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Abstract

Modern changes in diet and lifestyle have led to an explosion of insulin resistance and metabolic diseases around the globe
which, if left unchecked, will become a principal driver of morbidity and mortality in the 21st century. The nature of the
metabolic homeostatic shift within the body has therefore become a topic of considerable interest. While the gut has long
been recognized as an acute nutrient sensor with signaling mechanisms to the other metabolic organs of the body, its role in
regulating the body’s metabolic status over longer periods of time has been underappreciated. Recent insights from bariatric
surgery and intestinal nutrient stimulation experiments provide a window into the adaptive role of the intestinal mucosa
in a foregut/hindgut metabolic balance model that helps to define metabolic parameters within the body—informing the
metabolic regulation of insulin resistance versus sensitivity, hunger versus satiety, energy utilization versus energy storage,
and protection from hypoglycemia versus protection from hyperglycemia. This intestinal metabolic balance model provides
an intellectual framework with which to understand the distinct roles of proximal and distal intestinal segments in metabolic
regulation. The model may also aid in the development of novel disease-modifying therapies that can correct the dysregulated
metabolic signals from the intestine and stem the tide of metabolic diseases in society.
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Introduction remission from bariatric surgery provide a better apprecia-
tion for the critical role of the gut in nutrient sensing and
metabolic control.>® We present a theory of a causal mecha-
nism linking nutrient-induced alterations of the gut mucosa
to gut neuro-hormonal signaling changes and the metabolic
syndrome, which we call the Intestinal Metabolic Balance
model. We believe this model provides a useful intellectual
framework with which to understand the role of intestinal
mucosal signaling as an important mediator of the metabolic
dysregulation caused by modern diets. The model also pro-
vides a mechanistic explanation for some aspects of the
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majority of patients with T2D still do not achieve optimized
glycemic control or risk factor reduction. In fact, fewer than
one third of patients with T2D achieve and maintain the
generally accepted HbAlc goal of 7% or less for adult T2D
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Figure |. Glucose Metabolism Studies after RYGB. (a) Diagrammatic representation of RYGB surgery, in which a small gastric pouch
is connected surgically to the mid-jejunum, leaving the majority of the stomach, the entire duodenum, and some of the proximal small

intestine excluded from the passage of nutrients. Bile acids and pancreatic enzymes continue to pass through the bypassed segment of
the small intestine (red dots) while ingested food passes from esophagus through a small gastric pouch and into the connected jejunal
portion of the small intestine (blue dots). Reprinted with permission from Blamb/Shutterstock.com. (b) Oral glucose tolerance test with
nutrient delivery via the bypassed stomach and duodenum (red circles) versus by the gastric pouch and connected jejunal portion of the
small intestine (blue triangles) shows markedly different glucose tolerance curves and higher glucose excursion with duodenal nutrient

delivery compared to delivery via the bypass. Reprinted with permission from Dirksen et a

metabolic benefits of certain bariatric surgeries and points to
novel disease modifying therapies targeting the gut which
have the potential to reduce the metabolic disease burden in
society. The model will hopefully prove to be useful in help-
ing to shed light on critical areas where more research is
surely needed to better explicate the role of the gut in meta-
bolic dysfunction.

A New Paradigm Emerges from an
Unlikely Origin

Metabolic surgeries, originally intended for weight loss,
have emerged as a treatment approach in T2D with superior
metabolic benefits compared to the current standard of
care.”® Despite the profound metabolic benefits observed
after surgery, little is known about the multiple mechanistic
underpinnings leading to these benefits. Interestingly, physi-
ological studies in people undergoing bariatric surgery have
surprisingly revealed that many of the metabolic improve-
ments occur before substantial weight loss and these early
improvements appear to be independent of the degree of
weight loss achieved.? In particular, the exclusion of the duo-
\ ients by surgical diversion
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results in weight-independent metabolic improvements asso-
ciated with a reduction in insulin resistance.'%!2 This effect is
notable in its almost immediate onset (within days) and in its
reversibility (such as by re-exposure of the duodenum to
nutrients). In 2010, Holst and colleagues examined the glu-
cose tolerance of a patient with T2D who underwent a Roux-
en-Y gastric bypass surgery (RYGB) and who happened to
need a percutancous G-tube placement directly into the
bypassed stomach to enable feeding via the duodenum after
the surgery.'? In this patient, oral delivery of glucose (bypass-
ing the duodenum) led to a markedly superior metabolic pro-
file compared to G-tube delivery of glucose (enabling
nutrient transit through the duodenum as if the patient had
not had surgery) despite both procedures being performed in
this individual at the same weight and on successive days
(Figure 1). Bypass of the proximal small bowel, and the
resulting increased nutrient delivery to the distal intestine,
thus appeared to improve glucose homeostasis independently
from calorie malabsorption or weight change.'*!®

These observations have led many to ask if this immedi-
ate metabolic benefit is a neurohormonal consequence of
preventing duodenal nutrient exposure (the “foregut” theory)
or enhancing distal small intestinal nutrient exposure (the
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“hindgut” theory).” There are several important pieces of
evidence arguing for the metabolic benefits of preventing
nutrient contact with the duodenum. In one set of experi-
ments with animal models, it has been shown that surgically
constructing a gastro-jejunal anastomosis while still main-
taining a nutrient pathway to the duodenum is not as meta-
bolically favorable as a gastro-jejunal anastomosis in which
the duodenum is totally excluded.!" Additionally, some
humans who undergo a RYGB surgery in which the distal
stomach and duodenum are excluded via a surgical closure
of the stomach present later with the incidental surgical com-
plication of a gastro-gastric fistula which once again allows
nutrients to be delivered to the proximal intestine. These
patients often present with deteriorating glucose control after
RYGB, which can be corrected by closing the gastro-gastric
fistula and excluding the duodenum from nutrient delivery
once again.'®!” Collectively, these surgical studies all point
to a potent, weight-independent effect on systemic glucose
control associated with altering the location of nutrient deliv-
ery within the intestine in a manner that excludes foregut
nutrient exposure and consequently increases hindgut nutri-
ent exposure.

Many groups have since tested the metabolic effects of
altering the location of nutrient contact in the intestine via
non-surgical approaches. Investigators have shown in
humans with T2D that the luminal delivery of glucose to the
proximal intestine results in worse control of glucose metab-
olism than the same nutrients delivered to the distal small
intestine.'®!” Duodenal delivery is associated with worse
insulin resistance and higher rates of lipolysis than nutrient
delivery to the mid-jejunum.?® Others have shown that oral
ingestion of slowly digestible sugar isomers (which are
absorbed predominantly in the distal small intestine rather
than the duodenum) lead to better glucose homeostasis than
equi-caloric sucrose or fructose (which are absorbed more
proximally).?! Taken together with the surgical studies, these
disparate experiments defy much of the conventional wis-
dom in T2D and nutritional science by showing that the loca-
tion of nutrient exposure in the intestine, in addition to
known contributions of genetics, activity level, caloric con-
tent, and nutritional status can also have a profound impact
on glucose homeostasis.

Moreover, surgical bypass has demonstrated quite con-
vincingly that intestinal re-routing not only impacts metabo-
lism acutely during a meal, but also alters baseline insulin
resistance and metabolic disease. In a rodent diabetes model,
duodenal bypass improves fasting glucose and glucose toler-
ance.'” In diet-induced obesity (DIO) models, duodenal
bypass improves insulin sensitivity and reduces hepatic fat
accumulation compared to sham-operated, weight-matched
animals, independently of weight loss or reduced caloric
intake.?? A more comprehensive model is needed to account
for the deleterious effects of duodenal nutrient delivery and
the beneficial effects of distal intestinal nutrient delivery on

“ieity and glucose homeostasis in
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The Gut as the Body’s Metabolic
“Balance”

In addition to its better appreciated role in nutrient absorp-
tion, the gastrointestinal tract is the largest endocrine organ
in the body and contains an important microbiome and an
enteric nervous system. The enteric nervous system includes
neural circuits that modulate motor functions, local blood
flow, mucosal transport and secretion, and immune and
endocrine functions. The lining of the intestine serves as both
a food-sensing and hormone-secreting interface for the body.
Its mucosal lining is comprised of several cell types, approx-
imately 1% of which are enteroendocrine cells (EECs) that
release metabolically active hormones regulated by specific
nutrient absorption (or lack thereof) in a finely tuned pattern
to help the body maintain adequate fuel supply and meta-
bolic homeostasis in both the fasting and post-prandial states.
EECs are also neuroendocrine cells, synaptically communi-
cating with the enteric nervous system via neuropods at their
basement membrane and thereby transmitting signals related
to nutrient status.?»** Critically, nutrient absorption and
nutrient-induced neurohormonal signaling are inextricably
linked to one another by the transport of nutrients across the
luminal brush border.®?*® Because of this, nutrient “sensing,”
nutrient absorption, and nutrient-induced neurohormonal
impact can be viewed interchangeably. Different EECs along
the length of the GI tract secrete different hormones, thus the
sensory impact of fuel is regulated not only by the type of
nutrients sensed by the mucosa but also the location in the GI
tract where those nutrients are sensed.?!

Why is it that the location of nutrient delivery in the
intestine can have such a profound impact on metabolic con-
trol? One possibility is that the fundamental abnormality of
intestinal metabolic control is one that occurs at the organ
level rather than the cellular or molecular level. The intes-
tine in adult mammals is an organ that is known to be able to
homeostatically grow or shrink over time to adaptively
resize in response to varying environmental conditions (eg,
changes in nutrient delivery).?® We hypothesize that diets
that are high in easily digested fats and sugars represent an
important driver of the adaptive resizing of the human intes-
tine, causing mucosal alterations of the small intestine
through the stimulus of heightened nutrient delivery. This
adaptation leads to hyperplasia of the proximal intestinal
mucosa and the simultaneous hypoplasia of the distal intes-
tinal mucosa.?’ In this view, the mucosal adaptation of the
proximal intestine to high fat and sugar diets leads to a mor-
phological alteration that correlates with the alterations in
neurohormonal signal from the proximal intestine, acceler-
ated nutrient absorption via the proximal intestine, and a
reduced basal neurohormonal signal from the distal intes-
tine.!” The relationship between structural changes of the
intestinal mucosa and dysfunctional changes in neurohor-
monal signaling from the proximal intestine to the rest of the
body remains an open question. We believe the net systemic
impact of this diet-induced imbalance of proximal/distal
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intestinal neurohormonal signals in both the basal and post-
prandial states may well be the basis for the dysregulated
neurohormonal impact of the gut on the metabolic status in
obese and insulin resistant individuals.

Intestinal surgeries that shift the balance of nutrient expo-
sure from the proximal to the distal intestine (including certain
bariatric surgeries) achieve weight-independent improve-
ments in metabolic disease control.” Moreover, the heightened
distal nutrient delivery that invariably occurs as a consequence
of duodenal bypass leads to an expansion of the distal intesti-
nal mucosa through a similar process of mucosal adaptation,
further amplifying the shift toward more distal hormonal fac-
tors after surgical bypass.?®

Mechanistic studies of duodenal bypass surgery or cathe-
ter-based nutrient diversion have highlighted a reduction of
adipocyte lipolysis as a potential mediator of this metabolic
improvement, perhaps driven by gut-brain signals, gut hor-
mone effects, bile acid signaling, microbiome effects, or
combinations of these.?>?°3! This integrated signal is likely
achieved via a myriad of effector pathways. It may therefore
be better understood by the net effect of cumulative proximal
versus distal signals than by the individual effects of any of
the signaling molecules therein.

It is remarkable that, despite the amount of evidence sup-
porting the role of the intestine in metabolic control, the pre-
cise mechanisms of this control remain elusive. In Figure 2 we
show our proposed model of the gut lining as a longitudinal
“metabolic balance” for the body and mucosal adaptation as a
cellular mechanism within the mucosal lining by which this
balance can be altered. Mature individuals who consume a
healthy diet have a normal metabolic status with balanced con-
tributions from proximal and distal intestinal neurohormonal
signals (Figure 2a) to the body’s basal and post-prandial meta-
bolic state. Individuals who consume diets that are high in fat
and sugar (and presumably low in fiber) are predisposed to
developing dysfunction of the proximal intestinal mucosa
because of the proximal intestine’s adaptation to chronically
elevated nutrient exposure. This shifts the metabolic “balance”
toward the proximal intestine (with subsequently reduced dis-
tal nutrient delivery) and pushes the metabolic state toward
hunger, energy utilization, and insulin resistance, all in the set-
ting of excess caloric availability (Figure 2b). Conversely,
individuals who undergo duodenal bypass surgery increase
distal nutrient delivery, which leads to hypertrophy and hyper-
plasia of the distal intestinal mucosa. This, in turn, shifts the
metabolic balance toward the distal intestine and pushes an
individual’s homeostatic status toward satiety, energy storage,
and insulin sensitivity and also contributes to weight loss and
improved metabolic control. (Figure 2c¢).

Evidence for the Metabolic Balance
Model

Experimental data from rats and humans demonstrate that pro-
h— = an lead to an expansion of
je in enteroendocrine cell
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Figure 2. Metabolic Balance Model of Glucose Homeostasis. (a)
The normal path of food intake along the length of the GI tract is
from the proximal intestine to the distal (ie, from the duodenum
to the jejunum and then the ileum). Nutrient absorption of
healthy diets that are relatively scarce in simple sugars and fats
occurs as food is digested along the length of the Gl tract, with
relatively limited micronutrient absorption in the duodenum

and a larger amount of absorption in the mid and distal small
intestine. This allows for nutrient sensing and hormonal release
from the proximal, mid, and distal intestine, helping enable the
body to maintain homeostasis of hunger vs satiety and energy
utilization (fat breakdown) versus energy storage. (b) Diets that
are high in simple fats and sugars are more easily digested and

(continued)
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Figure 2. (continued)

absorbed in the proximal intestine, causing duodenal hyperplasia
and increased proximal neurohormonal signaling. This shifts

the gut’s metabolic balance toward hunger and fat breakdown,
contributing to increased obesity and insulin resistance. (c) RYGB
and similar bariatric surgeries prevent or limit nutrient absorption
in the proximal intestine and accelerate delivery of nutrients

to the distal intestine, leading to increased distal intestinal
neurohormonal signaling. This shifts the gut’s metabolic balance
toward satiety and energy storage, contributing to weight loss
and improved metabolic control.

numbers in this region.’>3* We and others have observed in
animal models a hyperplasia of the duodenal lining in response
to diets high in fats and sugars.?’ This duodenal hyperplasia is
associated with deeper crypts, greater crypt density, longer
mucosal villi, more duodenal mucosal cells of all differenti-
ated types, and greater mucosal surface arca. Experiments
with human duodenum-derived intestinal organoid cultures
reveal that the direct exposure of duodenal mucosal stem cells
to higher concentrations of fat and sugar leads to higher rates
of stem cell division, thereby connecting nutrient exposure to
the known acceleration of stem-cell division underlying intes-
tinal mucosal adaptation. This adaptation to nutrient exposure
may explain how diets that are high in easily digestible fats
and sugars, as seen in modern society, may yield a hyperplas-
tic proximal intestinal mucosa as a direct consequence of
heightened local nutrient exposure.?® It is important to note
that although organoid cultures are suitable for cellular mecha-
nistic and developmental studies, data generated from this
model system should not be overinterpreted as representative
of organism-level complex physiological mechanisms. Further
studies are needed to better understand the nature and time
course of duodenal adaptation and dysfunction.

Duodenal hyperplasia appears to be linked to insulin
resistance and the metabolic syndrome, which is a precursor
to Type 2 Diabetes, non-alcoholic fatty liver disease, and
obesity. While the precise molecular consequences of duode-
nal dysfunction are not known, increased Gastic Inhibitory
Polypeptide (GIP) secretion, increased iron absorption,
altered gut-brain signals, bile acid changes, and microbiome
alterations have all been invoked as potential mecha-
nisms.?*¥*35 GIP is an incretin hormone that contributes to
the basal secretion of insulin and glucagon in the fasting state
as well as their induced secretion post prandially.** It is pro-
duced in intestinal cells found predominantly in the proximal
small intestine, including the duodenum. In addition to its
effects on the alpha cell and beta cell of the pancreas, GIP
also has stimulatory effects on both adipose tissue lipogene-
sis and lipolysis through both direct and indirect means.?>3¢
In animal models fed a high fat diet, GIP expression was
increased, as was intestinal K cell number.>* Observations of
GIP excess extend to humans as well. Elevated levels of GIP
have been seen in serum from obese patients** and in biopsy
samples of duodenal mucosa taken from patients with T2D.%’

beases ‘an is increased in people with
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obesity and T2D, but the role of pharmacologic manipulation
of the GIP signaling pathway in metabolic control is unclear,
with both GIP agonists and antagonists currently in develop-
ment.*¥4" In addition, the literature linking GIP to the devel-
opment of metabolic disease must be interpreted with
caution, given that studies have also proposed that GIP may
have an insulin-sensitizing effect.*! Iron absorption occurs
primarily in the proximal small intestine, including the duo-
denum. Also similar to GIP, elevated iron stores are posi-
tively associated with insulin resistance, metabolic syndrome,
and T2D in humans.* The relationship between iron and dia-
betes is reciprocal: elevated iron stores negatively impact
glucose metabolism and glucose metabolism impacts iron
pathways in the body. Iron excess predicts the development
of T2D while iron depletion appears to protect from meta-
bolic disease. The intestine has also been observed to have
alterations in gut-brain, bile acid, and microbiome signaling
in animal models and individuals with obesity, as has been
reviewed elsewhere.®%

It is also possible that duodenal hyperplasia does not con-
fer any afferent signal itself but simply acts as a hyperactive
accelerant of nutrient uptake and a “gatekeeper” that limits
nutrient delivery to the distal gut. When the duodenum of
rodents fed a high fat and sugar diet becomes hyperplastic,
the distal intestine of the same DIO rodents becomes hypo-
plastic, which is hypothesized to be due to reduced delivery
of nutrients to the distal small intestine. Physiologic charac-
terization of humans and rodent models of T2D and obesity
has been associated with decreased GLP-1 and Peptide YY
(PYY) secretion that correlate with distal hypoplasia.****°> As
with the link between proximal intestinal hyperplasia and GIP
excess, strong circumstantial evidence also supports an
important hormonal consequence of distal intestinal hypopla-
sia. As such, the “foregut” mechanism may simply be a mech-
anism by which duodenal hyperplasia reciprocally diminishes
known hindgut effects on satiety and glucose reduction medi-
ated through distal effectors, including GLP-1 and PYY. In
summary, while the evidence that duodenal hyperplasia may
be pathologically implicated in insulin resistance is quite
strong, the afferent mechanistic relationship between duode-
nal hyperplasia and the metabolic syndrome remains unclear.

The growing body of evidence around gut-segment
dependent metabolic effects is not sufficiently explained by
existing models of the role of the gut in metabolic control.
Our model adds to, but does not replace, our growing
understanding of the key integrating roles played by adi-
pose tissue, the brain, and other organs as critical partici-
pants in determining metabolic homeostasis.*® For instance,
current theories recognize the role of incretin hormones and
the microbiome on insulin kinetics and the role of nutrient
signals from the gut in influencing the brain-adipose and
brain-liver signaling required for energy mobilization ver-
sus energy storage.*’” However, they do not explain the con-
trasting effects of proximal intestinal and distal intestinal
factors on weight, lipolysis, insulin resistance, glycemia, or
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cardiovascular risk factors.*® It is possible that the intestinal
metabolic imbalance caused by a hyperplastic duodenum
drives accelerated fatty acid flux (either through neuronal
or hormonal afferent signals), thereby tying the mucosal
abnormality to the development of insulin resistance. We
believe this gut mucosal metabolic balance model provides
a rational explanation for the histological observation of
mucosal changes in response to high fat diets along the
length of the GI tract, as well as such clinical observations
as: (1) the weight-independent benefits of certain duode-
num-excluding surgeries, (2) the different responses of
nutrient stimulus in the proximal versus distal intestine, (3)
the benefits of GLP-1 receptor analogues, and even (4) the
benefit of alpha-glucosidase inhibitors (because inhibition
of proximal intestinal glucose absorption leads to enhanced
distal glucose absorption). Furthermore, the model pro-
vides a framework to help interpret the mechanistic basis of
the human clinical evidence thus far available and enables
the generation of hypotheses that can provide a path for-
ward to new treatments.

There are several unique novel endoscopic interventions
under development that have each demonstrated weight inde-
pendent metabolic benefits. While working via disparate
mechanisms, they each harness the potential to reset this puta-
tive metabolic imbalance in a minimally invasive and adher-
ence-independent manner by altering the location of intestinal
nutrient absorption. Three categories of such promising inter-
ventions are worth considering. First, the duodenal-jejunal
bypass liner, which is a luminal implant that causes nutrient
delivery to bypass the duodenum and proximal jejunum,
thereby accelerating nutrient delivery to the distal intestine,
has shown promising effects on blood glucose control and
weight loss.*° Second, the jejuno-ileal partial bypass proce-
dure accelerates nutrient delivery to the distal intestine,
which has been shown to reduce blood sugar and body weight
in individuals with T2D.>? Third, duodenal mucosal resurfac-
ing (DMR) addresses dysfunctional duodenal neurohormonal
signaling via hydrothermal ablation, leading to improved
insulin sensitivity and glucose control.* Early studies of each
of these therapies have also shown decreases in insulin resis-
tance, liver fat content, and body weight, thereby supporting
the argument that intestinal interventions show considerable
promise in reversing metabolic diseases.

Conclusion

While there are multiple dynamic physiological mechanisms
that contribute to the maintenance of metabolic homeostasis,
this metabolic balance model of the gut should be viewed as
a starting point for further hypothesis generation and testing.
What is the link between duodenal dysfunction and insulin
resistance? What is the nature of the afferent signal from the
gut to the brain, liver, and/or adipose that regulates the bal-
ance between lipogenesis and lipolysis and impacts the

6
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systemic insulin resistant state? Is there a minimal reducible
set of proximal intestinal and/or distal intestinal factors that
are sufficient to recapitulate the phenotype of bariatric sur-
gery in a molecular manner (i.e., what are the contributions
of gut hormones, bile acids, iron metabolism, neuronal sig-
naling, and the microbiome involved)? We have recently
convened a research consortium of scientific and clinical
experts to begin delving into these potential questions as a
means to better understand the role the gut is playing in met-
abolic homeostasis.

Though the precise molecular mechanisms may still be
unknown, it is possible that entirely new therapeutic
approaches can be developed based on this gut metabolic
balance model. These approaches may well address the cur-
rent explosive unmet need for disease modifying therapies
by providing non-pharmacological, adherence-independent
alternatives to the current standard of care in T2D. Minimally
invasive, highly scalable approaches aiming to restore intes-
tinal metabolic equipoise have the potential for far-reaching
consequences on human health by tackling one of the
upstream, organ-level root causes of the metabolic syndrome
rather than simply addressing its narrower downstream con-
sequences, like elevated blood sugar, liver steatosis, or coro-
nary atherosclerosis.
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