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Abstract
Background & Aims—Roux-en-Y gastric bypass (RYGB) improves glucose homeostasis
independently of changes in body weight by unknown mechanisms. Melanocortin-4 receptors
(MC4R) have weight-independent effects on glucose homeostasis, via autonomic neurons, and
might also contribute to weight loss after RYGB. We investigated whether MC4Rs mediate effects
of RYGB, such as its weight-independent effects on glucose homeostasis, in mice and humans.

Methods—We studied C57BL/6 mice with diet-induced obesity, MC4R-deficient mice, and
mice that re-express MC4R specifically in autonomic neurons after RYGB or Sham operations.
We also sequenced the MC4R locus in patients undergoing RYGB, to investigate diabetes
resolution in carriers of rare MC4R variants.

Results—MC4Rs in autonomic brainstem neurons (including the parasympathetic dorsal motor
vagus) mediated improved glucose homeostasis independent of changes in body weight. In
contrast, MC4Rs in cholinergic preganglionic motor neurons (sympathetic and parasympathetic)
mediated RYGB-induced increased energy expenditure and weight loss. Increased energy
expenditure after RYGB is the predominant mechanism of weight loss and confers resistance to
weight gain from a high-fat diet, effects of which are MC4R-dependent. MC4R-dependent effects
of RYGB still occurred in mice with Mc4r haplosufficiency, and early-stage diabetes resolved at a
similar rate in patients with rare variants of MC4R and non-carriers. However, carriers of MC4R
(I251L), a rare variant associated with increased weight loss after RYGB and increased basal
activity in vitro, were more likely to have early and weight-independent resolution of diabetes than
non-carriers, indicating a role for MC4Rs in the effects of RYGB.

Conclusions—MC4Rs in autonomic neurons mediate beneficial effects of RYGB, including
weight-independent improved glucose homeostasis, in mice and humans.
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Introduction
Fasting glycemia often improves within days of Roux-en-Y gastric bypass (RYGB) and
RYGB provides greater improvements in glucose homeostasis than equivalent weight loss
from calorie restriction or restrictive bariatric procedures.1-3 This suggests that
neurohormonal pathways provide additional, weight-independent mechanisms of improved
gluco-regulation after RYGB, prompting intensive pre-clinical investigation of these
mechanisms.

RYGB reduces body weight in mice,4 and a recent study by Hatoum, et.al,5 suggests that
melanocortin-4 receptors (MC4R) are required for this effect. MC4Rs play a critical role in
body weight regulation as evidenced by severe obesity in humans with naturally-occurring
mutations and Mc4r-deficient mice.6-8 MC4Rs are expressed in the hypothalamus and
hindbrain9-12 and function broadly to reduce energy intake and increase expenditure in
response to peripheral signals of energy excess, including gut hormones.13 MC4Rs are also
expressed in autonomic neurons including cholinergic preganglionic motor neurons
(sympathetic and parasympathetic)9-12, 14 and parasympathetic vagal sensory neurons.15, 16

Thus, MC4Rs provides a mechanistic link between the gut, central nervous system, and
autonomic output to the abdominal viscera and brown adipose. However, studies, including
the aforementioned from Hatoum et.al, suggest that MC4R is not involved during RYGB as
human carriers of non-synonymous MC4R coding variants, which occur in 1-6% of severely
obese patients,17 exhibit the expected weight loss after RYGB.5, 18 In apparent contrast to
this data, Hatoum et al., conclude that MC4R is required during RYGB based on the failure
of RYGB-treated MC4R-deficient mice to exhibit a statistically-significant weight reduction
compared to Sham-operated mice. However, this conclusion is based on an experiment
involving three animals per experimental group and 40% surgical mortality, introducing
substantial possibility of type 2 error and survival bias. A definitive conclusion regarding the
requirement of MC4R during RYGB is therefore precluded and the role of MC4R during
RYGB remains unclear.

Herein, we investigate the contribution of MC4Rs to effects of RYGB using C57BL/6 mice
with diet-induced obesity (DIO), MC4R-deficient mice, and mice with tissue-selective
expression of MC4R exclusively in autonomic neurons. We also examine effects of RYGB
on diabetes resolution in carriers of rare MC4R variants, including carriers of
MC4R(I251L), a variant previously associated with enhanced RYGB-induced weight loss.19

We find that MC4Rs in autonomic neurons mediate beneficial effects of RYGB including
weight-independent improved glucose homeostasis in mice and humans.

Results
RYGB increases energy expenditure to induce weight loss in DIO mice

RYGB reduced body weight of DIO mice by 27% compared to Sham operations (Figure
1A); fat mass was reduced by 65% and lean mass by 11% (Figure 1B). RYGB did not
reduce intake (Figure 1C) or increase physical activity (Supplemental Figure 1A). Instead, it
reduced feeding efficiency by 52% (Figure 1D), which was due to a 33% increase in energy
expenditure (Figure 1E). While calorie absorption was reduced slightly after RYGB, feeding
efficiency was still reduced by 46% after adjusting for these losses (Figure 1D, F),
demonstrating that increased energy expenditure was the predominant mechanism of weight
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loss. Daily calorie restriction of 27% was required to match the body weights of a separate
group of sham-operated mice to RYGB mice [calorie-restricted, weight-matched sham
(CRWM-Sham)] (Figure 1, A-C). Fasting plasma leptin was comparably reduced in RYGB
and CRWM-Sham mice (Supplemental Figure 1B).

RYGB improves hepatic glucose homeostasis in DIO mice
Glucose homeostasis was evaluated during post-operative weeks 6-8 to avoid confounding
by acute convalescence (Supplemental Figure 1C). Sham mice remained hyperglycemic and
hyperinsulinemic compared to RYGB mice (Figure 2A). Glucose tolerance was improved
after RYGB and glucose-stimulated plasma insulin reduced (Figure 2B, C). RYGB
improved insulin sensitivity, as determined using HOMA-IR and insulin tolerance (Figure
2A, D). Liver triglyceride content was also reduced (8.9±1.6 mg/g, RYGB vs. 113±13 mg/g,
Sham, p<0.05). Comparable improvements occurred in CRWM-Sham mice (Figure 2).

To investigate which tissue(s) underlie this improved gluco-regulation, we used in vivo
NMR metabolic flux analysis and 2-deoxy-glucose uptake to examine basal glucose
production and peripheral glucose uptake, respectively. RYGB reduced in vivo hepatic
glucose production, gluconeogenesis, and glycogenolysis (Figure 2E). In contrast, RYGB
failed to enhance glucose uptake into skeletal muscle or adipose tissue (Supplemental Figure
2A). RYGB enhanced insulin-stimulated tyrosine phosphorylation of insulin receptor
substrate-2 in the liver (Figure 2F), but not of insulin receptor substrate-1 in skeletal muscle
(Supplemental Figure 2B). These effects were due, in part, to increased expression of IRS2
in the liver (Figure 2F). RYGB therefore improves glucose homeostasis via enhanced
hepatic insulin signaling and sensitivity resulting in reduced glucose output.

MC4Rs are required for effects of RYGB on energy expenditure, body weight and glucose
homeostasis

To determine the contribution of MC4R to these effects of RYGB, we studied MC4R-
deficient (MC4R-null) and MC4R-heterozygous (MC4R-Het) mice, which harbor a loxP-
modified null Mc4r allele whose expression is reactivated by Cre-recombinase.20 Compared
to a 31% reduction observed in DIO mice (Supplemental Figure 3), RYGB reduced the body
weight of obese MC4R-null mice by only 10% (Figure 3A) due to its failure to increase
energy energy expenditure (Figure 3B). The effect of RYGB to reduce fat mass was also
attenuated (Supplemental Table 1). RYGB significantly reduced fasting blood glucose, but
did not result in statistically-significant improvements in other measures of glucose
homeostasis (Figure 4, left panels). These effects of RYGB were rescued in obese MC4R-
Het mice (Figure 3C, D and Supplemental Table 1) demonstrating competency of one allele
for mediating the MC4R-dependent effects of RYGB. Notably, RYGB reduced intake in
these mice (Supplemental Table 1). Thus, RYGB induces an MC4R-dependent increase in
energy expenditure to induce weight loss; MC4Rs are also required for improved glucose
homeostasis after RYGB.

MC4Rs in cholinergic preganglionic vagal motor neurons mediate weight-independent
effects of RYGB on glucose homeostasis

MC4Rs are expressed in key autonomic neurons including cholinergic preganglionic motor
neurons of the parasympathetic dorsal motor vagus (DMV, i.e., vagal motor neurons) and of
the sympathetic intermediolateral nucleus (IML)9-12, 14. As reported by Rossi et al.,21

selective restoration of MC4Rs in autonomic brainstem neurons including cholinergic
preganglionic neurons of the DMV (but not the IML) using Phox2b-Cre-mediated
reactivation of expression in MC4R-null mice (Phox-MC4R) improves hyperinsulinemia
linked to MC4R-deficiency but not hyperphagia, reduced energy expenditure, or obesity. In
this study, we found that, HOMA-IR is improved in Phox-MC4R mice compared to MC4R-
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null mice despite comparable obesity (Supplemental Figure 4A) reinforcing conclusions that
MC4R-signaling via these cholinergic preganglionic neurons transmits weight-independent
effects of MC4Rs on insulin sensitivity.

We therefore hypothesized that MC4Rs in cholinergic preganglionic neurons of the DMV
mediate effects of RYGB on glucose homeostasis, but not body weight. Consistent with our
hypothesis, RYGB in Phox-MC4R mice failed to increase energy expenditure and resulted
in the same blunted weight reduction observed in MC4R-null mice (Figure 3A, B). RYGB
also failed to reduce fat mass and food intake (Supplemental Table 1). As in MC4R-null
mice, RYGB improved fasting glucose (Figure 4A). However, RYGB also improved fasting
insulin, oral glucose tolerance, HOMA-IR, and insulin tolerance (Figure 4, B-F).
Importantly, these improvements did not occur in MC4R-null mice, which exhibited the
same blunted weight reduction after RYGB. RYGB did not reduce glucose-stimulated
plasma insulin levels in Phox-MC4R mice (Figure 4E). However, liver triglycerides were
reduced to a greater extent (67±12 mg/g, RYGB vs. 162±14 mg/g, Sham; p<0.05) than in
MC4R-null mice (115±20 mg/g, RYGB vs. 218±13 mg/g, Sham; p<0.05). These data
demonstrate that MC4Rs in cholinergic preganglionic motor neurons of the DMV mediate
effects of RYGB on glucose and lipid homeostasis that are independent of changes in food
intake, body composition, and body weight.

MC4Rs in cholinergic preganglionic neurons (sympathetic and parasympathetic) mediate
effects of RYGB on energy expenditure and body weight

Prior work by Rossi, et al.,21 also demonstrated that restoration of MC4Rs in cholinergic
preganglionic neurons of both the DMV and IML using ChAT-Cre-mediated re-activation of
expression in MC4R-null mice (ChAT-MC4R), increases energy expenditure and attenuates
obesity characteristic of MC4R deficiency. We therefore hypothesized that MC4R signaling
in these neurons underlie effects of RYGB on energy expenditure and body weight. As
MC4R is not re-activated in the IML of Phox-MC4R mice, these two complementary
models enable direct comparison of events transmitted by MC4Rs in cholinergic
preganglionic neurons of the IML (i.e., events occurring exclusively in ChAT-MC4R mice)
versus those of the DMV (i.e., events occurring in Phox-MC4R mice).

Consistent with our hypothesis, RYGB-induced increased energy expenditure, reduced body
weight, and reduced fat mass - responses that were absent in MC4R-null mice and Phox-
Mc4R mice - were fully restored in ChAT-MC4R mice (Figure 3 and Supplemental Table
1). Food intake was also reduced (Supplemental Table 1). Fasting glucose and insulin,
HOMA-IR, and glucose tolerance were all improved (Figure 4, A-D). In contrast to Phox-
MC4R mice, glucose stimulated plasma insulin levels were reduced (Figure 4E). Liver
triglycerides were not reduced in ChAT-MC4R mice (114±17 mg/g, RYGB vs. 168±26 mg/
g, Sham; p<0.05) compared to MC4R null mice (115±20 mg/g, RYGB vs. 218±13 mg/g,
Sham; p<0.05). Anti-diabetic effects occurring after RYGB in ChAT-MC4R mice were
recapitulated in a separate group of sham-operated ChAT-MC4R control mice weight-
matched to RYGB mice by calorie restriction (35.5±1.3g, RYGB vs. 36.8±0.33, CRWM-
Sham; p>0.05; Figure 4), as observed in DIO mice. Thus, MC4Rs in cholinergic
preganglionic motor neurons of the IML, but not of the DMV, mediate RYGB-induced
increased energy expenditure and reduced body weight; improved glucose homeostasis
occurred as a secondary effect of weight loss.

RYGB improves hepatic glucose homeostasis in Phox-MC4R and ChAT-MC4R mice
We next compared effects of RYGB on pyruvate tolerance in Phox-MC4R and ChAT-
MC4R mice. DIO mice were studied as a positive control. In DIO mice, RYGB reduced
plasma glucose excursion after pyruvate administration (Supplemental Figure 4B)
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suggesting reduced hepatic gluconeogenic capacity consistent with NMR metabolic flux
results presented in Figure 2. Pyruvate-induced glucose excursion was also reduced in
RYGB-treated ChAT-MC4R and Phox-MC4R mice (Supplemental Figure 4B) suggesting a
similar hepatic mechanism as that occurring in DIO mice.

RYGB confers resistance to the weight-promoting effects of HFD
Stable weight reduction in RYGB-treated DIO mice despite equivalent intake compared to
Shams suggests that RYGB confers resistance to HFD-induced weight gain. As C57BL/6
mice do not gain sufficient weight on regular chow to undergo RYGB, we addressed this
hypothesis using obese MC4R-Het mice maintained on regular chow before and after
surgery. These mice were then challenged with HFD for 8 days after post-operative weight
stabilization, 8 weeks after surgery. As expected, Sham mice gained substantial weight on
HFD (Figure 5A), consuming more energy at an increased efficiency (Figure 5B, C),
consistent with their Mc4r haploinsufficiency. Their energy expenditure was reduced, likely
as anabolic compensation for their weight gain (Figure 5D). In contrast, RYGB mice largely
failed to gain weight on HFD (Figure 5A) despite a similar increase in consumption (Figure
5B), although overall intake remained reduced compared to Sham mice on HFD (65.0±4.1
kJ/d, RYGB vs. 85.4±2.7 kJ/d, Sham; p<0.05). In contrast to Sham mice, metabolic
efficiency was not increased in RYGB-treated mice on HFD (Figure 5C), suggesting a
thermic effect of RYGB to prevent weight gain. This hypothesis was supported by their
sustained, elevated energy expenditure (Figure 5D) compared to the reduction observed in
Sham mice. Increased calorie losses did not account for this resistance to HFD
(Supplemental Figure 5A). However, it did require MC4R as both RYGB and Sham MC4R-
null mice, also maintained on regular chow, gained substantial and equivalent weight when
challenged with HFD for 8 days (Figure 5A) or 3 weeks (Supplemental Figure 5B). RYGB
therefore induces resistance to HFD-induced weight gain in an MC4R-dependent manner
involving a blunted orexigenic response and increased energy expenditure.

Early diabetes remission after RYGB in carriers of the MC4R(I251L) variant
MC4R mutations comprise the most common forms of monogenic, early-onset obesity22 and
non-synonymous coding variants occur in 1-6% of severely obese patients,17 yet carriers of
these variants lose equivalent weight to non-carriers after RYGB.5, 18 However, we have
demonstrated improved pre-surgery HOMA-IR and enhanced weight loss at 1 year after
RYGB in carriers of MC4R(I251L),19 a variant associated with a decreased risk of obesity
and increased basal receptor activity in cells,23, 24 suggestive of a mechanistic role for
MC4R during RYGB. To investigate diabetes resolution after RYGB in carriers of rare
MC4R variants, we sequenced the MC4R coding region in 1,433 patients undergoing RYGB
and 451 age- and gender-matched lean patients. We found 18 patients with rare MC4R
variants linked to obesity and 26 with I251L; no variants linked to obesity were found in the
lean group while 1.6% carried I251L. Pre-operative BMI and metabolic profile for carriers
and non-carriers were not different (Supplemental Figure 6 and Tables 2 and 3). We found
that carriers of rare variants linked to obesity and non-carriers exhibited equivalent weight
loss through 48 months of follow-up (Supplemental Figure 6). We then assessed diabetes
remission in a paradigm comparable to those described by a consensus statement from the
ADA.25 Specifically, we used cessation of all anti-diabetic therapies 6 months post-surgery
as an indication of remission. In individuals that fulfilled this criterion, we assessed
cessation of anti-diabetic therapy 2 weeks post-RYGB. Despite minimal and equivalent
post-surgical weight reduction (Figure 6A), 89% of I251L carriers (8 of 9 patients) no longer
required diabetes medications by 2 weeks post-RYGB compared to only 66% of non-
carriers (399 of 597 patients) and 50% of rare variant carriers (4 of 8 patients)(Figure 6B).
These data show that RYGB confers weight-independent early diabetes remission in all
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subjects and suggest that remission is improved in carriers of MC4R(I251L) compared to
non-carriers.

Discussion
RYGB surgery provides the most effective, rapid, and long-lasting “cure” for type 2
diabetes. We show remission of type 2 diabetes in RYGB patients within 2 weeks after
surgery with minimal weight loss. Interestingly, one competent allele of MC4R is sufficient
for diabetes remission and long-term weight loss, while the common I251L allele, associated
with better metabolic profile and enhanced basal receptor activity in cells, seems to
accelerate early diabetes remission. To gain insight into the mechanism of diabetes
resolution and a specific role for MC4R, we use mouse models where RYGB improves
glucose homeostasis independent of changes in food intake, body composition, and body
weight.

We find that in Phox-MC4R mice with selective MC4R reactivation in cholinergic
preganglionic neurons of the DMV, RYGB improves glucose and lipid homeostasis despite
ongoing hyperphagia and obesity. Improved glucose and lipid homeostasis occurring after
RYGB in these mice is well beyond that observed in MC4R-null mice, which exhibit the
same blunted weight loss (8 vs. 10%, respectively) and reduced fat mass after RYGB. In
fact, they are equivalent in magnitude to those occurring in DIO and ChAT-MC4R mice,
which exhibit substantially greater weight loss after RYGB (～27-31%). As these effects do
not occur in similarly obese and hyperphagic RYGB-treated MC4R-null mice, they are
therefore independent of changes in body weight, body composition, energy expenditure,
and food intake. Notably, glucose homeostasis was improved in these reactivation mice as
compared to their respective Sham controls but not as compared to lean, insulin-sensitive
mice, precluding determination of diabetes “resolution.”

In contrast, MC4Rs in both parasympathetic (i.e., DMV) and sympathetic (i.e., IML)
cholinergic preganglionic neurons transduce effects of RYGB on energy expenditure and
body weight, as determined using ChAT-MC4R mice. We conclude that MC4Rs of the IML
are responsible for these energetic and body weight effects as RYGB fails to increase energy
expenditure and induce substantial weight loss in Phox-MC4R mice, mice in which MC4Rs
are restored in the DMV, but not in the IML. That RYGB induces beneficial effects in Phox-
MC4R and ChAT-MC4R mice greater than MC4R reactivation alone suggests that RYGB
enhances MC4R activity in these neurons to mediate its effects.

In DIO mice, we find that RYGB enhances insulin sensitivity to reduce hepatic glucose
output. As suggested by pyruvate tolerance, RYGB induces similar reduced hepatic
gluconeogenesis in Phox-MC4R and ChAT-MC4R mice as it does in DIO mice. However,
the mechanism is different. In ChAT-MC4R mice, recapitulation of all RYGB-induced anti-
diabetic effects in CRWM-Sham controls suggests that glucose homeostasis is improved
predominately as a consequence of weight loss. In contrast, the failure of RYGB to reduce
glucose stimulated plasma insulin in Phox-MC4R mice suggests a neuronal mechanism
converging on the liver to reduce glucose output, consistent with the selective MC4R
reactivation in the DMV of these mice. A gut-brain-liver circuit regulating hepatic glucose
production via the vagus nerve is well-recognized.26 We propose that RYGB improves
hepatic insulin signaling via enhanced MC4R activity in vagal motor neurons, which
reduces hepatic steatosis and results in secondary improvements of glucose homeostasis.
Such a mechanism could explain improved glycemia prior to post-surgical weight loss and
early anti-diabetic effects of RYGB resulting from hepatic sensitization in humans.27-29

Unresolved issues include exactly how the MC4R pathway is engaged following RYGB.
Secretion of gut hormones, many of which modulate MC4R function, is augmented after
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RYGB30 and MC4R-expressing hindbrain nuclei receive afferent innervations from the gut
and other abdominal viscera. However, the identity of gut-derived afferent signals involved
in the MC4R-dependent effects of RYGB is currently unclear but of obvious relevance to
fully elucidating the mechanisms of RYGB.

Our mouse model reproduces beneficial effects of RYGB on body weight, body
composition, stool energy, and glucose homeostasis observed in humans.31-33 This is likely
because our surgical model closely mimics gastric manipulation and intestinal bypass as
they occur in the human procedure. In contrast, other surgical models previously studied in
genetically-manipulated mice utilize anatomical manipulations that do not achieve gastric
bypass and are not used as bariatric procedures in humans,34, 35 limiting their applicability
to mechanisms of human RYGB. Conclusions from these studies are additionally limited by
experiments performed at early post-operative time points (i.e., 10 days), which are
confounded by acute post-operative convalescence,34, 35 and the lack of ad libitum-fed
Sham controls for post-operative stress.34

An apparent divergence of our model from human RYGB is the failure to reduce intake in
DIO mice. However, DIO in C57BL/6 mice is primarily metabolic (i.e., due to increased
feeding efficiency), rather than due to hyperphagia36-41. For example, male C57BL/6 mice
can become obese on HFD despite equivalent calorie intake as control mice on regular
chow36, 38 and gain more weight than other diet-sensitive strains consuming equivalent
calories on HFD37, 38. Therefore, RYGB seems to reverse the primary metabolic disorder
resulting in the obesity of DIO C57BL/6 mice, without affecting intake. In contrast,
hyperphagia contributes substantially to the obesity of MC4R-deficiency, and intake is
reduced in ChAT-MC4R and MC4R-Het mice after RYGB. In addition, RYGB reduces
intake in other hyperphagic mouse models of obesity we have tested (data not shown). Thus,
our model is competent to reduce intake, a hallmark of the human procedure, and the lack of
effect in DIO C57BL/6 mice is a limitation of the DIO model itself.

Similarly, dysglycemia in DIO C57BL/6 mice is predominately the result of elevated hepatic
glucose production rather than reduced peripheral uptake.40 Thus, the predominant hepatic
effect we observed may also be due to innate characteristics of the DIO C57BL/6 model,
explaining the apparent discrepancy with increased uptake observed after RYGB in
patients.42 However, equivalent glucose uptake despite substantially reduced basal and
stimulated plasma insulin compared to Sham mice suggests that glucose uptake may actually
be increased after RYGB. While this could be clarified using insulin clamp technology, this
methodology is beyond the scope of the manuscript and would still be confounded by the
substantial reductions in body weight, fat mass, and lean mass observed after RYGB.

The effect of RYGB on energy expenditure represents ～10% of daily energy intake. It is
slightly less than the calorie restriction required to induce comparable weight reduction in
CRWM-Sham mice demonstrating the magnitude of anabolic compensation occurring in
CRWM-Sham mice and catabolism induced by RYGB. Thus, RYGB mice remain catabolic
despite sustained and substantial weight loss as well as a reduction in leptin capable of
inducing a compensatory anabolic response in CRWM-Sham mice. This suggests enhanced
leptin sensitivity and defense of a lower body weight after RYGB. In addition, RYGB-
treated MC4R-Het, but not MC4R-null, mice resist HFD-induced positive energy balance
and weight gain further suggesting defense of a lower body weight after RYGB as well as
plasticity of the RYGB-induced thermogenic response based on energetic needs. These
findings are incompatible with an anatomic mechanism of weight loss, which would induce
a compensatory anabolic response as seen in CRWM-Sham mice. Instead, they suggest that
RYGB induces a new steady-state of energy homeostasis at a lower body weight via
MC4Rs.
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In summary, we demonstrate neuronal mechanisms whereby effects of RYGB on glucose
homeostasis diverge from its effects on energy expenditure and body weight. MC4Rs in
cholinergic preganglionic vagal motor neurons transmit effects of RYGB on glucose and
lipid homeostasis independent of changes in food intake, body composition, and body
weight. In contrast, MC4Rs in cholinergic preganglionic neurons of the sympathetic IML
transmit effects of RYGB on energy expenditure and body weight. Our findings suggest
neuronally-mediated enhanced insulin signaling in the liver also mediates a reduction in
glucose output and resolution of hepatic steatosis. This mechanism likely explains early,
weight-independent effects of RYGB on diabetes in humans. In support of this hypothesis,
carriers of the MC4R(I251L) variant exhibit enhanced early diabetes resolution after surgery
that is weight-independent compared to non-carriers. Thus, MC4Rs coordinate an efferent
autonomic mechanism utilized by RYGB to induce its beneficial effects in mice and
humans.

Methods
Animals

Studies were conducted in accordance with UT Southwestern Institutional Animal Care and
Use Committee and the Association of Assessment and Accreditation of Laboratory Animal
Care policies. Where specified, animals were provided rodent chow (2016, Teklad) or HFD
(D12492, Research Diets). LoxTB-MC4R (MC4R-null) and ChAT-cre, loxTB-MC4R
(ChAT-MC4R) were a kind gift from Brad Lowell; Phox2b-cre, loxTB-MC4R (Phox-
MC4R) mice were generated as described.20, 21 All mouse models were back-crossed (at
least 8 generations) into a pure C57BL/6 background.

Surgery
RYGB involved gastrointestinal reconstruction connecting a restricted proximal gastric
pouch to a jejunal afferent limb (Supplemental Figure 1D). The proximal gut was excluded
from alimentary flow using a hemostasis clip (Ethicon) placed just distal to the gastro-
jejunostomy. Sham procedure involved gastrotomy, enterotomy, and repair. Anesthesia was
provided using a scavenged circuit of isoflurane and anesthesia time standardized between
groups. Mice were maintained on a standardized post-operative protocol during which liquid
diet was provided from post-operative day 2-7. On post-operative day 6, 0.25g of HFD was
provided on a daily basis until consumed in its entirety. Subsequently, solid diet was re-
introduced ad libitum.

Study design
C57BL/6 males were maintained on HFD diet from 6 weeks of age; MC4R models on
regular chow from weaning. Upon reaching 50g (12-14 weeks on HFD for DIO; 18-22
weeks of age for MC4R models), mice were randomized to RYGB or sham operations. A
subset of sham-operated DIO and ChAT-MC4R mice were weight-matched to their RYGB
counterparts by calorie restriction (CRWM-Sham). After post-operative recovery, mice were
provided HFD (DIO) or regular chow (genetically-modified mice) ad libitum. Body
composition was evaluated using a Minispec mq10 NMR (Bruker Optics). Food intake was
measured over 4 consecutive days during week 4, unless otherwise noted. Physical activity
was measured in metabolic cages during week 5 (TSE Systems GmbH). Glucose
homeostasis, including in vivo NMR metabolic flux and insulin signaling, was evaluated
during weeks 6-8. Animals were sacrificed during week 8.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RYGB Roux-en-Y gastric bypass

MC4R melanocortin-4 receptor

DIO diet-induced obesity

CRWM-Sham calorie-restricted, weight-matched Sham

HFD high fat diet

DMV dorsal motor vagus

IML intermediolateral nucleus
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Figure 1. RYGB induces weight loss in DIO mice
(A) Total body weight (left) during post-operative week 6 and expressed as a percentage of
pre-operative weight (right) in RYGB-treated (red), Sham (blue), and calorie-restricted,
weight-matched Sham mice (CRWM-Sham, in green) (n=27, RYGB; n=29, Sham; n=12,
CRWM-Sham). (B) Reduced fat and lean mass in RYGB and CRWM-Sham mice (n=4/
group). (C) RYGB did not reduce food intake (n=11-25/group). Daily calorie restriction
required to weight-match CRWM-Sham mice (n=12) to RYGB mice is shown in green. (D)
RYGB reduced feeding efficiency (weight gain per kJ consumed). Feeding efficiency
remained substantially reduced after adjusting for fecal energy losses (Adj. feeding
efficiency)(n=11-25/group). (E) Energy expenditure was increased by 33% after RYGB
(n=11-25/group). (F) Calorie absorption was slightly reduced after RYGB (n=8/group). *p<.
05 vs. Sham, ++p<.05 vs. CRWM-Sham.
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Figure 2. RYGB improves hepatic glucose homeostasis in DIO mice
(A) RYGB reduced fasting glucose (left), fasting insulin (middle), and HOMA-IR (right)
(n=4-11/group). (B) RYGB improved oral glucose tolerance, (C) reduced glucose-stimulated
plasma insulin, and (D) improved insulin tolerance, presented as % of baseline glucose to
control for differences in baseline glucose (n=5-6/group). (E) RYGB reduced basal
endogenous glucose production, gluconeogenesis, and glycogenolysis as measured during
week 6 using in vivo NMR metabolic flux analysis (n=5-9/group). (F) RYGB increased
insulin-stimulated IRS2 tyrosine phosphorylation and protein expression (n=4/group). IP,
immunoprecipitate; IB, immunoblot. *p<.05 vs. Sham, ++p<.05 vs. CRWM-Sham.
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Figure 3. MC4Rs in autonomic neurons mediate effects of RYGB on energy expenditure and
body weight
(A) RYGB-induced weight loss was attenuated in both MC4R-null (left) and Phox-MC4R
mice (middle). In contrast, RYGB induced substantial weight reduction in ChAT-MC4R
mice (right). The weight reduction observed in ChAT-MC4R mice was comparable to that
seen in DIO mice (See Supplemental Figure 3). Body weight is presented as total (bottom)
and also expressed as percentage of pre-operative weight (top), to facilitate comparison of
the relative effects of RYGB across genotypes (n=22-24/group, MC4R-null; n=6-22/group,
Phox-MC4R and ChAT-MC4R). (B) RYGB failed to increase energy expenditure in MC4R-
null and Phox-MC4R mice (n=10-25/group, MC4R-null; n=6-22/group, Phox-MC4R). In
contrast, RYGB increased energy expenditure in ChAT-MC4R mice, consistent with their
weight loss (n=6-22/group, ChAT-MC4R mice). (C) RYGB reduced body weight of obese
MC4R-Het mice by 25% during week 6 (n=7-10/group). Consistent with their weight
reduction after RYGB, energy expenditure was increased in MC4R-Het mice (n=7-10). (D)
RYGB improved fasting glucose, fasting insulin, and HOMA-IR in MC4R-Het mice
(n=7-10). *p<.05 vs. Sham.
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Figure 4. MC4Rs in parasympathetic vagal motor neurons mediate effects of RYGB on glucose
homeostasis independent of changes in body weight
(A-F, left panels) RYGB significantly reduced fasting glucose in MC4R-null mice, but
failed to produce statistically-significant improvements in other measures of glucose
homeostasis: insulin (B), HOMA-IR (C), glucose tolerance (D), glucose-stimulated plasma
insulin (E), and insulin tolerance (F), presented as % of baseline glucose to control for
differences in baseline glucose (n=6-14/group). (A-F, middle panels) In contrast, RYGB
reduced fasting glucose (A) and insulin (B), and improved HOMA-IR (C), oral glucose
tolerance (D), and insulin tolerance (F) in Phox-MC4R mice, despite a similar blunted
weight-reduction as seen in MC4R-null mice. RYGB did not reduce their glucose-stimulated
plasma insulin (n=6-7/group). (A-F, right panels) Consistent with their substantial weight
reduction, fasting glucose (A), fasting plasma insulin (B), and glucose-stimulated plasma
insulin (C) were reduced and oral glucose tolerance improved (D) in RYGB-treated ChAT-
MC4R mice and CRWM-Sham ChAT-MC4R mice (n=6-7/group). *p<.05 vs. Sham.
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Figure 5. RYGB induces resistance to HFD-induced weight-gain
(A) RYGB-treated MC4R-Het mice fail to gain weight upon challenge with HFD for 8 days
compared to Sham mice. In contrast, Sham- and RYGB-treated MC4R-null mice gained
substantial and equivalent weight (n=4-11/group) (B) Food intake was increased on HFD in
RYGB-treated and Sham-operated mice of both genotypes (n=4-11/group). (C and D)
Sham-operated MC4R-Het and MC4R-null mice and RYGB-treated MC4R-null mice
assimilate all excess consumed energy on HFD as body mass at an elevated metabolic
efficiency. Energy expenditure is reduced in Sham-operated MC4R-Het mice as a
compensation for their weight gain on HFD. In contrast, RYGB-treated MC4R-Het mice fail
to increase their metabolic efficiency on HFD. In addition, their elevated energy expenditure
persists and remains elevated versus Sham MC4R-Het mice (n=4-11/group). *p<.05 RYGB
vs. Sham or HFD vs. RC.
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Figure 6. MC4Rs mediate beneficial effects of RYGB on glucose homeostasis in humans with
rare MC4R variants
(A) Post-operative weight, expressed as a percentage of pre-operative BMI (%BMIs), was
equivalent in MC4R(I251L) carriers (green; n=26), rare variant carriers linked to obesity
(red; n=18) and non-carriers (black; n=1399) at two weeks post-operative (range 10-20
days). (B) Resolution of type 2 diabetes (T2D), defined as cessation of all anti-diabetic
medications, in carriers of the MC4R(I251L) variant (green; 8 of 9 patients), carriers of rare
MC4R variants (red; 4 of 8) and non-carriers (black; 399 of 597) at 2 weeks, 2 months, and
6 months after RYGB.
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