Diet-Induced Intestinal Mucosal Disequilibrium Contributes to Insulin-Resistant Metabolic Disease
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Background

e Excessive consumption of diets high in saturated and trans fats and refined sugar is one of the primary
drivers of insulin resistance and hyperinsulinemia that underlie obesity and metabolic diseases'

e Gastrointestinal procedures (eg, bariatric/metabolic surgery) that bypass the upper small intestine
(eg, Roux-en-Y gastric bypass [RYGB] surgery, duodenal-jejunal bypass) induce dramatic and long-lasting
weight-independent improvements in glycemic control, lipid metabolism, inflammation, and insulin
resistance in patients with type 2 diabetes (T2D),? highlighting the important role of the gut as a critical
regulator of metabolic homeostasis*'

e The gut epithelium dynamically responds to local nutrient exposure, and each gut region exhibits distinct
mucosal physiology''8

e Fundamental questions regarding the relative contributions of factors produced by the proximal and
distal small intestine—and the potential for a causal role of intestinal mucosal changes in obesity and the
dysmetabolic state—remain unanswered

e Understanding the mechanisms by which bypass of the duodenum and/or nutrient delivery to the distal
bowel leads to lasting improvements in metabolic homeostasis provides an opportunity to refine current
treatments and develop new therapies for metabolic diseases'

Objective

To further elucidate the potential mechanisms underlying nutrient-induced gut adaptation and insulin
resistance-related metabolic disease pathogenesis, we report key findings that highlight the important and
distinct contributions of the proximal and distal intestinal mucosa in requlating metabolic homeostasis.

Methods

e To further characterize nutrient-induced gut adaptation we studied:

e Intestinal changes in morphology, hormonal signaling, and transcription in high-fat diet (HFD)-
induced obese mice

e Effects of direct stimulation with lipid or glucose on proximal and distal intestinal epithelial growth
using rodent and human organoids

e To investigate the pathophysiologic relevance of nutrient-induced gut adaptation, we studied the effect of:

e Surgical intervention (RYGB) on proximal and distal intestinal morphology and gene expression in
diet-induced obese (DIO) rats

e Pharmacologic manipulation of proximal (glucose-dependent insulinotropic polypeptide [GIP])
and distal (glucagon-like peptide-1 [GLP-1]) gut hormones on glucose and lipid metabolism in
DIO rodents

High-fat Diet-induced Obesity Mouse Model
e (C57BI/6JRj mice were fed lean chow (11% fat, 24% protein, 65%
carbohydrate) or HFD (60% fat, 20% protein, 20% carbohydrate) for

7 or 13 weeks

HFD-induced
obese (DIO) mice

RYGB in DIO Rat Model

! gi e Sprague Dawley rats were fed a 2-choice diet of HFD (29.3% fat,

33.2% carbohydrate, and 18% protein) and pelleted chow ad libitum
for 20 weeks and were randomized 1:3 to receive RYGB or sham
RYGB in DIO rats

surgical procedure
Pharmacologic ¢

GIPR Antagonism + 1.
GLP-1R Agonists in DIO mice

Post-procedure, rats were fed a liquid diet (fat 3.4%, carbohydrate
13.8%, and protein 3.8%) from day -3 to day 11, then HFD and chow
or chow only from days 11 to 21 (study termination)

GIPR
antagonist

GLP-1R GIP Receptor Antagonism Combined with GLP-1

o Receptor Agonism in DIO Mouse

e (C57BL/6JRj mice were fed a HFD for 18 weeks before and during
the study

Mice received treatment from day O (first dose) through day 28

Vehicle: Vehicle 1 (phosphate buffered saline plus 0.1% bovine serum
albumin, subcutaneous [SC], once daily [QD]) and continuous infusion
of vehicle 2 (DMSO/propylene glycol [50/50 v/v]) via osmotic minipump

Duodenal 2
Organoid

GLP-1 receptor (GLP-1R) agonist: 0.2 mg/kg liraglutide and continuous
infusion of vehicle 2 via osmotic minipump

3. GIP receptor (GIPR) antagonist: Vehicle 1 (SC, QD) and
continuous infusion of ~4.5 mg/kg/day mouse GIP(3-30)NH2'® via
osmotic minipump

4. GLP-1R agonist + GIPR antagonist: 0.2 mg/kg liraglutide (SC, QD)
and continuous infusion of ~4.5 mg/kg/day mouse GIP(3-30)NH2 via
osmotic minipump

Human and Mouse Intestinal Organoids

e Mouse duodenal and terminal ileum crypts were isolated and grown
into organoids as previously described?®

e Human duodenal and terminal ileum crypts were isolated from biopsy
samples taken from 2 different patients undergoing endoscopy at Guy’s
and St Thomas’ NHS Foundation Trust

Crypts from those biopsy samples were isolated and grown into
organoids as previously described™

lleal °
Organoid

Results

HFD Results in Opposite Effects on Intestinal Growth and Metabolism in the

Proximal vs Distal Gut

e HFD causes mucosal hyperplasia in the proximal gut (the duodenum and the upper jejunum), while the
distal gut (ileum and colon) showed hypoplasia (Figure 1)

e Mean GLP-1-positive cell number (P < 0.01), G/p transcription (P < 0.05), and crypt density (P < 0.001)
were greater in the duodenum and jejunum of DIO mice compared with control mice, suggesting an
adaptive growth response by the stem cell compartment

e HFD also altered hormone expression across segments of the gut commensurate with the changes in
mucosal thickness

e Pathway analyses on RNA-sequencing data indicated a robust impact of diet on gut hormone production,
cholesterol homeostasis/ketogenesis, glycolysis, fatty acid metabolism, oxidative phosphorylation, and
Immune response (Figure 2)

e The proximal gut showed significant changes in gene expression in response to DIO for many
genes from these pathways, while, in general, their expression was not markedly impacted in distal
segments of the intestine

Figure 1. HFD-induced Adaptive Responses in Mouse Intestinal Mucosa, Enteroendocrine Cell
Numbers, and Transcriptional Changes in Gut Hormones
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Figure 2. HFD-induced Expression Changes in Metabolic and Immune Response Pathways
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significant. A statistically significant impact of diet was found in the rJI for gene pathways related to fatty acid metabolism, oxidative phosphorylation,
glycolysis/gluconeogenesis, and bile acid metabolism. cJL = caudal jejunoileum; HFD = high-fat diet; FDR = false discovery rate; KEGG = Kyoto
encyclopedia of genes and genomes; rJl = rostral jejunoileum.

Nutrient Exposure Produces Differential Response in Duodenal vs lleal
Organoids

e Transcriptional responses diverged between mouse duodenal and ileal organoids in response to chronic
exposure to excess lipid (Figure 3)

e Results from human organoid experiments demonstrated that the duodenal and ileal stem cell
compartments differentially respond to excess nutrients (either lipid or glucose) in vitro (Figure 4),
supporting the observations of duodenal hyperplasia and ileal hypoplasia seen after DIO in rodents in vivo

Figure 3. Distinct Changes in Gene Expression of Mouse Duodenal and lleal Organoids After
Chronic Exposure to Lipids
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Figure 4. Divergent Growth and Transcriptional Responses of Human Duodenal and lleal Organoids
to Lipid and Glucose Treatment
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RYGB Surgery Elicits Morphologic and Hormonal Changes to Proximal vs
Distal Intestine that Oppose Changes Seen in DIO Models

e HFD induced distinct changes to proximal and distal gut, and RYGB-directed nutrient exposure to the
distal gut led to opposing adaptive morphological and gene expression changes that correlated with
metabolic benefit (Figure 5)

e 3 weeks post-procedure, there was a significant increase in distal (P < 0.001) jejunum weight
(Figure 5B) and proximal (P < 0.01) and distal (P < 0.001) jejunum volume (Figure 5C) in DIO-RYGB
rats compared with sham-operated DIO rats

e Immunohistochemistry analysis indicated that GIP cell density was reduced after RYGB in the
alimentary and common limb

e The mean expression of other proximal intestinal gut hormones (including Gip, Cck, and ghrelin and
obestatin prepropeptide [Ghrl]) were significantly downregulated following RYGB in the duodenum
compared with a sham procedure (P < 0.001, P < 0.05, and P < 0.01, respectively), contrasting to the
increase in GIP expression seen following HFD in sham-operated DIO rats
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e Similar to DIO mouse gene expression data, we noted a marked impact of HFD on the expression of
genes responsible for gut hormone production, cholesterol homeostasis, glycolysis, and fatty acid and bile
acid metabolism in the proximal gut, including the duodenum and jejunum (Figure 6)

e RYGB often demonstrated opposite effects on gene expression when compared with the DIO-sham
procedure

e HFD-induced increases in expression of proximal gut hormones and genes involved in fatty acid and
bile acid metabolism were countered by large reductions in expression of these genes in the proximal
gut after RYGB

Figure 5. RYGB Surgery in DIO Rat Model Establishes the Importance of the Proximal and Distal Gut
Morphology and Gene Expression
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(A) Relative body weight from day 0 to 21. (B) Gut weight (milligrams) by region. (C) Gut volume (millimeters) by region. (D) Representative images of
GIP immunohistochemistry in duodenum/bibliopancreatic limb (magnification 10x). Gip (E), Cck (F), and Ghrl (G) mRNA expression levels by gut region.
Data are presented as mean (SEM), unless otherwise noted. Significant differences between treatment groups were determined using Dunnett’s

test 1-factor (total body weight, total gut weight and volume, mucosal weight) linear model of last study day data or 2-factor (intestinal weight

and volume in different intestinal regions) linear model with interaction. *P < 0.05; **P < 0.01; ***P < 0.001 after correction for gene-wise multiple
testing. N = 10 for each group. Cck = cholecystokinin; Ghrl = ghrelin and obestatin prepropeptide; Gip = glucose-dependent insulinotropic polypeptide;
RYGB = Roux-en-Y gastric bypass; SEM = standard error of the mean.

Figure 6. RYGB Affects the Gene Expression in Metabolic Requlation Pathways Distinctly in Proximal
vs Distal Segments of the Intestine
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animals or biliopancreatic limb after RYGB, proximal jejunum for both proximal jejunum in sham-controlled animals, and alimentary limb after RYGB,
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RYGB = Roux-en-Y gastric bypass. N = 10 for each group.
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Effect of GIP Receptor Antagonism Combined with GLP-1 Receptor Agonism
on Metabolic Control in DIO Mice

e Differential perturbation of gut hormonal signals from the proximal and distal gut may have mutually
reinforcing effects on metabolic homeostasis (Figure 7)

e Mice treated with the GIPR antagonist in combination with the GLP-1R agonist had lower
epididymal fat weight at termination than mice treated with the GLP-1R agonist alone

e Pharmacologic inhibition of the duodenal hormone GIP, together with GLP-1R agonism, reduces
HFD-induced hyperinsulinemia and insulin resistance

Figure 7. The Effect of GIPR Antagonism Via GIP(3-30)NH2 in Combination With Liraglutide on
Glucose and Lipid Homeostasis in DIO Mice
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(A) Blood glucose (millimoles per liter) during the OGTT on day 21 measured at -30, 0, 15, 30, 60, 120, and 180 minutes relative to oral glucose load.
Animals were dosed at —30 minutes. (B) Percent change in blood glucose from day -3 to day 28. (C) Percent change from day -3 to day 28 in fasting
insulin. (D) Percent change in HOMA-IR from day -3 to day 21 and from day -3 to day 28. (E) Mean (interquartile range) terminal epididymal fat
weight relative to body weight. (F) Mean (interquartile range) plasma FFAs (micromoles per liter) at termination. (G) Median (interquartile range) of
plasma TC (millimoles per liter) at termination. (H) Median (interquartile range) of plasma TG (millimoles per liter) at termination. Data are presented
as mean = SEM, unless otherwise noted. For continuous data from minipump experiments with a single time point or repeated measures, a 1-factor
linear model was used to compare difference in plasma insulin, TG, TC, FFA, and epididymal fat weight between treatments and control using
Dunnett’s test. A 2 x 2 contingency table consisting of responders and non-responders in control and treatment groups was used to analyze categorical
data, and a Fisher’s exact test was used for all pairwise comparisons with P values adjusted using the Bonferroni correction. *P < 0.05; **P < 0.01;
***P < 0.001 compared with vehicle. FFA = free fatty acid; GIPR = glucose-dependent insulinotropic polypeptide receptor; GLP-1R = glucagon-like
peptide-1 receptor; HOMA-IR = homeostatic model assessment-insulin resistance; OGTT = oral glucose tolerance test; SEM = standard error of the
mean; TC = total cholesterol; TG = triglycerides. N = 10 for each group.

Summary Of Key Findings

Balanced Equilibrium Model of Metabolic Homeostasis
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Figure 8. Nutrients differentially impact
the proximal and distal gut, which leads
us to propose a balanced equilibrium
model of the intestinal mucosa’s influence
on metabolic homeostasis and IR-related
disease pathogenesis. We hypothesize
that HFD-induced duodenal hyperplasia,

High-Fat/Sugar Diet-Induced Disequilibrium

High-Fat/Sugar Diet Absorption: t,\,,ucosa| volume accompanied by ileal hypoplasia, results
(Hyperplasia) in metabolic imbalance between proximal
l'\"ucosa' volume gut signals (eg, enteroendocrine function) vs
(Hypoplasia) : : ;
distal gut signals that together contribute to

a dysmetabolic state (eg, insulin resistance)
in humans. Although regional-specific gut
hormones play an important role in our
balanced equilibrium model, other factors
such as lipid metabolism, neuronal signaling,
microbiome effects, and bile acid signaling,
are also important contributors. GLP-1 indicates
an increase in the number of GLP-1-positive
‘ cells. Cck = cholecystokinin; Ghrl = ghrelin
( and obestatin prepropeptide; Gip = glucose-
LP-R) dependent insulinotropic polypeptide;
GIPR = GIP receptor; GLP-1 = glucagon-
like peptide-1; GLP-1R = GLP-1 receptor;
HOMA-IR = homeostatic model assessment-
iy sy Lk B insulin _resista_nce; TC = total cholesterol;
Fasting insulin Plasma FFA, TC, and TG TG = t”glyce”deS; RYGB = Roux-en-Y
HOMA-IR gastric bypass.
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Conclusions

e Diet with a high content of fat and sugar induces distinct and opposite effects in the growth and
metabolism of the proximal vs distal gut

e Morphologic and functional imbalance between the proximal and distal intestine is associated with a
dysmetabolic phenotype

e Improved metabolic function after surgical and pharmacological intervention is associated with
restored balance between proximal and distal intestine

e These findings (Figure 8) further support the role of the intestinal epithelium in the control of
metabolism and suggest that interventions aimed at maintaining or restoring physiological balance
between the proximal and the distal intestine may be effective ways to prevent and treat T2D and
other metabolic diseases
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