littermates to investigate
the role of MC4R in glucose homeostasis. In addition to global
MC4R-deficient mice, we employed a Cre-Lox recombination
strategy to rescue, knockout or knockdown Mc4r in specific
nuclei of the brain to further identify the sites that control renal
glucose reabsorption via the melanocortin system.

Methods

For detailed Methods, please refer to the Electronic supple-
mentary material (ESM).

Animal care and generation of mice All mouse procedures
were approved by the Institutional Animal Care and Use
Committee at the University of Rochester or the University
of Iowa and were performed according to the Public Health
Service guidelines for the humane care and use of experimen-
tal animals. We housed mice in ventilated cages under
controlled temperature (~23°C) and photoperiod (12 h light/
dark cycle, lights on from 06:00 hours to 18:00 hours)
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conditions and fed themHydropacwater (Lab Products, USA)
and regular laboratory chow (catalogue no. 5010; LabDiet,
USA). We purchased Mc4rloxTB/+ mice from the Jackson
Laboratory, USA (C57BL/6J genetic background, catalogue
no. 032518) and generated Mc4rloxTB/loxTB mice and their
littermate controls (representative genotypes, ESM Fig. 1).
We obtained Mc4rloxP/loxP mice [24] from D. P. Olson
(University of Michigan, USA) with permission from B. B.
Lowell (Harvard University, USA). We crossed these mice
with Sim1Cre (006395, the Jackson Laboratory) to knockout
Mc4r predominantly in the paraventricular nucleus of the
hypothalamus (PVH) [24] (including some other regions that
express Sim1 gene). S. Ebert provided adrenaline-deficient
mice (Pnmt knockout [KO], phenylethanolamine N-methyl-
transferase,) that were generated by his team as described
previously [25]. Experimenters were not blinded to either
group assignment or to outcome assessment. See ESM
Methods.

Glucose/insulin tolerance tests and glucose-stimulated insulin
secretion assay For glucose tolerance tests, we fasted mice for
6 h (08:00–14:00 hours) or overnight (18:00–08:00 hours)
and administered glucose by oral gavage or i.p. injections.
For ITTs, we fasted mice for 6 h (08:00–14:00 hours) and
administered insulin by i.p. injections. Before the administra-
tion of glucose (100 mg/mouse in 300 μl 0.9% (wt/vol.) saline
[154 mmol/l NaCl]; catalogue no. G8270; Sigma, USA) or
insulin (15 mU/mouse; Humulin R, Eli Lilly, USA) in differ-
ent cohorts of mice, we measured their baseline blood glucose
levels (tail-vein blood, AlphaTRAK 2 glucometer, USA) at
0 min. Post glucose or insulin administration, we measured
blood glucose levels at different times as noted in Fig. 1. We
used the trapezoidal rule to calculate total AUC for further
integrated analyses of the measured blood glucose levels at
different times during the tests.

For glucose-stimulated insulin secretion assay in freely
moving awake mice, we cannulated the carotid artery and jugu-
lar vein, and allowed the mice to recover from surgery for 3–
5 days [22, 26]. On the day of the experiment, we fasted mice
for 6 h (08:00–14:00 hours) and administered an i.v. bolus of
60 mg glucose then measured blood glucose and insulin levels
at different times as indicated in Fig. 2a and b, respectively.

Plasma insulin and adrenaline/noradrenaline measurements
We fasted mice for 6 h (08:00–14:00 hours) and collected tail
blood for insulin measurements. We centrifuged the blood at
2000 g at 4°C for 20 min to separate plasma from whole
blood. We measured plasma insulin levels using an ELISA
(mouse insulin assay kit, catalogue no. 90080; Crystal Chem,
USA). Similarly, we used ELISAs to measure plasma adren-
aline (epinephrine) and noradrenaline (norepinephrine) (cata-
logue nos ADU39-K01 and NOU39-K01, respectively; Eagle
Bioscience, USA). We did not fast mice before adrenaline or

noradrenaline assays. We euthanised mice and collected trunk
blood for the assay between 14:00 hours and 15:00 hours on
the day of the experiment for all the groups.

Urine glucose, sodium, protein and creatinine assays We
housed mice individually in metabolic cages (Tecniplast,
USA) and let them acclimate to the cages for 1 week before
using them for experiments. We collected 24 h urine samples at
baseline (before glucose administration) and after glucose chal-
lenge (250 mg oral, or 100–200 mg i.p. injections in 300 μl
0.9% saline). We used a glucose colorimetric test (catalogue
no. 10009582; Cayman Chemical, USA) to measure urine
glucose levels. Urine sodium, creatinine and protein levels
were also measured by colorimetric tests according to the
manufacturers’ instructions (sodium, catalogue no. 211096,
Abcam USA; creatinine, catalogue no. 500701, Cayman
Chemical USA; protein, catalogue no. 23227, Pierce USA).
The absorbance was measured using a spectrophotometer as
per manufacturers’ instructions (Epoch, BioTek, USA).

Restoration of Mc4r in different brain regionsMc4rloxTB/loxTB

mice were anaesthetised with isoflurane, placed in a stereotax-
ic frame (Model 1900, Kopf Instruments) and the skull was
exposed for intracranial injections of AAV-Cre or AAV-GFP
as described in the ESM Methods.

Quantitative real-time PCR To assess expression ofMc4r and
Pnmt, quantitative real-time PCR (qPCR) was performed as
described previously [27]. See ESM Methods for further
details.

Intracranial surgery in Mc4rloxP/loxP mice We used the
SomnoSuite system (Kent Scientific, USA) to deliver isoflurane
(2–5%) to anaesthetise mice before placing them in a stereotaxic
frame (Model 1900; Kopf Instruments, USA). With a continu-
ous flow of isoflurane (2%) in mouse nose mask, the mouse
skull was exposed for intracranial injections. We injected
AAV-Cre-GFP or AAV-GFP (~50 nl, titre 8 × 1012 vg/ml;
University of North Carolina Vector Core, USA) bilaterally into
the PVH of 7-week-old Mc4rloxP/loxP mice (coordinates from
bregma: anteroposterior, ~0.70 mm; mediolateral, ~0.22 mm;
dorsoventral, ~4.80 mm) using a 33 G Hamilton syringe
attached to UltraMicroPump (UMP3-1; WPI, USA). Four
weeks after the administration of the viral vectors, we measured
glucose tolerance and urine glucose levels in these mice.

In situ hybridisation Fluorescence in situ hybridisation was
performed on 14 μm thick slices of flash frozen brains using
RNAscope fluorescent multiplex reagents (ACD, USA). RNA
probes for Mc4r or GFP (catalogue numbers 319,181-C2,
409,011; ACD) were incubated with the brain slices and
signal amplification was achieved using the multiplex
reagents as described previously [26, 28].
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Liver glycogen levels and pyruvate tolerance test Hepatic
glycogen levels were measured using colorimetric reagents
from Sigma (catalogue no. MAK016, USA). For pyruvate
tolerance tests, mice were fasted for 6 h and blood glucose
levels were measured at baseline and at 15, 30, 60 and
120 min after the administration of sodium pyruvate (60 mg
in 0.9% saline per mouse, ip; catalogue no. P5280; Sigma,
USA).

Renal and adrenal sympathetic nerve activity Sympathetic
nerve activity was assessed using direct multifibre recording
as described in the ESM Methods.

Graded [13C6]glucose infusion procedure Escalated doses of
[13C6]glucose were infused into the jugular vein and blood
and urine samples were collected at different times as
described in ESM Methods.

Isolation and culture of mouse primary renal tubular cellsWe
isolated mouse primary renal proximal tubular epithelial cells
from 8-week-old WT mice using a published protocol [29].
For the glucose transport assay, we incubated the proximal
tubule cells with Hanks’ balanced salt solution (HBSS)
containing [13C6]glucose (5 mmol/l) in the presence or
absence of adrenaline/noradrenaline (10 nmol/l in HBSS).
The cells were grown in cell culture inserts (catalogue no.
MCRP24H48; Millipore, USA) that are used for studying
small molecule transport. On the day of the experiment, the
labelled glucose was added to the apical (top) side of the cells
in cell culture inserts (treated with 10 nmol/l adrenaline or
noradrenaline in HBSS) and glucose was measured at the
basolateral (bottom) side of the cells at different times as
shown in Fig. 5b. [13C6]Glucose was measured by LC-MS
assay using Shodex (USA) HILICpak VG-50 2D column by
the URMC Mass Spectrometry Resource Laboratory.

Restoration of adrenaline in MC4RPVH- or adrenaline-deficient
mice To restore the plasma adrenaline levels in mice lacking
MC4R in the PVH (MC4RPVH-deficient mice), we injected
adrenaline (5 μg in 300 μl 0.9% saline, per mouse, i.p.), or
0.9% saline in the control group, 1 h prior to either glucose
tolerance tests or placing the mice in metabolic cages for 24 h
urine collections. For adrenaline-deficient mice, we infused
adrenaline (1 μg/day) or 0.9% saline using Alzet 2002 osmot-
ic pumps as described previously [27].

Western blotting We performed western blotting to measure
renal GLUT1, GLUT2, sodium–glucose cotransporter
(SGLT)1, SGLT2 and Na+/K+-ATPase as per our published
protocol [22]. For full details, see ESM Methods.

Statistical analyses All data are presented as mean ± SEM.
Two-tailed Student’s unpaired t test was used to compare

results between two independent groups. Comparisons
between two independent groups involving one dependent
variable with repeated measures were made by repeated
measures two-way ANOVA followed by a Bonferroni post
hoc multiple comparison test. All analyses were performed
using Prism 8.0 (GraphPad, USA) and a p value <0.05 was
considered significant.

Results

MC4R-deficient mice have improved glucose tolerance
despite obesity and insulin resistance We used Mc4rloxTB/
loxTB mice, in which MC4R deficiency can be reversed by
Cre recombinase that removes the loxP-flanked transcrip-
tional blocking sequences and rescues Mc4r gene expres-
sion [3]. As shown previously [1, 3], MC4R-deficient
mice exhibit obesity due to hyperphagia and reduced
energy expenditure. We administered equal amounts of
glucose to different groups of mice, regardless of changes
in their body weights, for glucose tolerance tests. We
found that the MC4R-deficient mice had normal fasting
blood glucose levels coupled with improved glucose toler-
ance despite obesity and insulin resistance (male: Fig. 1;
female: ESM Fig. 2). Moreover, IPGTTs also showed that
MC4R-deficient mice have improved glucose tolerance
compared with their littermate controls (Male: AUC,
2184 ± 158 vs 2852 ± 72, female: AUC, 2421 ± 190 vs
2946 ± 128 mmol/l × min, MC4R-deficient vs WT,
respectively, p < 0.05).

MC4R-deficient mice exhibit elevated glucosuria but no
enhancement in beta cell function We performed a glucose-
stimulated insulin secretion assay to determine if an increase
in insulin secretion to compensate for the insulin resistance
can explain the improved glucose tolerance in MC4R-
deficient mice. Supporting the results obtained from the
OGTT and IPGTT, the IVGTT also demonstrated improved
glucose tolerance inMC4R-deficient mice (Fig. 2a). WTmice
showed a significantly higher increase in glucose-stimulated
insulin secretion compared with baseline (time 0, Fig. 2b). In
contrast, there was no such increase in insulin secretion in
response to glucose challenge in MC4R-deficient mice (Fig.
2b), which already have elevated baseline plasma insulin
levels due to insulin resistance. These data indicate that
enhanced glucose-induced insulin secretion is not the under-
lying cause of improved glucose tolerance in MC4R-deficient
mice.

Based on our observation of elevated glucosuria in hypo-
thalamus-specific POMC-deficient mice [22, 23], wemeasured
urine glucose levels in MC4R-deficient mice. Indeed, the
MC4R-deficient mice exhibited elevated glucosuria at baseline
and after glucose administration compared with their WT
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littermates (Fig. 2c–e). Moreover, the MC4R-deficient mice
had increased 24 h urine volume and exhibited natriuresis with-
out any changes in creatinine and total protein levels (ESM
Table 1 and ESM Fig. 3). Taking into account 24 h urine
volume, theMC4R-deficient mice exhibited an increase of total
glucose excretion of different magnitude and intensity,

depending on the route and amount of glucose administration,
compared with their control littermates, as shown in ESM
Table 1.

MC4R in the PVH controls glucose reabsorption Mc4r is
expressed in the PVH, medial amygdala and lateral

Fig. 1 Improved glucose
tolerance despite insulin
resistance in 6 h fasted obese male
Mc4r null 24-week-old C57Bl/6
mice. (a) Body weight, (b)
OGTT, (c) fasting plasma insulin
levels, (d) ITT in obeseMc4r null
24-week-old C57Bl/6 mice. Bar
graphs in (b) and (d) represent the
corresponding AUC. Two-tailed
unpaired Student’s t test or
repeated measures two-way
ANOVA followed by
Bonferroni’s multiple comparison
test were used for comparisons.
**p < 0.01, ***p < 0.001. Error
bars are mean ± SEM. Mc4r−/−,
Mc4rloxTB/loxTB

Fig. 2 Elevated glucosuria but no enhancement in beta cell function post
glucose administration in obese male Mc4r null 24-week-old C57Bl/6
mice. (a) Blood glucose levels during the IVGTT (mice were fasted for
6 h before the test); n = 7WT and n = 6Mc4r−/−, (b) plasma insulin levels
during IVGTT; n = 7, (c) 24 h urine glucose concentration at baseline, (d)
24 h urine glucose concentration after administering 250 mg glucose by

oral gavage, (e) 24 h urine glucose concentration after administering
200 mg glucose by i.p. injection. Two-tailed unpaired Student’s t test or
repeated measures two-way ANOVA followed by Bonferroni’s multiple
comparison test were used for comparisons. **p < 0.01, ***p < 0.001 vs
WT; †p < 0.01 vs 0 min, WT. Error bars are mean ± SEM. Mc4r−/−,
Mc4rloxTB/loxTB
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hypothalamus, in addition to hindbrain regions, such as the
nucleus tractus solitarius (NTS) and rostral ventrolateral
medulla (RVLM) [30]. To identify the areas that mediate the
effects of MC4R on kidney glucose reabsorption and glucose
homeostasis, we restored Mc4r in different brain regions in
reversible Mc4rloxTB/loxTB using the Cre-Lox strategy [3]. We
injected AAV-Cre or AAV-GFP into the above-mentioned
Mc4r expressing areas in different cohorts of Mc4rloxTB/loxTB

mice. We confirmed the accuracy of the injections by measur-
ingMc4r expression in each of the regions using qPCR at the
end of the study (ESM Fig. 4a). Mice that did not show signif-
icant restoration of Mc4r expression after the injections were
excluded from the experiments or data analyses. We found

that restoration of Mc4r in the PVH reversed the phenotype
of improved glucose tolerance and elevated glucosuria
observed in otherwise global MC4R-deficient mice (ESM
Fig. 4b, c). These data indicated that PVH-specific MC4R
(MC4RPVH) is sufficient to maintain glucose homeostasis
through renal glucose reabsorption.

To investigate whether MC4R in the PVH is necessary for
glucose reabsorption, we used two mouse models: Mc4rloxP/
loxP;Sim1Cre and Mc4rloxP/loxP with AAV-Cre administration
selectively into the PVH in adult mice.

Obese Mc4rloxP/loxP;Sim1Cre mice had improved glucose
tolerance and elevated glucosuria like that observed in global
MC4R-deficient mice (Fig. 3a–c), demonstrating the role of

Fig. 3 Improved glucose tolerance and elevated glucosuria in male 18- to
24-week-old hypothalamus-specific Mc4r knockout mice. (a) Body
weight, (b) OGTT (mice were fasted for 6 h before the test), (c) 24 h
urine glucose concentration in Mc4rloxP/loxP;Sim1Cre mice. (d)
Representative images of fluorescence in situ hybridisation showing
reduced Mc4r in the PVH; n = 5, four sections per mouse and four areas
of interest per section were analysed. Scale bar, 100 μm. (e) Bodyweight,

(f) OGTT, (g) urine [13C6]glucose levels inMc4rloxP/loxP+AAV-Cre mice
during the graded glucose infusion procedure; n = 5. Bar graphs in (b) and
(f) represent the corresponding AUC. Two-tailed unpaired Student’s t test
or repeated measures two-way ANOVA followed by Bonferroni’s multi-
ple comparison test were used for comparisons. *p < 0.05, **p < 0.01,
***p < 0.001. Error bars are mean ± SEM. 3 V, third ventricle
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hypothalamic MC4R in glucose regulation. Results from
weight-matched mice also supported this phenotype (ESM
Fig. 5). It is important to note that the weight-matched
Mc4rloxP/loxP;Sim1Cre mice did not exhibit elevated glucosuria
at baseline (ESM Fig. 5d) because they were not fed ad libitum
and, therefore, their blood glucose levels at baseline remained
below the renal threshold for glucose excretion. However, the
mice did show elevated glucosuria (ESM Fig. 5e) after we
administered 250 mg glucose by oral gavage, further validating
the role of MC4R in glucose reabsorption.

To account for any developmental or compensatory chang-
es, or a possible non-specific knockout of Mc4r outside the
PVH, which may have impacted the results obtained from
Mc4rloxP/loxP;Sim1Cre mice, we also determined glucose
homeostasis in adult Mc4rloxP/loxP mice that were made

MC4RPVH deficient by administration of AAV-Cre selective-
ly in the PVH, as described previously [3, 26]. In line with the
findings in Mc4rloxP/loxP;Sim1Cre mice, the obese MC4RPVH-
deficient mice (Fig. 3d) also showed improved glucose toler-
ance and elevated glucosuria (Fig. 3e–g). The number of cells
expressingMc4r in the PVHwas reduced by 70%without any
difference in the total number of cells (DAPI staining) after
AAV-Cre administration compared with the mice that
received AAV-GFP/control vector (AAV-Cre: 217 ± 21 vs
AAV-GFP: 721 ± 51, n = 5, four sections per mouse and four
areas of interest per section were analysed, number of cells
expressingMc4r, p < 0.01). Accuracy of intra-PVH injections
was confirmed after the study by observing the expression of
GFP in the PVH. Data from only those mice that had GFP
confined to the PVH were used for analyses (ESM Fig. 6a).

Fig. 4 Reduced renal sympathetic
nerve activity and adrenal Pnmt
expression in male 8- to 16-week-
old Mc4rloxP/loxP;Sim1Cre mice vs
Mc4rloxP/loxP mice. (a) Plasma
adrenaline, (b) plasma
noradrenaline. (c) Representative
traces of blood pressure, renal
sympathetic nerve activity
(RSNA) and adrenal sympathetic
nerve activity (ADSNA). (d)
RSNA, (e) ADSNA and (f)
adrenal Pnmt expression in male
8- to 16-week-old Mc4rloxP/
loxP;Sim1Cre mice vsMc4rloxP/loxP

mice. Two-tailed unpaired
Student’s t test was used for
comparisons. *p < 0.05,
**p < 0.01, ***p < 0.001. Error
bars are mean ± SEM. RVI,
resetting voltage integration
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We did not observe any differences in the hepatic glycogen
levels and gluconeogenesis between WT and the MC4R-
deficient (Mc4rloxTB/loxTB) mice (ESM Fig. 6b, c). Moreover,
renal Mc4r expression was negligible compared with that in
the hypothalamus in WT mice (Mc4r: 0.6 ± 0.2% vs 100 ±
12%, kidney vs hypothalamus, respectively, p < 0.001).
Altogether, these data demonstrate that MC4R in the PVH
regulates glucose homeostasis via renal glucose reabsorption.

MC4R deficiency reduces renal sympathetic nerve activity and
circulating adrenaline levels To determine the integrative
pathways that link the hypothalamic MC4R and kidney
glucose reabsorption, we measured circulating adrenaline
levels, renal and adrenal sympathetic nerve activities in
Mc4rloxP/loxP;Sim1Cre mice. We observed that Mc4rloxP/
loxP;Sim1Cre mice had reduced plasma adrenaline and
noradrenaline levels (Fig. 4a,b). Moreover, the MC4R defi-
ciency in Sim1 neurons suppressed the renal sympathetic
nerve activity by 50% compared with their control littermates
without affecting blood pressure (Fig. 4c,d).

Unexpectedly, the Mc4rloxP/loxP;Sim1Cre mice had
increased adrenal sympathetic nerve activity (Fig. 4e) despite
the reduced circulating adrenaline levels. The increased
sympathetic tone was probably a compensatory response to
the reduced Pnmt expression (Fig. 4f) and consequent
decrease in adrenaline synthesis. Taken together, the results

indicate the essential role of the hypothalamic MC4R in regu-
lating renal and adrenal sympathetic nerve activity that likely
affect circulating adrenaline and noradrenaline levels.

Adrenaline increases glucose transport in the mouse primary
renal tubular cells We determined the direct effects of adren-
aline and noradrenaline (both 10 nmol/l in HBSS) on glucose
transport in the mouse primary renal tubular cells isolated
from 8-week-old WT mice using [13C6]glucose (5 mmol/l)
to identify the hormone that integrates the effects of the hypo-
thalamic MC4R on glucose reabsorption. We found that
glucose transport was increased across the cell culture inserts
(Fig. 5a), representing glucose reabsorption, in the adrenaline-
but not the noradrenaline-treated group compared with the
control group (Fig. 5b). These data indicate the direct role of
adrenaline in glucose reabsorption.

Restoration of adrenaline reverses the improved glucose
tolerance and elevated glucosuria in MC4RPVH-deficient mice
Because we observed that adrenaline increased glucose trans-
port in primary renal tubular cells, we hypothesised that adren-
aline would reverse elevated glucosuria in MC4RPVH-defi-
cient mice. To test this hypothesis, we injected adrenaline
(5 μg in 300 μl 0.9% saline per mouse) or saline into
MC4RPVH-deficient mice (Mc4rloxP/loxP+AAV-Cre mice) to
restore their plasma adrenaline levels and measured glucose

Fig. 5 Adrenaline increases glucose transport in the mouse primary renal
tubular epithelial (RPTE) cells and reverses improved glucose tolerance
and elevated glucosuria in hypothalamus-specific MC4R-deficient mice.
(a) Schematic of the experiment setup and cell culture inserts. (b)
[13C6]Glucose levels after treatment with adrenaline or noradrenaline in
the RPTE cells; n = 5 (c) OGTT, (d) 24 h urine glucose concentration at
baseline, (e) 24 h urine glucose concentration after administering 250 mg

glucose by oral gavage in 18- to 24-week-old Mc4rloxP/loxP+AAV-Cre
mice whose plasma adrenaline levels are restored. Two-tailed unpaired
Student’s t test or repeated measures two-way ANOVA followed by
Bonferroni’s multiple comparison test were used for comparisons.
*p < 0.05, **p < 0.01, ***p < 0.001 for adrenaline vs noradrenaline and
HBSS groups in (b) and for adrenaline group vs saline group in (c–e).
Adr, adrenaline; Nor-Adr, noradrenaline; Sal, saline
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tolerance in addition to urine glucose levels. Circulating adrena-
line in MC4RPVH-deficient mice was reduced (6461 ± 1179 vs
18,227 ± 3918 pmol/l, p < 0.05) compared with their littermate
controls. The restoration of adrenaline reversed the improved

glucose tolerance and elevated glucosuria in theMC4RPVH-defi-
cient mice (Fig. 5c–e). These data demonstrate the role of adren-
aline in integrating the effects of the hypothalamic MC4R in
glucose homeostasis via the reabsorption of glucose.

Fig. 6 Blood and urine glucose levels in male 6- to 9-week-old-mice
adrenaline-deficient (Pnmt-KO) mice before (a–g) and after (h–k) resto-
ration of their plasma adrenaline levels. (a) Plasma adrenaline, (b) plasma
noradrenaline, (c) OGTT, (d) 24 h urine glucose concentration at base-
line, (e) 24 h urine glucose concentration after administering 250 mg
glucose by oral gavage in adrenaline-deficient mice, (f) ITT, (g) plasma
insulin levels in adrenaline-deficient mice, (h) plasma adrenaline (to vali-
date its restoration), (i) OGTT, (j) 24 h urine glucose concentration at

baseline and (k) 24 h urine glucose concentration after administering
100 mg glucose by i.p. injection, following restoration of plasma adren-
aline in otherwise adrenaline-deficient mice. Bar graphs in (c), (f) and (i)
represent the corresponding AUC. Two-tailed unpaired Student’s t test or
repeated measures two-way ANOVA followed by Bonferroni’s multiple
comparison test were used for comparisons. *p < 0.05, **p < 0.01,
***p < 0.001. Error bars are mean ± SEM. Adr, adrenaline; Sal, saline
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Adrenaline-deficient mice recapitulate the phenotype of
elevated glucosuria that was observed in MC4R-deficient
mice We found that Pnmt-KO (adrenaline-deficient) mice
(Fig. 6a,b) had improved glucose tolerance and elevated
glucosuria compared with their WT littermates (Fig. 6c–e).
There was no change in 24 h urine volume between the
adrenaline-deficient mice and the controls (1006 ± 277 vs
1058 ± 107 μl, Pnmt-KO vs WT, respectively). Moreover,
there was no difference in the hepatic glycogen levels between
WT and adrenaline-deficient mice (ESMFig. 6d). Adrenaline-
deficient mice had hyperinsulinaemia, but not reduced insulin
sensitivity as measured by ITT (Fig. 6f,g).

We implanted osmotic minipumps (1 μg/day adrenaline or
saline, s.c.) to restore plasma adrenaline (Fig. 6h) in otherwise
adrenaline-deficient mice to validate the essential role of adren-
aline in glucose homeostasis via glucose reabsorption.We eval-
uated glucose tolerance on the 4th day and measured urine
glucose levels on the 12th day of the infusion. Adrenaline infu-
sion reversed the improved glucose tolerance and the elevated
glucosuria observed in the adrenaline-deficient mice (Fig. 6i–k)
without affecting liver glycogen levels (ESM Fig. 6f).
Together, these data point to the direct role of adrenaline in
systemic glucose homeostasis via renal glucose reabsorption
independently of changes in insulin sensitivity.

Decreased renal GLUT2 is responsible for elevated glucosuria
in MC4R- and adrenaline-deficient mice Renal GLUT2 was
decreased by 20–25% in both MC4RPVH- and adrenaline-
deficient mice compared with their littermate controls (Fig.
7a,b). In contrast, the levels of SGLT2, SGLT1, and GLUT1
were not different between the groups (ESM Fig.7).
Adrenaline treatment restored renal GLUT2 levels in
MC4RPVH-deficient and adrenaline-deficient mice (Fig.
7c,d). These results indicate the role of renal GLUT2 in medi-
ating the effects of hypothalamic MC4R and adrenaline on
glucose reabsorption.

To explain how the reduced renal GLUT2 increases
glucosuria in MC4RPVH- and adrenaline-deficient mice, we
measured the levels and activity of Na+/K+-ATPase in the
plasma membrane fractions of the kidneys. The Na+ gradient
maintained by Na+/K+-ATPase in the renal proximal tubular
cells facilitates glucose reabsorption [31]. However, a
decrease in GLUT2 causes accumulation of glucose in the
proximal tubular cells (as depicted in the Graphical
Abstract), which in turn is known to inhibit Na+/K+-ATPase
[32, 33]. Consistent with these findings, both the MC4RPVH-
and adrenaline- deficient mice had reduced levels and activity
of Na+/K+-ATPase (Fig. 7e–h). The reduced Na+/K+-ATPase
activity also probably accounts for natriuresis in MC4RPVH-
deficient mice. Taken together, these results indicate that
MC4RPVH- and adrenaline-deficient mice exhibit elevated
glucosuria because of reduced renal GLUT2 and probably
due to consequent decrease in renal Na+/K+-ATPase activity.

Discussion

Statement of principal findings We have identified elevated
glucosuria as a mechanism by which MC4R-deficient mice
remain protected from hyperglycaemia despite obesity and
insulin resistance. We report an essential role of the hypotha-
lamic MC4R in renal glucose reabsorption through the effects
of adrenaline on renal GLUT2.

Strengths and weaknesses of the study A major strength of
this study is that we have used both global and hypothalamus-
specific MC4R-deficient obese or lean mice (male and
female) to precisely define the brain regions that contribute
to glucose homeostasis via MC4R. Moreover, MC4R defi-
ciency was induced either since birth or in adult mice to
account for the confounding effects of developmental or
compensatory changes on glucose homeostasis.We employed
a state-of-the-art graded [13C6]glucose infusion procedure and
primary mouse kidney cells to further validate the effects of
MC4R/adrenaline on glucose reabsorption.

Amajor weakness of this study is that we did not determine
whether acute renal sympathetic nerve stimulation is enough
to increase glucose reabsorption via renal GLUT2, which is
beyond the scope of this study.We observed a 20–25% reduc-
tion in renal GLUT2 levels in MC4R-deficient mice.
Although this moderate reduction in GLUT2 levels is suffi-
cient to cause elevated glucosuria and maintain normal blood
glucose levels in MC4R-deficient mice, we speculate that
kidney-specificGlut2 knockout mice will exhibit significantly
higher glucosuria than that observed inMC4R-deficient mice,
and further establish the function of renal GLUT2 in regulat-
ing systemic glucose homeostasis.

Strengths and weaknesses in relation to other studies Both
weight-matched and obese MC4R-deficient mice showed
hyperinsulinaemia and reduced insulin sensitivity to decrease
blood glucose levels compared with their WT littermates.
These data support previous observations that MC4R directly
regulates plasma insulin levels and insulin sensitivity indepen-
dently of obesity [7, 16]. Few previous studies had reported
hyperglycaemia in Mc4r null mice fed ad libitum [1, 34, 35].
Mc4r null mice exhibit hyperphagia, which confounds blood
glucose levels without fasting because the mice may consume
food just before blood sample collection. Moreover, in most
of the previous studies that evaluated glucose tolerance tests in
Mc4r null mice [36–38], the amount of glucose was adminis-
tered based on the mouse body weight; thereby disproportion-
ately increasing the amount of glucose delivered in obese
Mc4r null mice relative to their lean controls. Such a practice
may misdiagnose obese mice as having impaired glucose
tolerance. In clinical research or practice, a fixed amount of
glucose (75 g) is administered orally to measure glucose toler-
ance in humans, regardless of their body weight [39].
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Similarly, a fixed dose of glucose is also recommended for
glucose tolerance tests in animal studies to avoid confounding
effects of obesity on glucose clearance [40–42]. The bedding
material of the mouse cages is another factor that could have
confounded blood glucose levels in the reports that demon-
strate either unchanged [20] or impaired [4] glucose tolerance
inMc4r null mice. It is critical to use aspenwood chip bedding

(we use this material) in mouse cages for experiments that
involve fasting because mice eat standard bedding materials
such as corncob, as reported by the Jackson Laboratory [43]
and supported empirically by our previous reports [22, 23].

Human MC4R deficiency decreases sympathetic tone as
measured by adrenaline and noradrenaline levels in urine
[44]. Consistent with our previous report [26], MC4RPVH-

Fig. 7 Decreased renal GLUT2 and Na+/K+-ATPase levels/activity in
hypothalamus-specific MC4R- and adrenaline-deficient mice. (a, b)
Decreased renal cortical GLUT2 levels in hypothalamus-specific
MC4R-deficient (Mc4rPVH) (a) and adrenaline-deficient (Pnmt-KO) (b)
mice. (c, d) Increased renal cortical GLUT2 levels after treatment with
adrenaline in hypothalamus-specific MC4R-deficient (c) and Pnmt-KO
(d) mice. (e, f) Decreased renal Na+/K+-ATPase levels in hypothalamus-
specific MC4R-deficient (e) and Pnmt-KO (f) mice. (g, h) Decreased

renal Na+/K+-ATPase activity in hypothalamus-specific MC4R-deficient
(g) and Pnmt-KO (h) mice. Proteins of interest and internal control were
probed on the same membrane as described in the Methods. Two-tailed
unpaired Student’s t test was used for comparisons. *p < 0.05, **p < 0.01,
***p < 0.001. Error bars are mean ± SEM. Adr, adrenaline; Sal, saline;
Mc4rPVH, Mc4rloxP/loxP with AAV-Cre; Ctrl, Mc4rloxP/loxP with AAV-
GFP
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deficient mice exhibited reduced circulating adrenaline and
noradrenaline levels. We further show in the current study that
MC4R deficiency selectively in the Sim1 neurons decreases
renal sympathetic nerve activity. The low sympathetic tone
also protects MC4R-deficient mice and humans from hyper-
tension [17, 44–46]. Moreover, MC4R-deficient mice have
normal Bowman’s space, glomerular area, mesangial matrix,
albumin excretion, renal TGF-β and collagen expression [17],
indicating that the elevated excretion of glucose observed in
our present study is not the outcome of any known renal injury
in these mice.

GLUT2 mutations cause glucosuria in mice [47, 48]
and humans [49, 50]. Renal GLUT2 is increased in rodent
models of diabetes [51, 52], causing enhanced glucose
reabsorption and worsening hyperglycaemia. GLUT2 is
also present in the liver and may be affected by adrenaline
[53]. However, it is known that hepatocytes from Glut2
knockout mice do not exhibit any changes in glucose
transport because of redundant glucose regulating path-
ways in the liver [54]. Moreover, liver-specific GLUT2-
deficient mice [55] have normal glucose tolerance until the
loss of beta cells, after which the mice start to show
impaired glucose tolerance. In contrast, we report that
reduced renal GLUT2 improved glucose tolerance in
MC4RPVH- and adrenaline-deficient mice by elevating
glucosuria, demonstrating the function of kidney-specific
GLUT2 in systemic glucose homeostasis.

Unanswered questions and future research The decrease in
circulating adrenaline levels in the MC4R-deficient mice was
likely caused by the combination of reduced renal sympathetic
nerve activity and reduced adrenal Pnmt expression. Renal
sympathetic nerve activity [56] and enzymes [57, 58] in the
kidneys other than phenylethanolamine N-methyltransferase
(PNMT) are reported to contribute to circulating or urine
adrenaline levels. However, the mechanisms underlying the
hypothalamic MC4R regulation of Pnmt expression and
subsequently, secretion or synthesis of adrenaline are as yet
unclear. Moreover, it is unknown whether MC4R signalling
regulates renal Na+/K+-ATPase directly or secondary to renal
GLUT2. Future studies are necessary to answer these
questions.

Conclusion In summary, this study demonstrates that MC4R
selectively in the PVH contributes to glucose homeostasis by
regulating glucose reabsorption via circulating adrenaline and
renal GLUT2. These findings indicate that MC4R deficiency
does not cause hyperglycaemia, even in the face of insulin
resistance and obesity, because of elevated glucosuria medi-
ated by low sympathetic tone.
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