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Because human energy metabolism evolved to favor adiposity over leanness, the availability of
palatable, easily attainable, and calorically dense foods has led to unprecedented levels of obesity
and its associated metabolic co-morbidities that appear resistant to traditional lifestyle interven-
tions. However, recent progress identifying the molecular signaling pathways through which the
brain and the gastrointestinal system communicate to govern energy homeostasis, combined
with emerging insights on the molecular mechanisms underlying successful bariatric surgery, gives
reason to be optimistic that novel precision medicines that mimic, enhance, and/or modulate
gut-brain signaling can have unprecedented potential for stopping the obesity and type 2 diabetes

pandemics.

Introduction

Our ancestral environment pressured an intertwined evolution
between the human brain and the gastrointestinal (Gl) tract
(Aiello and Wheeler, 1995). Over the past 4 million years, the
hominid brain has grown from an interior cranium volume of
~500-600 cm?® for our early ancestors to ~1,300-1,400 cm?®
for modern humans. In order to maintain a relatively stable meta-
bolic rate, this massive brain expansion was associated with cor-
responding adjustments in gut-size. Increasing availability of
easily digestible energy and nutrient-rich food sources might
have been the key prerequisite for this gut-brain coevolution
(Leonard et al., 2007), which was paralleled by an analogous
evolution of reciprocally coordinated metabolic cues between
peripheral tissues and the CNS. Yet, whether or not genetic pre-
disposition to storing excess energy continues to be an adaptive
advantage selected by natural selection remains a topic of
debate.

Over the last three decades, considerable progress has been
made in understanding how diet-induced peripheral signals are
integrated by neurobiological circuitries that govern energy
metabolism and feeding behavior. Nutrient intake and content
are immediately sensed and converted into gut-derived
humoral and neural signals. The CNS receives and integrates
this information, and in conjunction with environmental cues
including visual, taste, and olfactory stimuli as well as with in-
ternal cues related to adiposity, stress, past experience, and
many others, generates appropriate behavioral, autonomic,
and endocrine output completing the energy homeostatic
loop. Ironically, and despite our exponentially growing insight
into the molecular control of metabolism and systems biology,
modern humans have (mis)used the legacy of superior brain-
power to engineer a dietary environment that supersedes
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peripherally derived satiation and adiposity signals, exploits
the limbic system, is “unnaturally” energy-dense and hyper-
palatable, and comes in virtually unlimited quantities. This
“evolution” of our environment has, in less than a century,
overwritten millions of years of biological optimization and
has rapidly transformed Homo sapiens into an obese species
(Figure 1). Even worse, this transformation may already be im-
pacting future generations via deleterious epigenetic program-
ming (Huypens et al., 2016).

Reversing the pathological processes underlying obesity
and metabolic co-morbidities represents an essential task for
21st century biomedical research. Thus far, the most effective
treatment for severe obesity and diabetes is surgical re-orga-
nization of the gastrointestinal (Gl) system. Bariatric surgeries,
such as gastric bypass, result in a multitude of metabolic
benefits that for a majority of patients lead to a remission of
their lifestyle-induced complications including obesity, type 2
diabetes, and cardiovascular disease (Mingrone et al., 2015;
Schauer et al., 2014). Importantly, the physiological and mo-
lecular underpinnings of the metabolic benefits of the bariatric
surgeries are beginning to emerge (Seeley et al., 2015), offer-
ing insights for inventing more effective pharmacotherapies
that could replace these invasive and irreversible surgical in-
terventions.

In this review, we highlight recent advances in unraveling
essential cross-talk between the Gl system and the brain
circuits that govern homeostatic and hedonic components of en-
ergy balance. Notable advances include insights resulting from
bariatric surgery as a key model of understanding human meta-
bolic physiology, insights that allow differentiating essential
from redundant gut-brain communication pathways. Impor-
tantly, these insights have now enriched and accelerated drug
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Contribution of genetic heritage and modern lifestyle to body weight

Figure 1. Contribution of Genetic Heritage
and Modern Lifestyle to Body Weight
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energy homeostasis.
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brain communication as a prime target
for developing superior therapeutics for
metabolic diseases.

Hypothalamic Integration of
Metabolic Status

The hypothalamic arcuate nucleus (ARC)
is located so as to directly receive circu-
lating hormonal and nutrient signals, and
ARC cells accordingly express a multi-
tude of hormone receptors and nutrient
sensors. The exceptional position for the

development programs, including advanced polypharmacy con-
cepts as well as the first metabolic-precision medicines (Finan
et al., 2016a; Kihnen et al., 2016; Oral et al., 2002).

Brain Control of Energy Homeostasis

In the middle of the 20" century, a series of elegant brain-lesion
studies revealed the existence of distinct hypothalamic areas
that foster increased food intake and weight gain (lateral hypo-
thalamic area [LHA]) and reduced food intake and weight loss
(ventromedial hypothalamic nucleus [VMH]), respectively (Bro-
beck, 1946). In parallel, it was speculated that an adipose tis-
sue-derived factor communicates the availability of peripherally
stored energy to these same hypothalamic areas (Kennedy,
1953, 1966). Inventive parabiosis experiments confirmed this
idea. Experiments utilizing VMH-lesioned rats and mouse strains
harboring mutations in obese (ob) or diabetic (db) alleles demon-
strated that both a circulating factor and a CNS sensor for this
factor are fundamental for the regulation of body fat (Coleman,
1973; Coleman and Hummel, 1969; Hervey, 1959). Decades
later, the responsible mutations were genetically identified lead-
ing to the discovery of leptin (Zhang et al., 1994) and the leptin
receptor (Lepr) (Tartaglia et al., 1995). Leptin was soon after
shown to target the brain (Maffei et al., 1995) and to act in the
brain to decrease body weight (Green et al., 1995). While the dis-
covery of leptin did not immediately translate into a cure for
human obesity, it ignited keen interest of scientists worldwide
in uncovering other signals and circuits governing metabolic pro-
cesses in health and disease. Insights from bariatric surgery,
breakthrough advancements in research on molecular meta-
bolism, technical revolutions transforming neuroscience, and a
wealth of information generated by Genome-Wide Association
Studies (GWAS), corroborated the important role of the CNS
for the pathogenesis of obesity and are now positioning gut-

ARC to serve as a sensing and orches-

trating conduit is based in part on its
proximity to the neighboring median eminence, which as a cir-
cumventricular organ, is not fully protected by a functional
blood-brain barrier (Schwartz et al., 2000). One area where
particularly significant progress has been made in the last two
decades concerns the physiological and molecular roles of
sub-populations of ARC neurons that have distinct neuropeptide
expression and consequently functional profiles, including those
that express the orexigenic Agouti-related protein (Agrp) and
the anorexigenic pro-opiomelanocortin (POMC), respectively,
neuropeptides that are prototypical regulators of energy meta-
bolism. These neurons are highly sensitive to metabolic status
and adjust energy intake through bimodal melanocortin-4 recep-
tor (MC4R) modulation. Another potent orexigenic peptide,
neuropeptide Y (NPY), is co-expressed with AGRP. AGRP/NPY
neurons project directly to POMC neurons and upon stimulation
inhibit POMC firing through inhibitory Y1 and GABA receptors
among likely multiple other levels of intercellular communication
(reviewed in Waterson and Horvath, 2015).

Coordinated activity of POMC relative to AGRP and NPY is a
major determinant of feeding behavior and body weight regula-
tion. Identifying the significance of MC4Rs located in the nearby
hypothalamic paraventricular nucleus (PVN) to integrate this infor-
mation into a larger neural feeding circuitry represents a hallmark
success of modern obesity research: loss-of-function mutations
in the MC4R gene lead to severe obesity in both rodents (Huszar
et al., 1997) and humans (Farooqi et al., 2003; Yeo et al., 1998).
Consequently, several drug development initiatives have been
initiated to advance efficacious MC4R agonists (Fani et al.,
2014). Despite these efforts and the recognized role of MC4R in
energy homeostasis, the exact neuronal circuitry downstream of
MCA4R remains remarkably uncharted (Krashes et al., 2016).

In addition to receiving input from the ARC, the PVN also inte-
grates information from the LHA, the VMH, and the dorsomedial
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nucleus (DMN). The intercommunication among neurons in these
distinct hypothalamic nuclei is multidirectional, and through sys-
tematic and persistent efforts, researchers are currently working
to delineate the complex intrahypothalamic wiring governing en-
ergy homeostasis and systemic metabolism (Branco et al., 2016;
Garcia-Caceres et al., 2016; Koch et al., 2015; Stanley et al.,
2016; Steculorum et al., 2015; Tan et al., 2016).
Hindbrain Sensing of Gut-Derived Satiation Factors
Whereas the hypothalamus plays an essential role in directly
sensing and integrating peripheral inputs denoting nutrients in
the blood with hormonal signals indicating the amount of fat
stored in the adipose tissue (leptin and insulin), the regulation of
energy homeostasis is actually coordinated by a complex neuro-
circuitry involving multiple brain regions. In particular, the caudal
brainstem represents another major integrative gut-brain hub.
During the course of a meal, this brain region is flooded with
afferent information pertaining to the composition and quantity
of nutrients being ingested (Grill and Hayes, 2012). The area post-
rema (AP), a circumventricular organ analogous to the hypotha-
lamic ARG, is located on the caudal brainstem and ideally situated
to receive and integrate circulating metabolic signals including
leptin, amylin, cholecystokinin (CCK), glucagon-like peptide-1
(GLP-1), peptide YY (PYY), ghrelin, and others, each of which
can influence satiation, or how much food will be consumed
in the ongoing meal. The AP projects to the adjacent nucleus
tractus solitarius (NTS) that in turn relays visceral information via
monoamine-expressing neuronal projections to other brain areas
including several hypothalamic nuclei (Grill and Hayes, 2012).
As discussed in detail in the next section, the NTS receives a
continuous flow of information from the gut, in part from vagal
afferent fibers that innervate large parts of the intestinal wall
and gastric mucosa and that convey the volume and composi-
tion of food being ingested by secreting peptide hormones
such as CCK and GLP-1. These then act in a paracrine fashion
on their receptors located on the surface of local vagal afferent
fibers in the intestine that project to the NTS; these vagal neurons
thus convert nutrient-dependent changes in the gut-hormonal
milieu into electro-chemical information that is relayed to the
NTS (Berthoud and Morrison, 2008). Neurons in the NTS inte-
grate the incoming vagal information with other neuroendocrine
signals, including locally synthesized GLP-1 and CCK, such that
the magnitude of the incoming responses to the gut-derived
signals can be enhanced or suppressed before being
relayed from the NTS to other brain areas (Barrera et al., 2011;
D’Agostino et al., 2016; Herbert and Saper, 1990; Larsen et al.,
1997). Thus, multiple layers of perpetual gut-derived information
on nutrient availability and metabolic balance highlights that
mammals, including Homo sapiens, have evolved a highly com-
plex metabolic control system.
Role of Hedonic Eating and Food Reward in Energy
Homeostasis
Around 80 AD, the philosopher Musonius Rufus observed that:
“pleasure associated with eating a gourmet cuisine creates a
desire for overeating and humans will choose food that is
pleasant over food that is nutritious” (Cynthia, 2010). Today,
we refer to this as hedonic food intake involving “food reward,”
a phenomenon describing the consumption of palatable foods
beyond the need-based energy requirements of the organism
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(Kenny, 2011). Animals and humans given a choice between
rewarding and non-rewarding foods disproportionally over-
consume the palatable rewarding food, often in quantities
beyond their energetic needs (Rising et al., 1992; Sclafani and
Springer, 1976). Intriguingly, despite having free access to nutri-
tious but less appealing food, animals willingly endure consider-
able discomfort such as cold to obtain rewarding and palatable
foods (Cabanac and Johnson, 1983; Oswald et al., 2011), under-
lining the potent impact of the reward system and its temporal
uncoupling from energy need-based circuits.

Ample evidence supports the concept that neurons located in
the midbrain that project anteriorly to the nucleus accumbens
(i.e., the mesoaccumbens dopamine system) play an essential
role for integrating and incorporating the rewarding properties
of foods into ingestive behavior. Notably, the prototypical endo-
crine regulators of energy homeostasis, such as leptin, insulin,
ghrelin, and GLP-1, besides acting in the hypothalamus and
NTS, also directly act upon these dopaminergic neurons in the
midbrain to influence hedonic feeding (Dickson et al., 2012; Far-
ooqi et al., 2007; Figlewicz, 2016; Fulton et al., 2006; Skibicka
et al., 2012). This information appears to be intertwined with
emotion-related information arising from the limbic system and
energy-need cues coming from the LHA, and all of this informa-
tion is relayed to cortical regions where it processed to execute
an appropriate behavioral response such as eating or satiation.
The Overfed Brain: Neuronal Perturbations Leading to
Obesity
For the first time in history, we have reached a situation where
our planet harbors more obese than underweight humans (Di An-
gelantonio et al., 2016). The whole-body energy homeostasis
model implies that biological processes have emerged to main-
tain stable fuel availability independent of environmental condi-
tions (Schwartz et al., 2000). Despite the fact that many individ-
uals maintain a relatively constant body weight without heeding
energy intake or expenditure, the doubling of the prevalence of
obesity in just 30 years arguably implies that human “energy ho-
meostasis” may be an oxymoron. Instead, humans may have
evolved a regulatory system biased toward defending body fat
over leanness (Chakravarthy and Booth, 2004; Schwartz et al.,
2003). The drifty gene hypothesis suggests that weight gain
was released from selection pressure when our ancestors
evolved from the risk of predation around 2 million years ago
(Speakman, 2014). Consistent with this view, the neuronal cir-
cuitry defending body weight arguably predominates the cir-
cuitry defending against weight gain (Henry et al., 2015; Wu
et al., 2012). Further, the majority of the genetic polymorphisms
linked to obesity relate to proteins either expressed in the brain
or exerting their most important functions in the CNS to control
feeding behavior or relevant components of systemic meta-
bolism (Locke et al., 2015).

Although researchers are struggling to comprehend the
full scope of the genetic and epigenetic factors, patterns, and
processes driving the obesity pandemic, our knowledge
of the immediate neuronal response following exposure to
an energy-rich palatable diet has grown exponentially over the
last 20 years. However, interpretive complications and unfore-
seen complexities arise as rapidly as new information comes
in. For example, whereas a decrease of leptin, the adipose
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Figure 2. Gut-Brain Cross-Talk in Eating
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cells that, in humans, have the surface
area of a tennis court (Madara, 2011).
Third, nutrient absorption and subse-
quent metabolic processing determines
the thermic effect of food, a small but sig-
nificant portion of total energy expendi-
ture (de Jonge and Bray, 1997).
Enteroendocrine Cells Are Primary
Nutrient Sensors

tissue-derived hormone secreted in direct proportion to body fat,
potently initiates overfeeding and weight gain, excess leptin gen-
erates only moderate physiological responses, limiting leptin’s
therapeutic potential as a weight-loss agent (Heymsfield et al.,
1999; Zelissen et al., 2005). As another example, in addition to
influencing satiation and energy homeostasis via their energetic
value, individual nutrients are increasingly acknowledged as
signaling molecules that increase brain (including hypothalamic)
inflammatory responses that secondarily interfere with the regu-
lation of energy balance (Valdearcos et al., 2015). Finally, there is
a disconnect between the long-held concept that body fat is ho-
meostatically defended, sometimes referred to as the set-point
model of adiposity, and the reality that palatable diets, stress,
experience, and a multitude of other factors determine the actual
amount of fat that is achieved and defended (Ramsay and
Woods, 2014). Despite the nuances of these complexities, it is
increasingly clear that reward, hedonic, and energy need-based
circuits are closely interconnected and reciprocally influence one
another (Figure 2).

Gastrointestinal Control of Energy Homeostasis

The Gl tract is involved in several aspects of energy homeosta-
sis. First, the alimentary canal is essential for nutrient absorption
and the delivery of fuels to the organism. Like other vital func-
tions, such as breathing, nutrient processing and absorption
are largely automatic, relying on elaborate hormonal and neural
feedback systems that have evolved over millions of years.
The alimentary tract even has its own “enteric” brain containing
as many neurons as the spinal cord and capable of executing all
basic functions in the absence of input from the brain and other
organs (Furness, 2012). Second, the gastrointestinal tract utilizes
a significant portion of energy for itself, and this is due to
its considerable mass and the constant turnover of epithelial

The regulation of energy balance by

the brain requires accurate information
regarding the influx of energy. This is accomplished by nutrient
sensor mechanisms distributed along the entire alimentary ca-
nal, starting with the gustatory system in the mouth and terminat-
ing with sensors in the hepatic portal vein (Berthoud, 2008a).
Throughout the Gl tract, specialized endothelial cells called en-
teroendocrine cells sense the luminal content and trans-epithe-
lial flux of nutrients and consequently release hormones and
paracrine factors (Gribble and Reimann, 2016) informing the
brain and other organs either directly through the circulation or
by affecting sensory neurons projecting to the brain.

More than 100 years ago, secretin was the first Gl hormone
discovered, and the list is now quite long and includes the incre-
tins GIP and GLP-1 as well as the satiation peptides CCK and
ghrelin (Gribble, 2012; Rehfeld, 1998). All are secreted from en-
teroendocrine cells interspersed among the enterocytes lining
the gut lumen. The existence of different combinations of G pro-
tein-coupled receptors and transporters in these enteroendo-
crine cells, and their differential distribution along the gut, enable
them to sense all major nutrients (Reimann et al., 2012).
Intrinsic and Extrinsic Innervation of the Gut
The Gl tract is innervated by both the sympathetic and parasym-
pathetic nervous systems as well as by primary sensory nerves.
The densest and most widespread innervation comes from vagal
afferent neurons located in the nodose ganglia (Berthoud and
Neuhuber, 2000; Berthoud et al., 1997). These bipolar neurons
innervate all layers of the gut wall from esophagus to colon
and their proximal extensions terminate in the NTS. Sensory ter-
minals innervating the external muscle layers and the myenteric
plexus of the gut act as mechanical stretch and tension sensors,
respectively (Berthoud and Powley, 1992; Zagorodnyuk et al.,
2001) while terminals in the mucosa are thought to be mainly
chemosensors (Berthoud et al., 1995; Berthoud and Patterson,
1996; Blackshaw and Grundy, 1990; Powley et al., 2011).
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Functions of the Gl tract, pancreas, and liver are all also modu-
lated by efferent vagal (parasympathetic) and sympathetic motor
outflow, with vagal input generally accelerating and sympathetic
input generally slowing intestinal transit and absorptive capacity.
These autonomic inputs indirectly control food intake and energy
balance by changing sensory and hormonal signaling to the brain
(Berthoud, 2008b).

Gut Nutrient Sensing Can Be Both Satiating and
Appetizing

There is no doubt that gut and brain intimately communicate with
each other. What has been less clear is how much this communi-
cation contributes to the controls of food intake and energy
expenditure and to the regulation of energy homeostasis. While
early views focused almost exclusively on the satiating action
of post-oral nutrients (Gibbs et al., 1973; Smith, 1996), it is now
recognized that nutrients in the gut, and even in the circulation,
also act to stimulate appetite and food intake (for review see Scla-
fani and Ackroff, 2012). This is based on studies using the “elec-
tronic esophagus,” wherein rodents can choose to lick from
either of two bottles containing different flavored non-nutritive
solutions, with each lick triggering intragastric or intraduodenal
infusions of glucose, fat, or saline. In many conditions, licking
particular solutions leads to a learned preference for the flavor
associated with the nutrient (Lucas and Sclafani, 1989; Sclafani,
2004). In distinction to the feed-back mechanisms of satiation,
the term “appetition” was coined for this feed-forward phenom-
enon (Sclafani, 2013). Using this paradigm, it was demonstrated
that the sodium-glucose transporter-1 (SGLT1) is required for
post-oral glucose (Sclafani et al., 2016), and the fatty acid sensors
GPR40 and GPR120 for post-oral fat (Sclafani et al., 2013), to
mediate the development of preferences for flavors associated
with glucose or fats, respectively. Interestingly, in contrast to
the satiating post-oral effects of carbohydrates and fats, neither
vagal afferents nor sensory fibers in the splanchnic nerve are
essential for these “appetition” effects (Sclafani et al., 2003).
Further, ghrelin signaling, which is known to stimulate appetite
when administered systemically, is not necessary for sugar or
fat to condition flavor preferences (Sclafani et al., 2015).

More recently, sugar sensing in the gut has been linked to
the brain’s dopamine/positive hedonic circuits that drive food
intake. Specifically, infusion of glucose into the gut, but not
into the mouth, triggered dopamine release in the dorsal stria-
tum, a forebrain reward area, whereas glucose or non-caloric
sweeteners infused into the mouth triggered dopamine release
only in the ventral striatum (nucleus accumbens and ventral pal-
lidum) (Tellez et al., 2016). Importantly, the dorsal striatal dopa-
minergic circuit sensitive to the nutritional value of glucose in
the gut was able to override any inhibitory signals generated
by the mouth. If confirmed, this logic may explain why, over
the long term, energy content trumps taste when it comes to
food choice. The same group of researchers demonstrated
that surgically bypassing the duodenum and jejunum in mice
abolished the dopamine-stimulating and appetite-enhancing
effects of intragastric glucose (Han et al., 2016), suggesting
this as a critical mechanism underlying the reduced sweet
craving and carbohydrate intake after bariatric surgery in rodents
(Shin and Berthoud, 2011; Tichansky et al., 2011; Wilson-Pérez
et al., 2013b).
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The Overfed Gut: Desensitization of Nutrient-Sensing
Pathways

Chronic exposure to high-fat diets (HFDs) can lead to structural
and functional changes in the gut nutrient-sensing pathways ex-
tending from the mucosa to the brain (for recent reviews see
Brandsma et al., 2015; Teixeira et al., 2012). HFD-induced
changes generally increase as a function of time on the diet,
with changes after 1 week being fully reversible, but with changes
after several weeks not being reversible and correlating with the
onset of obesity (Hamilton et al., 2015). Importantly, offspring of
HFD-induced obese mothers also have impaired gut barrier func-
tions and increased oxidative stress markers (Xue et al., 2014).
Impairment of intestinal barrier function activates the innate im-
mune system and ultimately leads to obesity, insulin resistance,
and hepatic steatosis. Reduced secretion of gut hormones
responsible for the incretin effect and satiation may mediate these
effects. In addition, reduced sensitivity of vagal afferent neurons
to gut nutrient signaling may enhance hyperphagia and impair gly-
cemic control (de Lartigue et al., 2014). However, because vagal
deafferentation with capsaicin at the beginning of a HFD regimen
in rats led to a modest decrease, rather than an increase, in
visceral fat accumulation (Stearns et al., 2012), the contribution
of vagal afferents to the pathogenesis of obesity remains unclear.

Attempts to capitalize on extrinsic and intrinsic enteric nervous
system innervation of the gut as targets for neuromodulation
strategies in the prevention or reversal of obesity and metabolic
diseases have had relatively little success. The recently approved
V-Bloc device, which uses high-frequency stimulation of the
abdominal vagal trunks to block all (sensory and motor) vagal
communication between the gut and the brain, has only modest
effects on body weight (lkramuddin et al., 2014). Similarly, gastric
pacing through implanted serosal electrodes that likely affect
enteric nervous system activity has not brought the expected re-
sults on body weight control (Hasler, 2009). These rather disap-
pointing outcomes are likely due to the non-specificity of the
nerve manipulations. Autonomic and sensory innervation of pe-
ripheral organs is not an all-or-none phenomenon and rather is
functionally highly specific. Until we understand this functional
specificity, such crude manipulation attempts are premature
and ill-conceived. The modern genetics-based neural manipula-
tion techniques that revolutionized central nervous circuit map-
ping (Sternson and Roth, 2014; Wouterlood et al., 2014) are
now ready to be applied to the peripheral and enteric nervous
systems. Early reports with deletion or stimulation of selective
populations of vagal afferents demonstrate the potential of this
strategy (Udit and Gautron, 2013). This should lead to more
informed and specific neuromodulation strategies for more pro-
found and sustained effects on body weight regulation.

In sum, the brain and the gut are each endowed with a rich
neural and hormonal intrinsic control system, the two governing
separate but overlapping aspects of energy balance. While these
two organ systems can function independently of one another,
there is normally a highly complex exchange of information be-
tween the two that is both neurally and hormonally mediated.
Identifying the key signaling mechanisms underlying the normal
functioning of all parts of the gut-brain axis, and devising ways to
intervene with them, is a major goal and challenge for tackling
metabolic disorders.



Bariatric Surgeries: Toward Understanding Gut-Brain
Signaling and Cooperation

Some of the most compelling evidence for a role of the gut-brain
axis to regulate multiple aspects of metabolism comes from the
clinical effects of bariatric surgery. In fact, nothing currently avail-
able in the clinic is nearly as effective as bariatric procedures to
produce large and sustained weight loss. Interestingly, the dra-
matic efficacy of these procedures was not the result of careful
hypothesizing about cross-talk between the gut and other organ
systems. Rather, the effects of procedures such as the Roux-en-
Y gastric bypass (RYGB) were secondary effects observed when
they were used to treat ulcers. Observant surgeons noticed
distinct weight loss and improved metabolic endpoints in pa-
tients that received a RYGB (Celio and Pories, 2016).

These observations led some surgeons to advocate for
greater use of bypass procedures in obese patients, as well as
to hypothesize how it is that surgical rearrangement of the Gl
tract can result in such profound effects. Not surprisingly, these
surgeons focused their hypotheses on the mechanical aspects
of the surgery itself. RYGB involves creating a small gastric
pouch just below the distal end of the esophagus, thereby “re-
stricting” patients from overeating by limiting the size of individ-
ual bouts of ingestion. RYGB also reroutes calories because the
jejunum becomes linked directly to the small gastric pouch, the
alimentary canal now bypassing the rest of the stomach and up-
per duodenum. With the absorptive capacity of the duodenum
lost, the procedure was also thought to result in “malabsorp-
tion,” with some otherwise absorbable calories lost in the feces
(Celio and Pories, 2016).

These mechanical hypotheses about bariatric surgery have
generated a powerful narrative that remains the dominant para-
digm for explaining surgical effects, including to patients. It also
happens to be almost entirely false. In fact, a basic understand-
ing of how body weight is regulated presents conundrums for the
mechanical explanations. Body weight loss is typically counter-
acted by powerful responses that include increased hunger in
response to falling leptin and insulin levels (Schwartz et al.,
2000). If surgery made it harder to ingest or absorb calories, pa-
tients would become dramatically hungrier. What is observed,
however, is that despite pronounced weight loss, patients report
being less hungry (le Roux and Bueter, 2014).

Other evidence comes from comparing surgical procedures,
which result in relatively comparable and profound efficacy. In
vertical sleeve gastrectomy (VSG), 80% of the stomach is
removed along the greater curvature. This is often considered
a “restrictive” procedure due to the greatly reduced size of the
remaining stomach; however, with no rerouted calories, caloric
absorption should be normal. Relative to RYGB, VSG creates
only a portion of the restriction (i.e., the remaining stomach is
much larger than RYGB pouch) and it does not result in malab-
sorption. Further, in some reports, VSG has comparable efficacy
as RYGB in terms of weight loss and resolution of type 2 diabetes
(Colquitt et al., 2014).

Further evidence that mechanical explanations do not
adequately explain the effects of these procedures comes
from rodent models that mimic the weight loss and improved
metabolism observed in humans. First, following either RYGB
or VSG, rodents resume eating the same number of calories as

the sham-surgery controls within 2 months (Stefater et al,
2010). They maintain the weight loss but do so with normal
food intake despite no evidence of dilation of the restrictive ele-
ments of the surgery that might undermine its efficacy from a me-
chanical perspective (Chambers et al., 2011). Moreover, rodents
defend this new lower body weight in the same manner as unop-
erated control animals. When further food restriction is forced
upon the animal, it loses weight as expected. However, once
ad lib food is returned, it overeats and recovers the lost weight,
thus defending body weight, and this occurs after both RYGB
and VSG (Stefater et al., 2010). If the lost weight were primarily
the result of restriction, animals should be unable to further in-
crease their intake because they were already “underweight”
compared to their sham-operated controls. As there is nothing
physically preventing them from consuming additional calories,
the key point is that animals choose not to overeat after the
surgery, presumably because of altered signals from the gut indi-
cating that this new reduced weight is appropriate.

Lastly, other biological circumstances that increase food
intake in unoperated controls also do so in animals with surgical
interventions. For example, female rats with a VSG gain weight
during pregnancy in a manner identical to that of sham-operated
controls (Grayson et al., 2013). Moreover, once the litter arrives
and the dam now has to feed 10-12 hungry mouths through
lactation, VSG females can double their caloric intake to
keep up with the increased caloric demand just as happens in
sham-operated controls.

The important point is that while it may seem obvious that
surgery results in a mechanical alteration of the gastrointestinal
tract, it is less obvious that this mechanical alteration (restriction
and/or malabsorption) actually underlies its effect. The alterna-
tive is to hypothesize that bariatric surgery’s effects are the result
of altered gut signals that act in the brain and other organs to
alter the physiological system that regulates body weight and
other important aspects of metabolism. Changes in the relative
levels of various gut hormones represent one such potential
signal and have received considerable attention as potential me-
diators of the effects of bariatric surgery (Makaronidis and Bat-
terham, 2016). The evidence for an important role of classic
gut hormones such as GLP-1, PYY, or ghrelin are decidedly
mixed. In genetic mouse models, loss of function of the GLP-1
receptor or of ghrelin does not impair the effects of either VSG
or RYGB (Chambers et al., 2013; Wilson-Pérez et al., 2013a).
In humans, however, acute blockade of the GLP-1R is at least
partly efficacious at reversing the impact of RYGB on classical
incretin effects, including effects to increase insulin secretion
(Salehi et al., 2011). A causal role of altered gut hormones
remains an area of great controversy and a full explication of
that controversy is beyond the scope of the present review.
Nevertheless, the mouse data point to the possibility that there
are mechanisms beyond these classic hormone systems that
are important contributors to surgical effects on weight and
metabolism (Figure 3).

Role of Bile Acids to the Metabolic Benefits of Bariatric
Surgery

Bile acids are made in the liver and, particularly in response to
the ingestion of fatty foods, are secreted into the duodenum
where they are essential for lipid absorption. Bile acids can be
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Gut-brain adjustments following bariatric surgery
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Figure 3. Gut-Brain Adjustments following
Bariatric Surgery

Cartoon overview of the biological adjustments in
the gut-brain axis following bariatric surgery in
obese subjects. In the gut, meal-induced peptides
and microbiota are significantly altered following
bariatric surgery. These adjustments contribute
to improved glycemic control and to numerous
behavioral adjustments that collectively contribute
to reduced caloric intake following the surgery.

secretion of gut hormones such as GLP-1
and PYY. However, intestinal rerouting
cannot be the only mechanism by
which the Gl tract alters signals to brain
and other organs. For example, greatly
enhanced secretion of GLP-1 is observed
in VSG even though there is no rerouting
of the chyme (Chambers et al., 2011; Stei-
nert et al., 2013). Thus, a critical issue
is just how the gut adapts to its new surgi-
cally altered reality and whether there are
their commonalities among successful
procedures that may suggest common
underlying mechanisms for their effects.
Brain Adaptations following
Bariatric Surgery

The earliest observations suggested
that following RYGB, patients changed

their hedonic and emotional rapport with

absorbed into the blood from the gut and then function as hor-
mones by acting on nuclear receptors such as FXR and cell-sur-
face receptors such as TGR5 (Kawamata et al., 2003; Wang
et al., 1999). Both VSG and RYGB increase the circulating levels
of bile acids, as well as alter their composition, in both rodents
and humans (Kohli et al., 2013; Patti et al., 2009), suggesting
the intriguing possibility that altered bile acid dynamics may
underlie some of the effects of these procedures. Whole-body
deletion of FXR results in mice that gain less weight on a HFD
but nevertheless have reduced responses to VSG for long-
term weight loss, reductions in food intake, and improvements
in glucose tolerance (Ryan et al., 2014). Mice with no TGR5
signaling have normal body weight loss following VSG, but
have less improvements in glucose regulation (McGavigan
et al., 2017). The point is that molecular targeting of bile acid
signaling provides evidence that alterations in bile acids are an
important physiological mechanism by which surgical interven-
tion can alter energy balance and metabolism.

A key question is how bariatric surgery alters these physiolog-
ical systems, including gut hormone secretion and bile acid dy-
namics, to enable such enduring improvements in body weight
and glycemic control (Figure 3). The most obvious possibility in
the case of RYGB is the presentation of under-digested chyme
into the distal Gl tract. Such chyme is then hypothesized to acti-
vate nutrient signaling on entroendocrine cells to drive increased
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food—they were less preoccupied with
thinking about food and began to prefer
low-calorie foods such as fruits and vege-
tables over high-calorie foods such as French fries and ice cream
(Ernst et al.,, 2009; Schultes et al., 2010). More vigorously
controlled human studies confirmed a reduced hedonic impact
of palatable foods (Ullrich et al., 2013), and rodent studies found
reduced “liking” and “wanting” of sweet and oily foods (Shin
et al.,, 2011) as well as a shift in preference away from fat and
to carbohydrate (Wilson-Pérez et al., 2013b).

Neural correlates of these hedonic shifts after RYGB were
identified in fMRI studies demonstrating weaker responses to
the sight of high-calorie foods and stronger responses to pic-
tures of low-calorie foods in corticolimbic and other brain struc-
tures compared to responses in obese subjects (Frank et al.,
2014; Ochner et al., 2012; Scholtz et al., 2014). In addition, one
PET study reported decreased dopamine receptor-2 availability
in the dorsal striatum 6 weeks after RYGB surgery in female pa-
tients (Dunn et al., 2010) (see Steele et al. [2010] for opposite
outcome). However, and importantly, all of these studies were
observational and associative. No study has directly tested the
importance of such changes in brain activity for the beneficial
effects of bariatric surgeries.

Potential Role for Gut Microbiota in Influencing
Gut-Brain Signaling and Energy Balance

The human gut is inhabited by trillions of microbes. Understand-
ing the symbiotic relationship between the gut microbiota and



the human host—and the possible functional contributions of
this ecosystem to human physiology and health—is currently
being actively pursued. The gut microbiome co-evolved with
our human ancestors, and gut bacteria have likely played a
vital complementary role for extracting energy and nutrients
from dissimilar food sources throughout our evolutionary history
(Schnorr et al., 2014) and they likely interact with gut-brain
signaling. For example, in response to a HFD, increased micro-
biota acetate production has been suggested to drive a patho-
logical feedback loop of overeating involving direct stimulation
of the parasympathetic nervous system and ghrelin secretion
(Perry et al., 2016). Conversely, prebiotic-induced microbiota
modulation may amplify GLP-1 and PYY secretion, exemplifying
that cross talk between enteroendocrine anorectic hormones
and gut bacteria might be exploited to benefit metabolic control
(Cani and Delzenne, 2009). Finally, insights into a gut-brain cir-
cuitry involving microbiota and bile acid signaling suggest poten-
tial opportunities for innovative therapeutic intervention points
(Degirolamo et al., 2014; Sayin et al., 2013). However, most re-
ports find metabolic changes to be either rather modest in
size, linked merely by association, or still awaiting replication,
and massive alterations of gut microbiota in clinical studies
have recently been documented not to impact energy homeo-
stasis or systemic metabolism in humans (Mikkelsen et al.,
2015; Reijnders et al., 2016).

Therapeutic Applications: Emerging Treatment

Avenues for Metabolic Diseases Based on Gut-Brain
Signaling

Converging evidence suggests that the metabolic benefits of
bariatric surgery are consequential to complex gastrointestinal
adjustments that generate signals “educating” the brain on the
new gut-environment, and these altered gut-brain signals some-
how lower the defended level of body fat and restore glycemic
control. Identifying and mimicking these altered signals should
be a major focus of research aimed to thwart the obesity/dia-
betes pandemic. Here, we provide an overview of a few promi-
nent pre-clinical avenues and highlight opportunities—and
knowledge-gaps—in the ongoing enterprise of transforming
our heightened understanding of the gut-brain axis into effective
and safe pharmacotherapies.

Mimicking Bariatric Surgical Enteroendocrine
Responses with Polypharmacy

Successful bariatric surgeries are associated with altered circu-
lating levels of numerous gut-derived factors including GLP-1
(Korner et al., 2007), CCK (Dirksen et al., 2013), PYY (Chan et al.,
2006), GIP (Naslund et al., 1998), bile acids (Patti et al., 2009), ghre-
lin (Cummings et al., 2002), neurotensin (Ratner et al., 2016),
FGF19, and FGF21 (Jansen et al., 2011). Because each of these
factors influences appetite and substrate metabolism, mapping
out the alterations in gut hormone secretion following bariatric
surgery has received sizeable attention over the last decade
(Madsbad et al., 2014). In context, this endeavor is considered
an appropriate starting point for designing novel pharmacother-
apies that could mimic the metabolic benefits of the surgeries.
Gut Peptide-Based Combinatorial Strategies

Perhaps the most outstanding endocrine adjustment following
bariatric surgery is amplification of postprandial GLP-1 secretion

(Falkén et al., 2011; Romero et al., 2012). GLP-1 targets the CNS
to promote satiation and the pancreas to intensify insulin secre-
tion, and through laborious pharmacological optimization, GLP-
1-based therapies have now obtained pharmacological pole-po-
sition for the dual treatment of obesity and diabetes (Clemmen-
sen et al., 2016). As a stand-alone therapy for type 2 diabetes,
GLP-1R agonists provide relevant yet insufficient metabolic ben-
efits that are limited by a dose-dependent increase in adverse Gl
events. Thus, combining GLP-1R agonism with suitable endo-
crine partners aiming for additive or synergistic metabolic bene-
fits without compromising safety may provide an optimal path
toward an incretin-based cure for obesity and its sequelae (Finan
et al., 2015a).

Secretion of both CCK and PYY are augmented by bariatric
surgery and each has thus been suggested to contribute to the
satiating effects resulting from the procedure. Whereas adminis-
tration of CCK together with GLP-1 has been reported to bestow
no additional benefits on satiation (Brennan et al., 2005; Gutzwil-
ler et al., 2004), co-infusion studies using GLP-1 and PYY report
additive lowering of food intake in animals (Neary et al., 2005)
and humans (De Silva et al., 2011), and this is further potentiated
by the addition of neurotensin (Grunddal et al., 2016). Nonethe-
less, co-administration of GLP-1 and PYY (with or without an
appropriate third agent) has yet to be tested in a controlled clin-
ical setting. The fact that both GLP-1 and PYY dose-dependently
increase nausea limits therapeutic utility of the combination.

A major obstacle to the development of efficacious weight
loss drugs is counter-regulatory biological adjustments to
pharmacotherapy-induced perturbations in energy balance. Tar-
geting anorectic pathways decreases energy expenditure and,
conversely, targeting energy expenditure stimulates appetite.
Thus, in order to sustain energy expenditure in the weight-
reduced state, administration of a thermogenic agent may be
useful. This would also imply that polypharmacy solely targeting
anorectic mechanisms (such as PYY and GLP-1 co-administra-
tion) might not offer sufficiently broad joint action profiles to
successfully treat obesity.

Glucagon agonism has recently been discovered to offer
the previously missing potential for safe and chemically achiev-
able addition of energy expenditure on top of incretin biology.
Indeed, mounting evidence based on innovative chemistry
and extensive biological studies now positions glucagon as a
relevant candidate to uphold energy expenditure in pharmaco-
therapy-induced weight loss (Day et al., 2009; Habegger et al.,
2010). Novel single-molecule glucagon/GLP-1 co-agonists
cause superior weight reduction relative to GLP-1 mono-ago-
nism (Day et al., 2009). In pre-clinical models, these dual-com-
pounds achieved benefits similar to bariatric surgery but without
apparent side effects. Follow-up studies confirmed this phe-
nomenon in rodent studies (Pocai et al., 2009) as well as by using
co-infusion of GLP-1 and glucagon in humans (Cegla et al., 2014;
Tan et al., 2013). Consequently, numerous clinical trials based
on GLP-1R and glucagon-receptor co-agonism are now ongoing
(Tschop et al., 2016), and translational efficacy is based on
promising data from non-human primate studies (Tschop
et al., 2016).

Another thermogenic agent that has gained momentum as a
gut-derived drug candidate is the fibroblast growth factor-21
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(FGF21). FGF21 is predominantly derived from the liver to stim-
ulate energy utilization (Xu et al., 2009), and pharmacological
FGF21 is currently being evaluated in clinical trials for treating
obesity and diabetes (Kharitonenkov and DiMarchi, 2015). Rele-
vantly, glucagon is a powerful FGF21 secretagogue, and the pre-
clinical success of GLP-1/glucagon co-agonism may partially be
based on the involvement of a glucagon-FGF21 axis (Habegger
et al., 2013). Albeit causality is uncharted, both glucagon and
FGF-21 are increased following bariatric surgery (Jacobsen
et al.,, 2012; Jansen et al., 2011). Interestingly, recent data
demonstrate immune-metabolic dependency between GLP-1
and FGF21 (Lynch et al., 2016), and the metabolic efficacy of
pharmacologically inhibiting FGF21 degradation is blunted in
GLP-1R-deficient mice (Sanchez-Garrido et al., 2016), empha-
sizing the hormonal interplay between GLP-1 and FGF21.

While many obese patients might benefit from glucagon/GLP1
dual agonism, patients with severe comorbid type 2 diabetes
might profit more from the combination of GLP-1 with the incretin
GIP. Whereas GLP-1 pharmacology offers to offset undesirable
effects of glucagon on glycemic control, combining GLP-1 with
companion GIP delivers superior glycemic control relative to
mono-incretin treatment (Finan et al., 2016b). The first so-called
“twincretin” molecule, an intermixed peptide GLP-1/GIP hybrid
with balanced potency at each cognate receptor, was generated
in 2013 and found to have superior anti-diabetic efficacy and,
perhaps unexpectedly, also to achieve superior body weight
loss in obesity, relative to GLP-1R mono-agonism (Finan et al.,
2013). This triggered a broad series of follow-up studies that
are now re-characterizing previously underappreciated GIP as
an important gut hormone offering metabolic benefits beyond
the action profile of GLP-1 (Finan et al., 2016b). Noteworthy,
the glycemic benefits of GLP-1/GIP dual activation translate
into primates including humans (Finan et al., 2013). Unraveling
the exact mechanistic underpinnings of how GIP amplifies the
anorectic efficacy of GLP-1, and vice versa, is an imperative
task that will provide relevant novel insight to be exploited phar-
macologically.

The enhanced performance of GLP-1/glucagon and GLP-1/
GIP co-agonism to reverse obesity and diabetes, respectively,
and the structural similarity of these members of the same pep-
tide family, facilitated the engineering of the first single-molecule
triagonist (Finan et al., 2015b). In rodent models of obesity
and diabetes, the first unimolecular GecgR/GLP-1R/GIPR triple-
agonist produced unprecedented reversal of metabolic compli-
cations. In fact, the efficacy of the tri-agonist to correct obesity
and diabetes rivals what can be achieved with bariatric surgery.
Clinical studies are now evaluating if this pre-clinical success,
which includes validation in primates, can be replicated in obese
diabetic patients (Tschop et al., 2016).

Studies looking at other possible polypharmacological strate-
gies implicating GLP-1 are currently being explored. Co-admin-
istration GLP-1 and gastrin, and a GLP-1-gastrin dual agonist,
appears to offer promising effects to prevent progressive deteri-
oration of beta cell functional mass in rodent models of diabetes
(Fosgerau et al., 2013; Suarez-Pinzon et al., 2008; Tamaki et al.,
2010). A heightened understanding of the involvement of gut mi-
crobiota in metabolic diseases has revived interest in exploiting
the gut barrier-protecting effects of GLP-2. However, the first
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pre-clinical studies with mixed GLP-1/GLP-2 co-agonists have
revealed limited efficacy to improve metabolic parameters (Finan
etal., 2015a). Nonetheless, it is paramount to continue to explore
different combinations of gut-hormone mixtures for ameliorating
metabolic diseases. History has taught this research community
not to discard endocrine factors based on their (lack of) efficacy
as single agents. It is indisputable that the prandial endocrine
gut response has evolved to work in a coordinated, concerted
fashion, and parsing this in further detail may continue to unlock
superior blueprints for pharmacological mimicry.

Mimicking Bariatric Surgery-Induced Bile Acid
Adjustments with Pharmacology

As discussed above, the discovery that bile acids are substan-
tially altered following both RYGB (Patti et al., 2009) and VSG
(Myronovych et al., 2014) has positioned bile acids and bile-
acid transducers as critical instruments coordinating the
enteroendocrine orchestra governing energy homeostasis. In
particular, the bile acid receptors FXR and TGR5 continue to
be pursued as potential drug targets that might offer ways to
mimic the metabolic benefits of bariatric surgery (Penney et al.,
2015). Consistent with that approach, the relatively gut-selective
dual TGR5 and FXR agonist fexaramine substantially increases
energy expenditure and reverses the metabolic syndrome in
obese mice (Fang et al., 2015). Conversely, however, the small
molecule Gly-MCA, that inhibits intestinal FXR signaling, re-
verses diet-induced and genetic obesity in mice, leaving the
optimal strategy to target gut FXR unsettled (Jiang et al.,
2015). The bile acid chenodeoxycholic acid (CDCA) increases
brown adipose tissue (BAT) activity and whole-body energy
expenditure in humans (Broeders et al., 2015). Mechanistic anal-
ysis points to BAT-TGR5 signaling as the mediating entity, which
might in turn influence other metabolic pathways including thy-
roid hormone action (Watanabe et al., 2006), thereby empha-
sizing the widespread potential of targeting bile acid receptors
pharmacologically.

Of note, ileal-FXR activation leads to increased production
and release of the gut hormone FGF19 (mouse ortholog
FGF15). FGF19 is increased following bariatric surgery (Gerhard
etal., 2013; Jansen et al., 2011) and acts as a negative feedback
signal to suppress hepatic bile acid synthesis (Holt et al., 2003;
Inagaki et al., 2005). In addition, via activating hypothalamic
FGFR1, FGF19 constitutes a key gut-brain axis signal that has
been reported to contribute to the regulation of energy and
glucose homeostasis (Morton et al., 2013; Ryan et al., 2013).
Therefore, an increasing rationale for incorporating selective
targeting of bile acid metabolism-related receptors such as
FGFRs, FXR, and/or TGR5 in next-generation metabolic phar-
macology is emerging. To mention one more example, activation
of the FGF1R-BKlotho complex, together with GLP-1-based
multi-agonists, appears to provide metabolic benefits that
approximate the post-surgical endocrine milieu.
Gut-Hormone Potentiation of the Brain’s Melanocortin
System
Despite the fact that leptin treatment has a negligible effect
on appetite and body weight in diet-induced obesity, growing
evidence supports the concept that specific enteroendocrine
hormones may offer potential to act as central leptin sensi-
tizers. Accordingly, gut-hormone-based pharmacotherapies



are increasingly being evaluated for their ability to restore or
enhance central leptin actions (Quarta et al., 2016). Obese
mice shifted from a high-fat, high sugar diet to a low-fat chow
diet and treated with a GLP-1R agonist (Exendin-4) have
restored exogenous leptin responsiveness (Miller et al., 2012).
Amylin, which is co-secreted from beta cells along with insulin,
has also been established as a powerful leptin sensitizer (Trevas-
kis et al., 2010), and reports of central interactions between leptin
and other gut-hormones including PYY and CCK are indicative of
combinatorial potential (Unniappan and Kieffer, 2008; Wang
et al., 2000). Recently, GLP-1R/GcgR co-agonism was found
to elicit unprecedented sensitization of leptin actions (Clemmen-
sen et al., 2014). Four weeks of combined GLP-1/glucagon and
leptin treatment resulted in a 45% reduction in body weight in
obese mice with free access to a hyper-palatable and energy-
dense diet. Such weight loss potency is equivalent to what can
be achieved with bariatric surgery and only rivaled by a few other
pre-clinical agents (Finan et al., 2015b; Liu et al., 2015).
Considerable effort has been invested in therapeutic modula-
tion of the second-order neuronal integrator of hypothalamic
leptin action, MC4R. Unfortunately, most attempts have failed
due to safety issues, particularly a negative impact on the cardio-
vascular system (Fani et al., 2014). Encouragingly, however, a
recently developed selective MC4R agonist (setmelanotide)
was reported to reverse obesity in monkeys and humans without
compromising cardiovascular safety (Chen et al., 2015; Kievit
et al., 2013). This same compound was recently employed to
successfully treat human POMC deficiency (Kihnen et al,
2016). Finally, corroborating the emerging paradigm that co-
targeting anorectic and thermogenic pathways is a superior me-
dicinal strategy, dual MC4R and GLP-1R agonism administered
to HFD-induced obese mice caused a greater improvement in
reversing obesity and dyslipidemia as well as restoring glycemic
control relative to each mono-agonist (Clemmensen et al.,
2015). Yet, contrasting the obvious benefits of combining drugs
that target diverse non-redundant metabolic pathways, the abil-
ity of gut-factors to potentiate melanocortin-linked satiation
or centrally-regulated thermogenic circuits, remains compara-
tively understudied.
Pharmacological Targeting of Hedonic Feeding and
Food Reward Circuits
The potential of targeting behavioral feeding circuitries is evident
by the capacity of selective cannabinoid receptor type-1 (CB1)
inhibition to ameliorate rodent (Ravinet Trillou et al., 2004) and
human (Pi-Sunyer et al., 2006; Ravinet Trillou et al., 2004)
obesity. Numerous previous and current anti-obesity drugs
directly act on neural pathways that influence eating behavior
(Gautron et al., 2015). Accordingly, targeting of food hedonics
in combination with the archetypical anorectic and thermogenic
pathways is likely to yield hitherto unparalleled pharmacological
efficacy to reverse human obesity and to maintain a leaner
phenotype. However, indirect impact, via modulating endoge-
nous gut-brain signals, on behavioral neuro-circuits likely offers
superior specificity with lower risk for side effects and toxicity.
Several gut-hormones including GLP-1, PYY, and ghrelin
directly affect mesolimbic dopaminergic tone and modulate
food reward (Abizaid et al., 2006; Batterham et al., 2007; Dossat
et al., 2011; Fulton et al., 2006). Yet, it remains to be determined

if, for example, the therapeutic benefits of GLP-1R agonism are
in part attributable to effects on behavioral circuits. Indeed, there
is an unmet demand for exploring how gut-derived peptides in-
fluence relevant neuronal intervention points beyond the caudal
brainstem and the hypothalamus to modulate energy homeosta-
sis. Such insights may facilitate the design of refined polyphar-
macy that relevantly targets food hedonics without severe off-
target effects that are currently frequently linked to behavioral
pharmacology.

Therapeutic Challenges and Opportunities: A Look to

the Future

We are currently witnessing important progress in transforming
basic research into novel therapeutics for obesity and diabetes.
However, if granted spotlight exposure, several less traveled
avenues might provide additional opportunities (Figure 4).
Perhaps surprisingly, the most challenging obstacle in obesity
treatment may not be losing excess adipose mass, but rather
maintaining a lower body weight once it has been re-established.
Thus, weight loss and weight loss maintenance may be un-
coupled biological challenges and require different pharma-
cology. For example, calorie-restriction-induced weight loss
disproportionally reduces metabolic rate, which contributes
to the powerful counter-regulatory “homeostatic” mechanisms
driving weight regain (Bray, 1969; Leibel et al., 1995). Probing
innovative strategies that efficaciously dampen CNS-perceived
“under-weight” seems critical to maintain a healthy level of
body fat in spite of a history of obesity.

While the incorporation of glucagon in weight loss polyphar-
macy relevantly supplements a thermogenic component, other
factors could be (re)-considered for successful pharmacolog-
ical weight loss maintenance. Inarguably, thyroid hormone
plays a central role in human energy metabolism. Thyroid
hormone increases ATP turnover and reduces the thermody-
namic efficiency of ATP synthesis resulting in heat production
(Mullur et al., 2014). Reduced thyroid hormone levels are a
hallmark metabolic adaptation to weight loss and may play a
fundamental role for “pathological” weight regain (Rosenbaum
et al., 2000). Yet, the use of thyroid hormones to treat obesity
has, for decades, been largely discarded due to severe
adverse effects on the cardiovascular system, bone, and skel-
etal muscle (Baxter and Webb, 2009). Recent technological
advances may permit circumventing the off-target effects of
thyroid hormone and enable safely harvesting the metabolic
benefits on body weight and lipid metabolism (Tschop et al.,
2016). Thus, via using peptide hormones as shuttles, it is
possible to selectively target nuclear hormones to tissues
harboring the peptide-receptors (Finan et al., 2012). Recently,
glucagon was employed to deliver thyroid hormone to hepato-
cytes and adipocytes. This pharmacological approach utilizes
the metabolic benefits of both hormonal constituents to
reverse diet-induced and genetic dyslipidemia, ramp up meta-
bolic futile cellular cycles and consequently reverse obesity
(Finan et al., 2016a). Importantly, using glucagon to restrict
thyroid hormone actions circumvents adverse cardiovascular
events, emphasizing the promising potential of this targetable
pharmacological strategy.

The efficacy of bariatric surgery to introduce diabetes remis-
sion independent of weight loss has stipulated hope to cure
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diabetes with pharmacology. Now, baffling pre-clinical results
are hinting that this is not science fiction and may be achievable
in the not-so-distant future. Scarlett et al. (2016) found that a sin-
gle central administration of FGF1 reverses diabetes in rodent
models. Consistent with this, peripheral FGF1 administration de-
livers admirable effects on glycemic control in rodent models
(Suh et al., 2014). Understanding the molecular details and the
potential pharmacological utility of FGF1 in energy and glucose
metabolism is pertinent and warrants further investigation.

Conclusions and Future Directions

Our species is on the verge of transcending biologically deter-
mined limits. Natural selection has provided humans with a dis-
proportionally large playing field, and with the rise of sophisti-
cated gene-editing techniques and other biotechnological
advances, we are standing at a crossroads. Evident by the esca-
lating obesity and diabetes epidemics as well as the multitude of
associated co-morbidities, we have, from the perspective of
optimal health, inarguably over-engineered our lives. Conse-
quently, the demand for solutions is intensifying.

In a counterproductive manner, overweight and obese people
are still frequently being accused of having self-inflicted compli-
cations, mirroring their (poor) choice of lifestyle. This is not the
case. As with most major diseases, a complex interaction be-
tween environmental factors and genetic predisposition, rather
than personal responsibility, is driving the disease etiologies.
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intervention point. In particular, the ca-
pacity of bariatric surgeries to effectively
reverse obesity and diabetes has placed
a spotlight on the gut-brain axis as a holistic, multifaceted, bidi-
rectional control system governing energy metabolism.

In recent developments, new clinical guidelines for the treat-
ment of type 2 diabetes recommend that bariatric surgery should
be included as a standard treatment option for eligible candi-
dates (Rubino et al., 2016). This radical amendment is following
clinical trials consistently reporting that surgery improves glyce-
mic control more effectively than lifestyle or pharmacological
interventions—and in many cases produces long-term disease
remission. However, risks and costs of surgery, and not yet fully
understood long-term complications caused by the intervention,
required specialized medical units and the necessity for trained
surgeons and medical personnel needs to be added to the
equation. The math just does not add up, and offering bariatric
surgery to hundreds of millions of patients is not the solution to
the growing epidemics of obesity and diabetes. Likely, there
will be specific indication to perform surgery on defined small
subsets of patients as a part of metabolic-precision medicine
in the future, but the majority of obese and diabetic subjects
will have to be cured —or ideally prevented —by novel medicines.

Tremendous progress in delineating the perpetual bimodal
gut-brain cross talk is ongoing, and if the current momentum to-
ward unraveling the molecular underpinnings of these signals can
be maintained across academia, biotech companies, and the
pharmaceutical industry, efficacious and safe precision medi-
cines for obesity and type 2 diabetes may soon become areality.
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