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Abstract

Background and Aims: Bile diversion to the ileum (GB-IL) has strikingly similar metabolic
and satiating effects to Roux-en-Y gastric bypass (RYGB) in rodent obesity models. The
metabolic benefits of these procedures are thought to be mediated by increased bile acids, though
parallel changes in body weight and other confounding variables limits this interpretation.

Methods: Global G protein-coupled bile acid receptor-1 null ( 7gr57") and intestinal-specific
farnesoid X receptor null (Fx/2E) mice on high-fat diet as well as wild-type C57BL/6 and
glucagon-like polypeptide 1 receptor deficient (G/p-1r7") mice on chow diet were characterized
following bile diversion to the ileum (GB-IL).

Results: GB-IL induced weight loss and improved oral glucose tolerance in HFD-fed 7gr5~",
but not £xF mice, suggesting a role for intestinal Fxr. GB-IL in wild-type, chow-fed mice
prompted weight-independent improvements in glycemia and glucose tolerance secondary to
augmented insulin responsiveness. Improvements were concomitant with increased levels of
lymphatic GLP-1 in the fasted state and increased levels of intestinal Akkermansia muciniphila.
Improvements in fasting glycemia after GB-IL were mitigated with Ex-9, a GLP-1 receptor
antagonist, or cholestyramine, a bile acid sequestrant. The glucoregulatory effects of GB-IL were
lost in whole body G/p-1r7~ mice.

Conclusions: Bile diversion to the ileum improves glucose homeostasis via an intestinal Fxr-
Glp-1 axis. Altered intestinal bile acid availability, independent of weight loss, and intestinal
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Akkermansia muciniphila appear to mediate the metabolic changes observed after bariatric surgery
and might be manipulated for treatment of obesity and diabetes.
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Introduction:

Obesity and its related metabolic comorbidities, including insulin resistance and type 2
diabetes (T2D), pose major healthcare threats worldwidel. Bariatric surgery is not only the
most effective obesity treatment, but is also potential treatment for T2D? in those with a
BMI<35 kg/m?. Substantial evidence demonstrates that bariatric surgery, commonly Roux-
en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG), is associated with more
robust and durable weight loss and T2D resolution compared to medical and/or lifestyle
interventions3: 4,

Even though surgical treatment of obesity is becoming widely accepted, the mechanisms of
how these operations mediate their beneficial effects remain elusive. Surgery causes
significant weight loss that improves insulin sensitivity and overall health, and it is not
surprising that long-term T2D resolution correlates strongest with weight loss®. From
clinical practice, however, we commonly observe many patients — even some requiring
exogenous insulin — discontinuing most, if not all, diabetes medications within a few days
postoperatively. These marked effects precede significant weight loss, suggesting the
existence of weight-independent mechanisms.

Previous observations from this laboratory and others showed that RYGB and VSG are
associated with elevated bile acids in both rodents6-8 and humans®12, Bile acids have dual
functions as detergents involved in lipid absorption and as hormones influencing metabolic
processes via receptors such as Takeda G-protein coupled receptor 5 (Tgr5) and farnesoid X
receptor (Fxr)13: 14, While bile acid signaling appears necessary for the weight loss and
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glucose tolerance effects of VSG in micel® 16, a complete enumeration of the signaling
events after bariatric surgery leading to improved glucose tolerance remains to be described.

To better understand the potential role of bile acids in the metabolic improvements after
bariatric surgery we devised a mouse model, connecting the gall bladder (GB) to specific
segments of the small intestine, without intestinal rerouting®. We showed that redirecting
bile acids to the distal small intestine elicited metabolic changes collectively recapitulating
all of the metabolic and physiologic improvements observed with RYGB. GB to ileum (GB-
IL) anastomosis in obese, high-fat fed mice results in increased circulating bile acids, weight
loss, fat malabsorption, improved glucose tolerance, increased energy expenditure and
altered gut microbiota. While it is tempting to attribute the improved glucose tolerance to
elevations in bile acids alone, the multiple roles of bile acid receptors and the concurrent
reductions in body weight after surgery confound such interpretations.

Hence, in an attempt to dissect the independent role of bile acids, we performed bile
diversion studies in high fat diet- (HFD-) fed Tgr5 null (7gr57~; TGR5 KO) and intestinal
epithelium Fxr null (Fxr2) mice. Here again, we observed that GB-IL in globally-deficient
Tgr57~ mice improved glucose tolerance and also lead to decreased body weight. In
contrast, ~xrE mice did not display improvement in glucose tolerance and had minimal
effect on body weight reduction. To control for changes in body weight, we performed
studies in lean chow-fed mice, and found that bile diversion to the ileum resulted in similar
improvements in oral glucose tolerance compared to those observed with RYGB and with
GB-IL in HFD-fed mice. The results in the lean chow-fed mice mimicked those we
previously observed with HFD-fed mice but were independent of weight loss or of any one
of the other confounding variables observed with HFD-fed mice. Additionally, they
demonstrate that lymphatic Glp-1 and the Glp-1 receptor (GLP-1r) mediate these bile acid-
induced glucoregulatory effects®.

Animals & Surgical Operations

Male C57BL/6J mice at eight weeks of age were purchased from Jackson Laboratory (Bar
Harbor, ME) and G/p-1R~~ mice obtained from Dr. Daniel Drucker (Lunenfeld-Tanenbaum
Research Institute, Mount Sinai Hospital, Toronto, Canada)l’. Both strains of mice were
given ad /ibitum access to chow (4.5% fat, Purina). Intestine-specific Axr-null (Fxr2E) mice
were generated by crossing Fxr#™8 with villin-creERT2 19 and genotyped as described.
Fxr’E mice were injected daily for 5 consecutive days with tamoxifen (10 mg/ml in
ethanol:peanut oil [1:10]; 50pl per injection) 2 weeks prior to surgery. 7gr5720 (obtained
from Dr. Galya Vassileva, Merck, Kenilworth, New Jersey) and Fx72E mice had ad libitum
access to a high-fat diet (F-3282, 60% fat by weight, Bio-Serv) for 12 weeks before and after
surgery.

Experimental procedures were performed according to protocols approved by the Vanderbilt
University Medical Center Institutional Animal Care and Use Committee. Mice were
monitored under the care of the Division of Animal Care in compliance with NIH
guidelines. Mice were housed at 23°C on a 0700-1900 light/dark cycle for the duration of
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all experiments. At the end of all acute or chronic experiments (8 weeks), animals were
quickly anesthetized following a 5h period of food-restriction to allow for blood, tissues, and
feces/cecal contents to be collected for further assay.

Bile diversion to the ileum (GB-IL) was performed as previously described®. Bile flow was
diverted from the gallbladder to the ileum (4 cm proximal to the ileocecal valve, GB-IL).
GB-IL does not alter flow of exocrine pancreatic secretions, as care was taken to ligate the
bile duct above the confluence of the pancreatic and common bile ducts using 9-0 nylon
(Fig 1A). Animals were not food-restricted in the perioperative period, nor were antibiotics
given for surgical prophylaxis. Early mortality (<1 week postop) was approximately 15%,
being exclusively due to leakage of the gallbladder-to-bowel anastomosis.

Additional methods can be found in the Supplementary Materials.

Effects of GB-IL in HFD-fed Tgr5~~ and Fxr ~E mice

To isolate the role of bile acids in improved glucose tolerance after bariatric procedures, we
subjected obese, high-fat diet- (HFD-) fed 7gr5~~ mice and mice disrupted of intestinal
epithelium-specific Fxr (Fxr4E) to GB-IL surgery (Fig 1A). In line with data obtained in
obese wild-type C57BL/6J mice8, GB-IL surgery durably reduced body weight (Fig 1B) and
adiposity (Fig 1C) in globally-deficient 7gr5~~ HFD fed mice. Early post-operative declines
in food intake returned to chow levels by 4 wks (Fig 1D). In contrast, Fxr &£ HFD-fed mice
displayed only minimal reductions in body weight (Fig 1E) and body mass (Fig 1F) and
similar to GB-IL in 7gr57~ mice, food intake at 4 wks was equivalent to controls (Fig 1G).
The reductions in body weight observed in GB-IL 7gr5~~ mice were associated with
significantly improved oral glucose excursions (Fig 1H) and improved oral glucose tolerance
(Fig 11). In contrast, GB- IL imparted no improvements in oral glucose tolerance in Fxr &€
mice (Fig 1J and K).

Anthropometric Measurements, Food Intake & Fecal Analyses of GB-IL in Chow-fed Mice

To control for the metabolic effects of reduced body weight that were evident in HFD-fed
GB-IL mice, we performed a battery of studies in lean, low-fat (4.5% fat) chow mice after
GB-IL surgery. The effects of a sham GB-D surgery were also investigated (aata not shown
but results were used for statistical testing). Body weight gains in C57BL/6J mice (Fig 2A)
did not differ over the study period. Postoperative food intake was transiently decreased for a
few days, consistent with the effects of surgery. After recovery, however, food intake was
similar among all groups regardless of being expressed as either average daily (Fig 2B) or
cumulative (Fig 2C) intake. In addition, body composition (Fig 2D) was also similar without
any differences in fat or muscle mass (Supp Fig 1). Moreover, no groups showed evidence of
anemia that can commonly confound surgical studies (Supp Fig 2). Unlike previous high fat
feeding studies with fecal malabsorption®, total fecal lipid content (Fig 2E) was not
significantly affected by GB-IL.
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Bile Acid Metabolism

Several studies have attributed the effects of bariatric surgery, at least in part, to significant
increases in circulating bile acids. In the current study we observed similar increases in
circulating bile acids in all animal groups studied irrespective of genotype or dietary
intervention (Fig 2F and Supp Table 1). The increases were due to robust elevations in
primary and secondary conjugated bile acids (Supp Fig 3A-B). Conversely, neither primary
nor secondary unconjugated bile acids, nor the 12a-hydroxylated/non-12a hydroxylated BA
ratio (Fig 2G) significantly differed among groups.

We examined the livers of Chow and bile diverted mice and found no differences in the
abundance of proteins that coordinate hepatic bile acid signaling except for increased
Cyp7al expression (Supp Fig 4A) similar to previous studies316. Ileum mRNA levels of the
basolateral and apical bile acid transporters (Supp Fig 4B) and the bile acid receptors Fxr
and Tgr5 (Supp Fig 4C) did not significantly change after GB-IL.

Insulin Sensitivity and Glucose Tolerance

We examined whether the observed increases in circulating bile acids were associated with
detectable effects on glucose metabolism and insulin sensitivity using a low dose
hyperinsulinemic-euglycemic clamp. GB-IL mice had significantly lower fasting blood
glucose (Fig 3A) compared to Chow (132+4.9 vs. 152+5.2 mg/dl, A<0.05), yet all groups
had similar basal insulin levels, as well as similar rises in steady-state insulin concentrations
during the clamp (Fig 3B). However, GB-IL required significantly more intravenous glucose
compared to Chow to maintain euglycemia (Fig 3C). Nevertheless, the ratio of glucose
infusion rates to steady-state insulin concentrations, a surrogate for peripheral insulin
sensitivity (Supp Fig 4A), were not different among the groups (P=0.07). In contrast, hepatic
insulin sensitivity showed a small, but significant improvement in GB-IL compared to Chow,
as measured by insulin-mediated suppression of hepatic glucose output (Supp Fig 5B).

To investigate potential changes in peripheral insulin sensitivity or tissue glucose uptake
driven by increased bile acids in GB-IL, we administered intravenous non-metabolizable
14C-deoxyglucose tracer under euglycemic conditions (Supp Table 2). We observed no
differences in insulin-mediated tissue glucose uptake in skeletal muscle or in either visceral
or subcutaneous white adipose as well as brown adipose tissue.

Previous data suggest that fasting intestinal glucose uptake may be increased after RYGB?21.
Thus, to examine this we harvested from the same mice duodenal, mid-jejunal and distal
ileal segments, and found glucose uptake to be similar among groups (Supp Table 2).

Given the apparent lack of differences on tissue insulin sensitivity with a submaximal insulin
dose, we investigated whether there may be altered insulin signaling in skeletal muscle in
response to a maximal insulin dose. We did not observe any altered insulin signaling
estimated by the ratio of phosphorylated-Akt473 to total-Akt, either in the basal state or
under maximal insulin stimulation (Supp Fig 6).

We next examined whether the elevated plasma bile acids observed in GB-IL altered hepatic
glucose handling using oral glucose tolerance tests (OGTT). Fasting glucose (mg/dl) was
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significantly lower in GB-IL (144.5+3.7) compared to Chow (166.2+4.5, P<0.0). Post-
prandial blood glucose excursion and AUC (Fig 3D-E) were decreased in GB-IL mice
compared to Chow. Interestingly, baseline fasting and peak plasma insulin concentrations
were higher for the GB-IL mice resulting in significantly increased insulin to glucose ratios
(Fig 3F). The improvement in oral glucose tolerance was durable, and even more robust,
when tested by OGTT at eight weeks postoperative (Supp Fig 7). Regression modeling to
compare the glucose and corresponding insulin responses at 4 weeks postoperative
demonstrated similar slopes for the insulin responses among the groups (Fig 3G). However,
the intercept of the GB-IL response line was significantly higher (£=0.013) compared to the
chow-fed mice indicating that the GB-IL insulin values were significantly elevated for any
given concentration of blood glucose compared to Chow.

To investigate the alternate possibility that bile diversion may be retarding intestinal glucose
absorption and leading to a perceived but not actual improved glucose tolerance, we
conducted OGTT using a glucose load supplemented with trace amounts of 3-[3H]-O-
methylglucose (3-OMG) that verified similar intestinal glucose uptake in both groups (Fig
3H; P=0.57). Hepatic glycogen content was also not significantly different among groups
(Fig 3I; P=0.27). Collectively, these experiments provide evidence that the bile acid-
mediated improved glucose tolerance was not due to alterations in whole body or in skeletal
muscle insulin sensitivity in GB-IL mice, but rather to a direct bile acid mediated effect on
hepatic glucose handling.

Lymphatic Incretin Responses

We attempted to measure peripheral GLP-1 concentrations, the secretion of which is
stimulated by bile acids in the distal ileum??2, as a possible mediator for the improved oral
glucose tolerance in GB-IL mice. GLP-1 levels were below the lower limit of detection in
these lean, healthy animals. We therefore proceeded with interrogation of basal and nutrient-
stimulated incretin responses (Fig 4A-F) in mesenteric lymph as previously described and
modified in our lab for conscious mice23. Basal lymph GLP-1 (Figs 4A-B) was significantly
elevated (~4.5-fold) in GB-IL compared to chow controls. Following nutrient delivery, both
groups showed comparable increases in GLP-1 compared to baseline (Fig 4C). However, the
AUC response in GB-IL was over 70% greater than seen with the chow fed mice. Similarly,
there were also detectable increases in nutrient-stimulated GIP (Fig 4D-F). However, there
were no differences in GIP (Fig 4E and F) under basal or nutrient-stimulated conditions
between groups.

Given that the effects of GB-IL on glucose tolerance were dependent on enteral glucose and
potentially GLP-1 signaling, we examined the effect of bile acids on insulin secretion using
standard intravenous hyperglycemic (~250 mg/dL) clamps (Fig 4G-1)?4. Despite similar
hyperglycemia and glucose infusion rates, peak plasma insulin levels in GB-IL mice were
not significantly different.
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Pharmacologic and Genetic Blockade of GLP-1R Blunt the Glucoregulatory Effects of
Elevated Bile Acids after GB-IL

We tested directly whether GLP-1 signaling played a role in the improved glucose tolerance
observed in GB-IL mice by treating animals with the GLP-1R antagonist, exendin-9 (Ex-9).
Ex-9 treatment to GB-IL, but not Chow, mice prior to OGTT (Fig 5A) significantly
worsened post-prandial blood glucose excursions and glucose AUC (Fig 5B).

To determine whether luminal bile acids were mediating these improvements, we performed
OGTT in C57BL6/J GB-IL mice with and without the administration of the bile acid
sequestrant, cholestyramine (500 mg/kg daily for 3 days; Fig 5C-D). Cholestyramine
pretreatment significantly lowered fasting plasma glucose with similar blood glucose
excursions in GB-IL mice, such that there were no differences in blood glucose AUC (Fig
5D). Measurements of total and fractional serum bile acid concentrations in cholestyramine-
treated mice revealed that serum bile acids were still significantly elevated in GB-IL mice
(Fig 5E); however, bile acid composition changed from a bile acid profile dominated by
tauro-pg-muricholic acid (TBMCA) to one with a more diversified bile acid complement
where TBMCA was much less abundant (Fig 5F).

Additional experiments in mice globally deficient for GLP-1 receptor (G/p-1r”") were also
undertaken. Body weight gains in GB-IL G/p-1r7~mice (Fig 5G) and G/p-1r7"mice fed a
normal chow diet (Chow) did not differ over the study period. Oral glucose tolerance tests in
Glp-1r”~ mice were largely equivalent, with Chow and GB-IL mice exhibiting similar
fasting plasma glucose and similar glucose excursion (Fig 5H). Our findings are indicative
of the importance of GLP-1 receptor signaling in mediating the improved metabolic effects
of bile acids.

Cecal Microbiome

Previous studies from our group® and others2® 26 demonstrated that gut microbial species
change in response to surgical-induced weight loss, implicating the gut microbiome in the
metabolic effects of bariatric surgery. Given the antimicrobial effects of bile acids and
altered biliary flow by bile diversion, we examined the cecal microbiome to determine
whether bile diversion might alter gut microbial content even in the absence of previous
confounders following bariatric surgery. Compared to our previous studies of high-fat fed
mice, GB-IL in chow-fed mice had grossly fewer changes in microbial taxa. Rarefaction
analysis and Chaol estimates (Supp Fig 8A and 8B) did not show any significant differences
in microbial diversity, nor did principal component analysis show any separation of groups
based on relative variance (Supp Fig 8C). Nonetheless, several taxa showed significant
differences in abundance (Fig 6A, 6B and Supp Table 3). The marked increase in
Verrucomicrobia corresponds to Akkermansia mucinophila, the only cultured representative
of the taxon \errucomicrobia (Fig 6C). GB-IL mice had relatively lower Lactobacillaceae
relative to chow mice (Fig 6D), but were enriched in Clostridiales (Fig 6E) and
Oxalobacteraceae. GB-IL mice also showed significant increases in two particular taxa
relative to Chow, namely Streptococcaceae (Fig 6F) and Ruminococcaceae (Fig 6G).
Lachnospiraceae members, including Roseburia species, were reduced relative to Chow
controls in GB-IL mice (Fig 6H). Overall, alteration of bile flow by bile diversion, in GB-IL,
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was concordant with changes in several gut microbiome taxa that are associated with lean
phenotypes?’: 28,

Discussion

It is well established that the metabolic improvements observed with bariatric procedures
such as VSG, RYGB and bilio-pancreatic diversion can be attributed to both weight-
dependent (late effects) as well as to weight-independent variables (early effects). Our
application of a bariatric surgery model, namely gallbladder bile diversion to the ileum (GB-
IL), to HFD-fed, obese, genetic models with bile acid receptor deficiencies (e.g. 7gr57~ and
intestinal epithelium-specific £xr2/€) and to normal-chow fed lean models (wild-type
C57BL6/J and Glp-1r~") allowed for direct interrogation of bile acid mediated phenotypes.
Earlier studies from our laboratory® in HFD-fed, wild-type mice subjected to the same
selective bile diversion procedure resulted in significant increases in circulating bile acids,
namely tauro-B-muricholic acid, an FXR antagonist??, associated with improved glucose
homeostasis3. We attributed these improvements to a combination of enhanced signaling
via a hepatic Fxr-Fgf15 axis, as well as to the associated significant weight loss that in many
respects was identical to what we observed with another commonly used bariatric procedure,
namely RYGBS. The data from the current study show that enhancing bile acid delivery to
the terminal ileum improves oral glucose tolerance in an intestinal Fxr-dependent manner.
The improvements after bile diversion occurred in the absence of Tgr5 and were coincident
with enhanced basal GLP-1 tone in a weight independent manner.

Several hypotheses have been put forth3! for the metabolic improvements following bariatric
procedures, but work from numerous laboratories, including our own®: 9 32 attributed a
significant component of the weight-independent as well as weight-dependent variables to
favorable changes in bile acid signaling, which occur mostly via Fxr and TGR533, Ryan et
al18, using global Fxr-deficient mice, observed significant weight loss following VSG in
wild-type but not global Fxr knockout mice on a high fat diet. The data from the current
study extend these findings and show that the absence of intestinal Fxr (Fig 1D) but not Tgr5
(Fig 1B) was protective of weight loss in obese GB-IL mice. The mechanism for such a
protective effect is not yet established, but it is clear that this is not related to alterations in
daily or cumulative food intake (Figs 1D and1G). While the effect of intestinal Fxr activity
on energy expenditure was not investigated in the current study, higher fasting plasma
GLP-1 levels have been associated with higher rates of energy expenditure and fat
oxidation34 possibly mediated by GLP-1 activating the autonomic nervous system3°.

In an attempt to interrogate the bile acid-mediated phenotypes independent of weight loss,
we carried out studies in lean chow-fed mice subjected to GB-IL diversion. Our results in
lean mice (Fig 3D) showed similar improvements in glucose tolerance (Fig 1H) that were
independent of changes in body weight (Fig 2A), body habitus (Fig 2B and2C) or food
intake. GB-IL in the lean mice resulted in increased in total bile acids without any changes
in intestinal bile acid transporters or with altered expression of Tgr5 or Fxr. The data also
show that the enhancement in glucose tolerance is primarily due to an effect of bile acids on
improved hepatic insulin sensitivity, independent of changes in hepatic glycogen content
(Fig 31) or intestinal glucose uptake (Fig. 3G). However, the increased circulating bile acids
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were associated with enhanced insulin secretion that are mediated by enhanced GLP-1
secretion.

The incretin GLP-1 contributes to enteral glucose tolerance by enhancing insulin
secretion38. Previous studies showed that enhanced postprandial GLP-1 secretion after bile
diversion in the rat’: 8, and dual Fxr and TGRS5 activation stimulates GLP-1 secretion,
resulting in enhanced hepatic insulin signaling, improved glucose tolerance, and improved
insulin secretion in B cells®”. The results from our study confirm these observations and
show that bile acid signaling via intestinal Fxr leads to increased intestinal GLP-1
production, in the fasted but not in the post-prandial state (Fig 4A). The specificity of this
effect of intestinal Fxr is demonstrated by additional treatments with either the GLP-1
receptor antagonist, Ex-9 (Fig 5A and5B), or the bile acid sequestrant, cholestyramine (Fig
5C and5D), both affecting only fasting plasma glucose, suggesting a physiological role for
intestinal Fxr in regulating fasting GLP-1 tone. Our findings are consistent with the recent
observations of Trabelsi ef a/., who demonstrated in cultured cells and global FXR knockout
mice that Fxr deficiency improved GLP-1-mediated glucose disposal and bile acid
sequestrant-stimulated GLP-1 production. Consistent with these findings, global deletion of
GLP- 1R (Glp-1r~"") abolished the glucoregulatory improvements observed with GB-IL
(Fig 5G-H).

Bile diversion in lean Chow-fed animals resulted in similar microbiome profiles, as we
previously observed with HFD obese mice, suggesting that the bile acid mediated
phenotypes persist in a weight loss-independent manner. Thus, it is likely that the observed
metabolic improvement in glucose tolerance may involve the gut microbiome. It is
noteworthy that GB-IL is associated with significant elevations of Fxr antagonist tauro-p-
muricholate®. Li et. aP0, targeted the gut microbiome using Tempol, an antioxidant, to
increase intestinal levels of tauro-B-muricholate and achieved significant weight loss.
Additionally, Akkermansia muciniphila was also enriched in GB-IL in our mice, and in both
rodents?® and humans3? following RYGB, given its strong associations with intestinal
health0, as well as its strong inverse correlations with intestinal inflammation4142,

The current study shares numerous physiological similarities with other bariatric procedures
such as the endoluminal sleeve and the biliopancreatic diversion or the long-limb RYGB, all
of which result in significant weight loss and resolution of obesity-associated
comorbidities#3: 44 45-47 The exact mechanisms for these improvements are not well
understood but have been attributed, in part, to increased circulating bile acids*®. However,
these clinically-based studies are extremely challenging to conduct and are frequently
underpowered making translation of the findings difficult. Even though bile diversion
through a gallbladder to intestinal anastomosis has not been directly examined in humans,
our results shed light on physiologic pathways that may be exploited for future studies and
novel therapies.

Mechanistically, it is not known whether or not bariatric operations have metabolic effects in
otherwise lean subjects in the absence of weight loss. Bariatric surgery has anti-diabetic
efficacy on ethnic groups that are predisposed to diabetes at lower BMI49-52, The findings of
our present study could lend credence to the use of bile acid sequestrants for improving
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insulin sensitivity in both obese (and lean) subjects with type 2 diabetes, as they have been
shown to have beneficial effects on glucose tolerance and incretin secretion®3: 54:55,
Additionally, the use of targeted delivery of bile acids to the distal intestine could also result
in improved glucose tolerance. Zhang et a/., demonstrated that taurocholate infusion to the
mid-jejunum in healthy men augmented GLP-1 and insulin secretion?8. These observations
are consistent with effects mediated by increased distal intestinal bile acid delivery as
observed in the current study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of bile diversion to the ileum in HFD-fed, obese global Tgr5'/‘ and intestinal
Fxr deficient (FerE) mice.

(A) Surgical schematic of bile diversion operations®. Mice underwent surgical bile diversion
to the ileum (GB-IL) or no operation (Chow). Average body weight (B, E), interval body
composition assessments (C, F), daily food intake (D, G), oral glucose excursions (H and J)
and glucose area under the curve (AUC; | and K) in high-fat diet- (HFD-) fed obese 7gr57~
and Fx/2E mice after bile diversion to the ileum (GB-IL). (7gr57~: n=14 Con HFD, 5 GB-
IL; £x/AF n=5 Con HFD, 7 GB-IL). Data are represented as the mean + SEM. Statistical
analysis using Student’s #test. ***/<0.001; ****/<0.0001.
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Figure 2. Whole body and tissue specific responses to chronic bile diversion in lean chow-fed

mice.

C57BL/6J mice underwent surgical bile diversion to the ileum (GB-IL), or no operation
(Chow). (A) Body weight, (B) average daily and (C) cumulative food intake were measured
for the entirety of the study (only every other day are shown in the graphs above for clarity).
(D) Non-invasive body composition was measured at 2, 4, 6 and 8 weeks. (E) Fecal lipids
were quantified from total feces over a 6-hour time period 4 weeks postop. (F) Total plasma
bile acids (BAs). (G) The 12a/non-12a.-hydroxylated bile acid ratio. Data are represented as
the mean + SEM. Kruskal-Wallis test of Chow, GB- D (data not shown), GB-IL, adjusted for
multiplicity, was used on sample sizes of (A-C) n=10 GB-IL, 12 Chow; (D, F and G) 9 GB-
IL, 12 Chow, (E) 10 GB-IL, 12 Chow. **F<0.01.
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Figure 3. Glucose metabolism in lean, chronic bile diversion mice.
Chronic bile diversion mice underwent clamp studies at 4 weeks postoperative for whole

body and tissue-specific assessment of insulin sensitivity and glucose kinetics. (A) Blood
glucose was clamped at 5h fasted levels, with a (B) constant insulin infusion to elevate
plasma insulin concentrations over food-restricted levels and a (C) variable glucose infusion
to maintain euglycemia among the groups. (D) Chow and GB-IL mice also underwent
standard oral glucose tolerance tests (OGTT; 2 mg/kg body weigh) at 4 weeks
postoperatively; and (E) the corresponding area under curve (AUCq_120) glucose was
calculated. (F) Ratios of insulin to glucose at baseline (t = 0 min) and following glucose
gavage (t = 20 min) were assessed. (G) Regression lines obtained when comparing the
glucose and insulin concentrations at basal fasting (shaded gray) and 20 min after glucose
stimulation during an OGTT. Slopes among all lines are not significantly different, while the
intercept for GB-IL compared to Chow is higher (£<0.01). (H) 3-[3H]-O-methylglucose (3-
OMG) counts in peripheral circulation after administering glucose supplemented with 3-
OMG tracer during OGTT. (1) Liver glycogen in 5h fasted GB-IL and Chow controls. Data
are represented as the mean + SEM. Kruskal-Wallis test of Chow, GB-D (data not shown),
GB-IL, adjusted for multiplicity, was used on sample sizes of (A-C) 6 GB-IL, 8 Chow. (D-
E) 13 GB-IL, 16 Chow; (F, G) 7 GB-IL, 14 Chow; (H) 6 GB-IL, 7 Chow; (I) 9 GB-IL, 12
Chow. *P<0.05, **/<0.01.
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Figure 4. Improvement in oral glucose tolerance after bile diversion to the ileum enhance
lymphatic GLP-1 tone.

Bile diversion or control mice underwent mesenteric lymphatic cannulation at four weeks
postop. Intestinal lymph samples were collected hourly before and after a nutrient bolus
delivered at the indicated time as described in the ‘Methods’. Lymph concentrations of (A)
GLP-1 and (D) GIP from the mesenteric lymph over time, as well as (B, E) basal (t = 0) and
nutrient stimulated (t = 1h) and (C, F) 0 to 1 h changes are shown above. Bile diversion mice
underwent hyperglycemic clamp studies at 4 weeks postoperative for assessments of
glucose-stimulated insulin secretion independent of the gastrointestinal tract. (G) Blood
glucose was clamped at 250 mg/dl in 5 h fasted mice, with a (H) variable glucose infusion to
assess (1) insulin release. Data are represented as the mean + SEM. Kruskal-Wallis test of
Chow, GB-D (data not shown), GB-IL, adjusted for multiplicity, was used on sample sizes of
(A-F) 7 GB-IL, 8 Chow; (G-1) 6 GB-IL, 4 Chow. **/<0.01.
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Figure 5. Pharmacologic and genetic blockade of GLP-1R blunt the glucoregulatory effects of

elevated bile acids after GB-IL.

Bile diversion to the ileum (GB-IL) and Chow mice underwent oral glucose tolerance
testing. (A) Plasma glucose during OGTT after 50 pg exendin-9 (Ex-9) was administered by
intraperitoneal injection into 5h fasted mice. (B) Glucose AUCq_129 in mice with and
without Ex-9 pretreatment. Post-prandial blood glucose excursion (C) and glucose
AUCq_120 (D) in GB-IL mice after pre-treatment with the bile acid sequestrant,
cholestyramine (500 mg/kg p.o., daily for 3 days). Serum bile acid profiles in GB-IL and
Chow mice after cholestyramine treatment (E). Serum bile acid profiles in GB-IL mice with
and without cholestyramine treatment (F). Effects of GB-IL in mice lacking the Glp-1
receptor (G/lp-1R™"). Average body weight (G), and (H) oral glucose excursions in low-fat
diet-(LFD-) fed, lean G/p-1R™~ mice after GB-IL. (G/p-IR”~; n=7 Chow, 8 GB-IL). Data
are presented the mean £ SEM. Statistical analysis using Student’s #test. */<0.05,

**£<0.01.
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Figure 6. Bile diversion to the ileum is associated with increased cecal Akkermansia muciniphila
content.

(A) LeFSe cladrogram illustrating the taxa with the greatest differences in abundance among
GB-IL and Chow mice. Control-enriched taxa (green) and GB-IL enriched taxa (/magenta)
are indicated by color. Various shades of background highlighting indicate changes at
several taxonomic levels. Individual colored circles represent single OTUs and the size of
each circle is proportional to the abundance of that given OTU as implemented in the LeFSe
software. (B) Stacked bar graph illustrating relative OTU abundance by intervention of the
thirty most highly abundant taxa among the groups (6 GB-IL, 6 Chow). Bar graphs
illustrating OTU abundance differences, at the family level, in fecal (C)
Verrucomibociaceae, of which Akkermansia muciniphila is the only member, (D)
Lactobacillaceae, (E) Clostridiales, (F) Streptococcaceae, (G) Ruminococcaceae and (H)
Lachnospiraceae (Roseburia sp.).
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