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Abstract

Despite decades of obesity research and various public health initiatives, obesity remains a major public health concern. Our
most drastic but most effective treatment of obesity is bariatric surgery with weight loss and improvements in co-morbidities,
including resolution of type 2 diabetes (T2D). However, the mechanisms by which surgery elicits metabolic benefits are
still not well understood. One proposed mechanism is through signals generated by the intestine (nutrients, neuronal, and/
or endocrine) that communicate nutrient status to the brain. In this review, we discuss the contributions of gut-brain com-
munication to the physiological regulation of body weight and its impact on the success of bariatric surgery. Advancing our
understanding of the mechanisms that drive bariatric surgery-induced metabolic benefits will ultimately lead to the identi-

fication of novel, less invasive strategies to treat obesity.
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Introduction

Obesity is a worldwide epidemic characterized by exces-
sive fat storage due to multiple genetic, environmental, and
behavioral factors that drive an imbalance in energy home-
ostasis. To date, bariatric surgeries that alter gut anatomy
remain the most effective treatments for obesity. Aside from
weight loss, bariatric surgery improves several co-morbidi-
ties and often carries the beneficial side effect of the resolu-
tion of type 2 diabetes (T2D) [1, 2].

Roux-en-Y gastric bypass (RYGB) and vertical sleeve
gastrectomy (VSG) are the most common bariatric surger-
ies worldwide, and both produce substantial reductions in
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body weight [3]. With RYGB, a small gastric pouch is cre-
ated and then anastomosed to the jejunum. The remaining
stomach and upper GI track remains in the peritoneal cavity
but ingested nutrients are rerouted to bypass the stomach,
duodenum, and the upper jejunum [4] (Fig. 1). VSG, the
most commonly used procedure in the USA, involves an
80% reduction of the stomach along the greater curvature
and, unlike RYGB, requires no intestinal rearrangement
[4] (Fig. 1). The dogma is that RYGB has greater efficacy
in terms of weight loss and resolution of co-morbidities,
which is supported by multiple meta-analysis studies [5, 6].
However, a randomized clinical trial found that VSG and
RYGB caused similar and sustained weight loss of 61.1%
and 68.3%, respectively, in individuals with class 2 obesity
5 years post-surgery [7]. Regardless of whether RYGB is
more efficacious than VSG, VSG is still far more effec-
tive than currently available pharmaceutical treatments of
obesity.

Historically, mechanisms responsible for the success of
surgery have been proposed based on their respective ana-
tomical rearrangement. Thus, with the construction of a
small gastric pouch and the intestinal rearrangement, RYGB
has been considered a restrictive (smaller stomach) and mal-
absorptive (decreased macronutrient absorption due to intes-
tinal rearrangement) procedure, while VSG has been consid-
ered only restrictive. However, several studies have shown

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11892-022-01478-9&domain=pdf

372

Current Diabetes Reports (2022) 22:371-383

Fig. 1 Anatomical and A
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that malabsorption of macronutrients does not contribute to
the weight loss success of RYGB (reviewed in [8]) or VSG
[9]. The stomach size reductions with RYGB and VSG have
been hypothesized to physically restrict meal size and, thus,
overall food intake. However, our lab has evidence in rodent
models of VSG that challenge that hypothesis. Food intake is
reduced for 2-3 weeks after VSG in mice and rats, but there-
after, 24-h food intake is similar between sham and VSG
animals [10, 11]. Despite the similar daily food intake, VSG
animals maintain a lower body weight and a different meal
pattern by ingesting smaller but more frequent meals [10].
Although total food intake becomes similar, it is important
to note that it never exceeds the levels seen in sham animals.
Because body mass is a highly regulated variable, non-sur-
gical animals that undergo a period of food restriction ingest
more calories than control animals when returned to ad lib
feeding in an effort to return to their pre-restricted body-
weight trajectory. If VSG was a restrictive procedure, ani-
mals would not be able to become hyperphagic, even after a
period of restriction. Similarly, lactation drives an increase
in feeding in mammals, and the degree of hyperphagia that
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occurs during lactation is similar between sham and VSG
animals [12]. Thus, when the physiology demands it, VSG
animals can become hyperphagic, indicating that mechani-
cal restriction of meal size is not the major driver of reduced
feeding and consequent weight loss. This interesting finding
suggests there are two major energy homeostatic phases to
bariatric surgery. First, there is the early reductions in feed-
ing and immediate weight loss, and then there is a weight-
maintenance phase driven by the prevention of hyperphagia
(Fig. 2). An important question surrounds understanding
what signals drive these two phases of surgery.

Thus, we contend that the success of bariatric surgery
goes beyond mechanical restriction and malabsorption.
So exactly how does bariatric surgery cause weight loss?
Decades of preclinical and clinical research have failed to
identify one sole mechanism for the weight loss success of
bariatric surgery. However, one of the leading candidates
is surgery-induced increases in gut signals that regulate
feeding and metabolism. Here, we review the most com-
monly discussed gut signals and highlight recent advances
in our technical repertoire that we believe will advance our
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Fig.2 Changes in food intake and body weight over time in rodent
models of bariatric surgery. Food intake after bariatric surgery in
rodents is reduced during the first two—three weeks post-operatively,
and then returns to, but never exceeds, the level of food intake seen
in the sham animals [10, 11]. If an animal is food restricted (FR) for
a period of time and body weight is lost, once returned to ad lib feed-

understanding of the role of gut-derived factors on the meta-
bolic success of bariatric surgery in the future.

Gut-Brain Communication: the Machinery
Signals and Cues

Once nutrients enter the mouth and pass through the stomach
into the intestine, there is a cascade of physiological events.
Specifically, the gastrointestinal (GI) tract secretes a vari-
ety of neuropeptides and hormones, initiates the mechani-
cal breakdown of nutrients, regulates gastric emptying rate,
and increases small intestinal motor activity, all of which
are critical processes in nutrient assimilation and regulation
of feeding behavior.

The lumen of the intestine is lined with villi that are
comprised of multiple cell types including enterocytes
(absorptive cells), goblet cells (mucin secreting cells), Tuft
and Paneth cells (immune cells), and enteroendocrine cells
(EECs; endocrine cells). Enterocytes function in the absorp-
tion of both macro- and micronutrients as well as ions and
water, and comprise much of the cell population within the
intestinal epithelium. On the other hand, EECs comprise
only 1% of the total epithelial cell population but are very
diverse and capable of synthesizing and secreting various
hormones in response to changes in the intestinal milieu
[13]. Conventionally, EEC types were characterized by the
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ing, the animal will ingest more food than unrestricted animals until
body weight returns to what it would have been had the animal never
been restricted, something that does not occur with VSG [10]. Over-
all, this suggests that there are two phases to bariatric surgery, the ini-
tial weight loss phase with reduced food intake, and a second phase
where hyperphagia is prevented and the weight loss is sustained

distinct hormones in which they secrete [14]. For instance,
L cells were characterized as an EEC population that spe-
cifically secreted preproglucagon-derived peptides (i.e.,
glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2
(GLP-2), and oxyntomodulin), as well as peptide YY (PYY).
Conversely, K-cells were characterized as an EEC population
that specifically secreted glucose-dependent insulinotropic
peptide (GIP) and I-cells secreted cholecystokinin (CCK)
[15-17]. However, multiple studies have demonstrated that
this simplistic EEC characterization is inadequate and that,
instead, there is more complex co-expression of hormones
within the EECs [18]. Regardless of peptide composition,
all EEC types respond to nutrients within the intestine, and
the peptides these cells secrete influence postprandial and
intestinal physiology. Many of these gut-derived hormones
promote satiation, regulate glucose homeostasis, intestinal
nutrient digestion and processing, and even gastrointestinal
motility. Regulation of the secretion of these various gut
peptides is still being actively studied but the thinking, thus
far, is that various sensory processes are initiated with nutri-
ent transport and/or that there are nutrient-sensing receptors
expressed on EECs that induces secretory processes [19].
These gut peptides also interact with the enteric nervous sys-
tem (ENS) or with the vagal innervation of the gut and portal
vein (see below for more details). Some of these peptides are
rapidly degraded, limiting endocrine action (i.e., GLP-1).
However, others enter the systemic circulation and act as
hormones. Although there is much to be learned about the
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differentiation, anatomy, and regulation of EEC’s and their
peptide secretions, there is no doubt that gut peptides have
an important role to play in the physiological regulation of
feeding and nutrient processing.

Gl Tract Innervation

The ENS, referred to as the “brain” of the gastrointestinal
(GI) tract, integrates information from intestinal signals to
induce appropriate changes in gut motility, mucosal barrier
function, blood flow to the intestine, and gastric acid secre-
tion [20, 21], all processes important for nutrient processing.
The neurons of the ENS within either the myenteric plexus
or the submucosal plexus [22] transmit messages amongst
themselves as well as to other integral players of the gut-
brain axis [23]. Not much is known about the organizational
hierarchy of the ENS. However, recent studies have sought
to identify ENS anatomy and cell diversity [24, 25]. In addi-
tion to neurotransmitters, one study demonstrated that the
ENS expressed a variety of neuropeptides, including chole-
cystokinin (CCK), traditionally thought to be only expressed
in EECs [25]. Another showed that intestinal locations, cir-
cadian rhythm, and age are all factors that alter ENS gene
expression. Further, Drokhlyansky et al. found a set of genes
that are associated with a high risk of inflammatory bowel
disease enriched in human ENS cells [24]. Because the gene
expression profiles indicate putative interactions between
the ENS and immune function, the authors speculated that
ENS disruptions could potentially indirectly impact CNS
functions via modulation of the gut microbiome. These stud-
ies illustrate how understanding the spatial and transcrip-
tomic makeup of the ENS has great potential to advance our
knowledge of gut-brain communications.

On the other hand, the intestine is also richly innervated
by the vagus nerve, which has the molecular machinery nec-
essary to directly sense ingested nutrients, respond to, and
control mechanical function (i.e., stomach and intestinal dis-
tention), and also express receptors for several EEC-secreted
peptides [26]. Vagal afferent neurons have axons that trans-
mit messages from peripheral organs, like the stomach and
intestine, to the brain. Vagal afferent neurons terminate in
the nucleus of the solitary tract (NTS) of the brainstem,
a brain center necessary for integrating information from
diverse peripheral signals [27]. Vagal afferent neurons inner-
vate three distinct layers within the gastrointestinal tract: the
muscle layer, the myenteric layer, and the intraganglionic
laminar endings. Vagal afferents that innervate the intragan-
glionic laminar endings are thought to be mechanoreceptors
that detect stomach and intestinal distension [28]. On the
other hand, the afferent neurons that innervate the muscle
and myenteric layers are thought to be chemoreceptors that
are activated by nutrients as well as gut-derived peptides
[28]. Overall, communication between the gut and the brain
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is a tightly regulated, complex, and intricate network. In the
following sections, we will discuss to the impact of obesity
and bariatric surgery on gut-brain communications.

Gut-Brain Communication in Obesity
andT2D

If the gut-brain axis is so critical for regulating body mass,
one would predict that the processes described above would
be altered by obesity. Animal models have been utilized
to determine the necessity of these peptides in physiologi-
cal regulation of body weight, yet many of these models
have a modest phenotype. Ghrelin deficient mice have
normal, rather than the predicted resistance to weight gain
in response to dietary-induced obesity [29]. The GLP-1R
knockout mouse that would be predicted to be obese is actu-
ally resistant to dietary-induced obesity [30]. Conversely,
the PYY knockout mouse has a modest increase in body
mass with a prolonged exposure to high fat diet relative to
its wild-type control [31]. Perhaps one of the more striking
phenotypes is rats devoid of the CCK-A receptors (Otsuka
Long-Evans Tokushima Fatty rats). These rats are obese
and hyperphagic [32]. Mice lacking CCK receptors have
increased meal size, but they compensate for this by decreas-
ing meal frequency such that long-term food intake, and
consequently body weight, is similar between control and
knockout animals [33].

In patients, there is even less clarity of the role of indi-
vidual gut-peptides in the pathophysiology of obesity. For
example, most studies suggest minimal differences in ghre-
lin levels between obese and normal-weight individuals,
but postprandial ghrelin is clearly not suppressed in Prader
Willi syndrome in which patients have extreme hyperpha-
gia [29]. Circulating plasma levels of peptide YY (PYY),
on the other hand, a hormone that increases satiety and
reduces food intake, were found to be significantly reduced
in obese individuals [34] and rodents [35]. The data sur-
rounding GLP-1 levels in obese individuals are conflicting.
One study has shown that the postprandial GLP-1 response
is markedly blunted in obese vs. normal-weight individuals
[36]. Other studies have demonstrated that postprandial
levels of GLP-1 are similar in obese vs. non-obese patients
[37, 38]. The timing of GLP-1 assessment and the quality
and type (total vs. active GLP-1) of assays used to assess
GLP-1, as well as diet are all factors that likely contribute
to the discordance between these studies. These issues with
assays and timing of assessment are a consistent problem
with measurement of all the gut peptides. Furthermore,
since some of these peptides are likely signaling locally
within the intestine, plasma levels do not necessarily reflect
action. Lastly, the levels of the peptides may be similar, but



Current Diabetes Reports (2022) 22:371-383

375

the responses to the same level of peptide could be reduced
with obesity or T2D.

In addition to differences in gut peptide levels and/or
signaling, alterations in neuronal activity have also been
observed in obesity. Several studies have demonstrated
that cFOS, a marker of neuronal activation, is significantly
reduced within the NTS of obese animals compared to lean
animals after a meal [39]. Whether this is due to impair-
ments of direct nutrient and/or hormonal sensing within the
NTS or via vagal signaling is unclear. Interestingly, vagal
afferent activity is blunted in high-fat diet mice [40], sug-
gesting that the vagus is at least partially involved. Collec-
tively, these data suggest that there is a strong correlation
between obesity and dysfunctional gut-brain communica-
tions. However, it will be critical to discern whether disrup-
tions in gut-brain communications are consequences of obe-
sity or whether they contribute to obesity pathophysiology.

Gut-Brain Communication in Bariatric
Surgery

The question now becomes, does bariatric surgery reverse
gut-brain processes impaired by obesity, or do they work
via distinct overriding mechanisms? A recent commentary
posed the question, “Is bariatric surgery brain surgery” [41]?
This commentary focused on a study that used multimodal
neuroimaging to demonstrate that RYGB patients undergo
brain adaptations (i.e., changes in cerebral blood flow and

Fig.3 Summary of intestinal
signals and cues that are altered
after bariatric surgery. 1) After
VSG and RYGB there are
changes in the flow of nutrients,
gut-generated peptides, and
neuronal activation. 2) Increases
in nutrient flow along with
alterations in nutrient handling
(i.e., increased glucose rate

of appearance) can lead to

the increased secretion of gut

Flow of nutrients

\(/ )

/

signals such as hormones and
bile acids. Specific regions of
the CNS (NTS and AP) are
also activated after a meal. This
increased activation may be
due to direct neural innerva- t

Nutrient Flow

Alters nutrient handling

tion, the altered nutrient flow Intestinal Adaptations

Glucose rate of appearance

3) or increases in gut-generated
signals, such as 4) gut peptides, @ |

glucose uptake) to maintain normoglycemia [42]. However,
the concept of bariatric surgery modulating the brain is not
new. The CNS tightly regulates body mass by responding to
peripheral signals and altering aspects of energy homeosta-
sis, including feeding behavior [43—45]. As bariatric surgery
alters feeding behaviors in both humans and rodents, and as
we discussed above, this is not simply due to mechanical
restriction, it follows that surgery impacts the way the brain
controls feeding behavior. In humans and rodents, feeding
patterns are altered such that smaller, more frequent meals
are consumed post-surgery [46—52]. Additionally, bariatric
surgery also shifts what humans and rodents want to eat.
For example, when given a choice between macronutrients,
preference shifts from fats to carbohydrates [10, 11, 53, 54].
Although it is logical to hypothesize that bariatric surgery
is mediating these effects via the CNS, exactly what sig-
nals drive the CNS to induce these changes are unknown.
Because of the drastic changes in GI anatomy and physiol-
ogy induced by bariatric surgery, here, we contend that these
signals are gut-driven. A summary of the gut-signals we dis-
cussed is illustrated in Fig. 3. Below, we will discuss some
of the potential gut-brain signals that are altered by, and are
implicated as, mechanisms for bariatric surgery.
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responses (e.g., changing the rate of gastric emptying and/
or intestinal motility). These nutrients also enter the cir-
culation and act directly on the CNS to regulate feeding,
energy expenditure, and glucose homeostasis [45]. An obvi-
ous impact of bariatric surgery on nutrient processing is the
rapid pouch or sleeve emptying of nutrients into the intestine
[55-57]. In RYGB, this rapid nutrient entry is because there
is no pylorus to gate nutrient entry from the pouch into the
intestine. In VSG, there is an increase in gastric pressure that
likely drives an increase in gastric emptying even though the
pylorus is still intact [58]. In humans, while both RYGB and
VSG increase the “gastric” emptying rate, this is more rapid
after RYGB [59]. This rapid nutrient entry into the system
with both surgeries likely influences nutrient handling and
has been hypothesized to drive the increases in gut peptide
secretion and intestinal adaptation to surgery. Along with the
increased gastric emptying rate, the glucose rate of appear-
ance into the system is higher with RYGB vs. VSG, but
VSG patients still have a greater glucose rate of appearance
compared to controls [59, 60]. The physiological relevance
of these quantitative differences between RYGB and VSG is
unknown. It is possible that the rapid nutrient entry induces
morphological differences within the intestine. There are
reports of intestinal hypertrophy with RYBG but not VSG,
including increased bowel width, villus height, and crypt
depth [61]. However, it is unclear whether this surgical dif-
ference is driven by the intestinal re-routing or the higher
nutrient entry into the intestine.

Solid food emptying has also been shown to be enhanced
by VSG in rodents [62], suggesting that fat and protein pro-
cessing is also impacted by surgery. Patients and rodents
with RYGB demonstrated significant enhancements in pro-
tein absorption when compared to VSG [59, 63]. Two rodent
studies have also demonstrated that VSG reduced chylomi-
cron production [64] and decreased lipid absorption [65]
indicating the surgery also impacts lipid processing. Col-
lectively, these data highlight differences in postprandial
macronutrient absorption between RYGB and VSG, but
whether this accounts for differences in efficacies between
the surgeries and/or suggests distinct mechanisms in terms
of their overall success remains unknown.

Gut Peptides

One of the most reliable markers of changes in gut physiol-
ogy with bariatric surgery is that both RYGB and VSG cause
robust changes in postprandial GI hormones in rodents and
humans. Namely, postprandial increases of PYY and GLP-1
are found in both rodents and humans after VSG and RYGB
[60, 66—69]. Because RYGB excludes nutrient exposure
to 90% of the stomach and the upper GI tract, duodenally
produced (gastric inhibitory peptide, GIP, cholecystokinin,
CCK) gut peptides are not altered in this surgery. Conversely,
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CCK and GIP have been found to be significantly increased
in humans after VSG [70]. These surgery-induced changes
in postprandial levels of gut peptides have been extensively
reviewed elsewhere [71-74]. Therefore, here, we will briefly
highlight the physiology of key gut-derived hormones and
their contributions to the success of bariatric surgery.

Mechanisms for Increases in Gut Peptides

A critical question is what are the mechanisms that drive
bariatric surgery-induced changes in postprandial gut hor-
mones? Rapid nutrient entry into the intestine has been
implicated in this process. We have found that a barium plus
nutrient mixture gavaged into rats that have had RYGB or
VSG was well into the distal intestine within 5 min of the
nutrient gavage [57] indicating extraordinarily high gastric
emptying rate. To determine whether this rapid nutrient
entry is what drives the increase in GLP-1, specifically, we
then infused dextrose directly into the intestine at the same
rate of infusion between VSG vs. sham rats. Despite the
similar rate of nutrient into the intestine, there was still sig-
nificantly higher levels of nutrient-stimulated GLP-1 with
VSG [57]. We speculated that the intestine adapts to the
continual rapid influx of nutrients into the intestine with
each meal by increasing production of GLP-1. One potential
adaptation that would explain this is the observed increase
in EEC number after VSG [75-77]. Moreover, recent data
from our lab has suggested that VSG drives differentiation of
the intestinal stem cell population towards EECs [78]. Thus,
our hypothesized model is that increased nutrient entry into
the system with every meal pushes the intestine to adapt to
be able to absorb nutrients under these conditions. One way
it does this is to drive increased EEC differentiation and
consequently increased postprandial gut peptide secretion.
The next question is whether the changes in postprandial
gut peptides is necessary for the success of bariatric sur-
gery. Administration of a GLP-1 antagonist impairs acute
postprandial fluctuations in glucose in both rodents [79]
and humans [80] suggesting an important role for GLP-1 in
the surgery-induced improvements in glucose homeostasis.
However, these results are all complicated by the fact that
the GLP-1 antagonist impairs glucose tolerance and insulin
secretion in both controls and surgery groups equally. In
rodents, multiple genetic mouse studies that ablate either
GLP-1 receptor signaling [81] or GLP-1 production [82,
83] demonstrate that these mice lose weight and improve
glucose tolerance similar to controls suggesting that GLP-1
alone is not necessary for the success of the surgery. While
it is clear that GLP-1 is effectively targeted for both weight
loss and improvements in glucose control in T2D, and the
tenfold increase in plasma GLP-1 with surgery might be
viewed as important, these pharmacological agents have a
stronger affinity for the receptor than endogenous GLP-1.
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Rodents devoid of either CCK receptors [84] or ghrelin
[85] have also been found to respond normally to bariatric
surgery. However, mice deficient in PY'Y have been found
to have blunted weight loss in response to a particular sur-
gery where the upper GI tract was excluded from nutrient
access while the stomach remained intact [86]. These data
bring into question whether differences in species, assays,
or experimental conditions contribute to the mechanistic dif-
ferences (or lack thereof) exhibited with the assessment of
the role of individual gut peptides on the success of surgery
in mice.

Gut-Hormone Cocktail: Is More Better?

While individual gut peptides may not be necessary for the
metabolic success of bariatric surgery, given the increase
in multiple gut peptides, it is possible the increase in the
whole cocktail of gut peptides is important for surgical suc-
cess. This idea was the impetus for the multiple dual and
tri-agonist drugs in the pipeline for the treatment of obesity
[87]. To directly test this hypothesis, a recent study sought
to mimic the postprandial increases of gut hormones after
RYGB (GLP-1, oxyntomodulin, and PYY) via combinatorial
infusions that were administered 12 h per day for 28 days
[88]. This study demonstrated that infusion of the tripeptide
cocktail offered significant enhancements in glucose homeo-
stasis that surpassed both RYGB and very low-calorie diet
groups. However, weight loss in the tripeptide group was
inferior to that exhibited in the RYGB and very low-calo-
rie diet groups, suggesting additional mechanisms beyond
physiological hormone secretion contribute to the RYGB-
induced weight loss [88].

Thus, while GLP-1, GIP, oxyntomodulin, PYY, and ghre-
lin have been demonstrated to be mediators of glucose-stim-
ulated insulin secretion and/or feeding [89], studying their
mechanistic role after surgery is complicated. Despite this,
the pharmacological implications of administering multiple
peptides at once to treat obesity offer promise for surgery-
like induced weight loss.

Bile Acids

Bile acids made in the liver are known for their fat-emulsify-
ing properties and, as of late, their critical roles as signaling
molecules that regulate metabolism. In both humans and
rodents, VSG and RYGB increase circulating bile acids and
alter the composition of bile acid species and does so in a
weight-loss independent fashion [90-92]. The increase in
circulating bile acids, at least after VSG, is due to changes
in enterohepatic circulation. Namely, there is increased bile
acid intestinal resorption and decreased hepatic reuptake of
bile acids[92] leading to increased circulating bile acids that
are then available to act as signaling molecules.

Bile acids signal through several different receptors, but
the most widely studied in terms of bile acid-induced regu-
lation of metabolism are the G-protein-coupled bile acid
receptor (TGRS) and farnesoid X receptor (FXR). FXRs
are expressed in the intestine, liver, and kidney [93], while
TGRS receptors are expressed in the gut, adipose tissue,
skeletal muscle, pancreas, and throughout the CNS [94].
Recent work demonstrates that CNS TGRS signaling is at
least partially required for the anti-obesity effects of periph-
eral bile acid supplementation [95]. However, the role of
TGRS in the success of bariatric surgery remains contro-
versial. Using a total TGRS knockout mouse, one study
demonstrated that TGRS was necessary for VSG-induced
weight loss [96], while another demonstrated that TGRS
was not necessary for weight loss but was required for the
VSG-induced improvements in glucose homeostasis [97].
TGRS also regulates GLP-1 secretion, and only the latter
study found that it was necessary for the increase in GLP-1
with VSG. It is not clear why the results of these studies dif-
fer but given the potential role of CNS TGRS signaling in
body weight regulation, the use of tissue-specific knockouts
of TGRS may help to clarify the role of this receptor in the
success of bariatric surgery.

While tissue-specific manipulations of TGRS may help to
clarify the role of TGRS with surgery, tissue-specific manip-
ulations of FXR and its downstream targets have revealed
more complexity to the system. FXR is a nuclear transcrip-
tion factor that has been shown to be a critical mediator
of bile acid, cholesterol, lipid, and glucose metabolism
[93]. Whole-body FXR knockout mice fail to lose weight
or improve glucose tolerance and have different surgery-
induced shifts in the microbiome [98], suggesting that FXR
is necessary for the metabolic success of surgery. However,
one study demonstrated that neither intestinal nor hepatic
FXR is necessary for weight loss or improvements in glu-
cose tolerance after VSG in mice [65]. There are two pos-
sibilities that can explain these seemingly discordant data.
First, the FXR knockout mice may have a distinct metabolic
impairment that outweighs the pathway corrected by VSG.
Second, as has been recently proposed in the regulation of
hepatic lipid metabolism [99], intestinal and hepatic FXR
may be integrated such that changes in both are required to
regulate the metabolic improvements seen with VSG.

Downstream of hepatic FXR activation is the activation
of a small heterodimer partner (SHP). However, viral knock-
down of SHP in obese mice had no impact on their ability to
lose weight or even to reduce hepatic triglycerides after VSG
[100]. Downstream of intestinal FXR activation is fibroblast
growth factor 15 (FGF15 in mice and FGF19 in humans),
a gut hormone that has a variety of physiological actions,
including suppression of food intake and regulation of lipid
and glucose metabolism and suppression of bile acid syn-
thesis [101]. It is interesting to note that FGF19 (or FGF15
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in mice) serum levels are elevated after VSG along with
bile acids in humans and mice [90, 102—-104]. Given that
the pharmacological benefits of FGF19/15 include weight
loss and enhancements in glycemia in rodents [105] as well
as reductions in gluconeogenesis and liver triglycerides in
humans [106, 107], it was hypothesized to play a role in
mediating the success of bariatric surgery. However, a recent
study on intestinal-specific FGF15 knockout mice found that
these animals lost more, not less, weight after VSG com-
pared to wildtype VSG mice due primarily to losses in lean
and bone mass [108]. Despite the greater weight loss, the
VSG-induced improvement in glucose tolerance was absent
in the intestinal FGF15 KO mice. They also had even greater
increases in bile acids than the control VSG mice [108, 109].
On the one hand, these data suggest a role for FGF15 in the
improvements in glucose homeostasis after VSG, but this
interpretation is confounded by the complicated phenotype
of the animals. One possibility is that the function of the
increase in FGF15 may serve as a protective mechanism to
prevent muscle and bone mass loss and/or excessively high
bile acid levels after surgery. Certainly, some patients do
require cholecystectomy after bariatric surgery to remedy
the accumulation of bile acids in the gallbladder. Further-
more, FGF19 has also been found to be higher in patients
that experience a high incidence of hypoglycemia (post-
bariatric hypoglycemia) [110] linking FGF19 to another
complication of surgery.

Neural

Because bariatric surgery increases nutrient and gut peptides
throughout the GI tract, it is possible that these nutrients and
hormones act on the local sensory and/or enteric innervation
of the gut and/or enter the circulation to directly provide
feedback to the CNS. Many nutrients and hormones have
direct effects on regions of the CNS to regulate feeding and/
or glucose homeostasis (see [44, 111, 112] for review). Data
from our own lab have demonstrated enriched cFOS immu-
noreactivity, a marker of neuronal activation, within the NTS
after sucrose or lipid gavage in male rats with VSG com-
pared to their sham counterparts [113]. However, these data
do not indicate whether the nutrients were acting directly
on the CNS, via hormonal, or neuronal, feedback from the
periphery.

Intestinal delivery of nutrients has demonstrated effects
on modulating CNS signaling. For example, in mice, intra-
duodenal infusion of nutrients suppressed agouti-related
protein (AgRP) neurons, a neuronal population known to
increase appetite [114, 115]. Additionally, another study
demonstrated that different macronutrients activate AgRP
neurons via distinct pathways. Specifically, Goldstein et al.
showed that fat in the intestine inhibits AgRP neurons via
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vagal afferents while glucose inhibits AgRP neuronal activ-
ity through spinal afferent signaling [116].

Given the above, the question has been asked whether
GI vagal innervation is necessary for the success of surgery.
However, generally, studies have shown very little necessity
of the vagus in the success of surgery. While subdiaphrag-
matic vagotomy in rodents prevented shifts in macronutri-
ent preference with a RYGB-like surgery, it did not prevent
weight loss [117]. In addition, vagal innervation of the portal
vein and liver is not necessary for weight loss in rats [118].
In humans, one study demonstrated that RYGB patients sub-
jected to vagotomy had similar weight loss to those without
vagotomy [119]. While these data might suggest that vagal
innervation is not necessary for the metabolic success of
surgery, total vagotomy is a sledgehammer approach that
likely drives compensatory responses. In support of this,
a more targeted approach of specific ligation of the celiac
vagal branches, which innervate the intestine, did blunt
the RYBG-induced weight loss and hypophagia in rodents
[120]. These data suggest that more specific targeting of the
vagus is necessary to understand its role in mediating the
effects of surgery.

In fact, like any nucleus within the CNS, the vagus is
comprised of many different neuronal cell types with differ-
ential innervation and sensory patterns [121, 122]. Although
not yet utilized in the context of bariatric surgery, the gen-
eration of new genetic tools that allow manipulation of these
specific vagal neurons offer promise. For instance, chemoge-
netic acute activation of vagal afferent neurons that express
the oxytocin receptor (Oxtr) [121] or the GLP-1R [123] both
induced a reduction in food intake in mice. While there are
conflicting data [124], using a different genetic strategy, a
recent study has found that GLP-1R vagal afferent neurons
are required for normal glucose homeostasis [125]. Apply-
ing these more complex genetic strategies, rather than blunt
surgical dissection, to the role of the vagus will advance
our knowledge of the contribution of the vagus to bariatric
surgery success.

Conclusion and Future Perspectives

Here, we have discussed the signals that relay the nutrient
status from the intestine to the brain and how these signals
impact the metabolic success of bariatric surgery (Fig. 3).
Despite numerous studies that have attempted to identify
mechanisms that contribute to the metabolic success of
bariatric surgery, we know more about what is not neces-
sary, rather than what is necessary for the success of sur-
gery. While individual gut peptide secretions have long been
touted as playing a mechanistic role in surgery, mouse stud-
ies suggest a very limited mechanistic role for individual gut
peptides. Multiple studies demonstrate intestinal adaptations
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to bariatric surgery, but whether these adaptations are simply
markers of intestinal physiology or as mechanisms underly-
ing the success of surgery remains to be determined. Lastly,
new methodological tools reveal that we have only scratched
the surface when it comes to fully assessing gut-brain axis
communication and its role in regulating homeostasis. Uti-
lizing these tools to assess how chronic manipulation of
vagal subtypes in the context of bariatric surgery impacts
food preference, food intake, glucose homeostasis, and body
weight is an exciting opportunity moving forward.
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